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More than half of the human genome is made of transposable element (TE) 

derived sequences, and active TEs continue to impact our genome. In humans, 

Long INterspersed Elements class 1 (LINE-1 or L1) retrotransposons are active and 

autonomous TEs that move in genomes using a copy-and-paste mechanism. Over 

evolution, LINE-1s have amplified to astonishing numbers in the human genome, 

comprising >17% of our genome (i.e., >500000 L1 copies per genome). Despite their 

abundance, only a small subset of 80-100 LINE-1s continue to generate 

interindividual variability in humans, and are known as Retrotransposition-

Competent L1s (RC-L1s). Human RC-L1s are 6-kb in length and, from 5´to 3´, 

contain: a 5´UnTranslated Region (UTR, of ∼900bp) with internal promoter 

activity, two non-overlapping Open Reading Frames (ORFs, termed L1-ORF1p 

and L1-ORF2p), and end in a short 3´UTR containing a polyadenylation signal. 

RC-L1s are expressed and mobilize during early human embryogenesis and, at 

much lower rate, in germ cells. Indeed, L1 activity in the germline genome ensure 

their evolutionary success over time. Interestingly, LINE-1s are expressed and can 

mobilize in brain and cancer cells. Although L1 activity in the soma might not have 

any impact on L1 evolution, provocative hypotheses suggest that L1 activity in 

somatic cells might play a role on human biology. New LINE-1 insertions can 

impact the genome by a myriad of mechanisms, and therefore their activity during 

early embryogenesis can, sporadically, result in new genetic disorders in 

newborns. Thus, cells have evolved numerous mechanisms to regulate and restrict 

L1 mobilization. Several L1 regulation mechanisms, acting at the transcriptional 

and/or post-transcriptional levels have been characterized in the past. In fact, in 

this Thesis I studied how L1 retroelements are regulated, as we know relatively 

little about mechanisms and pathways that regulate L1 expression and 

retrotransposition.  

Several factors related to the metabolism of nucleic acids, such as TREX1, 

SAMHD1 and ADAR-1, have been shown to regulate LINE-1 retrotransposition. 

Remarkably, inactivating mutations in these genes have also been associated with 

the development of Aicardi Goutières Syndrome (AGS). AGS is a rare disorder 

characterized for a strong immune response to endogenous nucleic acids. 

However, inactivating mutations in any of the three subunits of RNASEH2 (A, B, 

or C) is the most common mutation in AGS patients. Prior to this Thesis, the 

potential regulatory role of human RNase H2 on L1 retrotransposons was 

unexplored, although, by analogy with other AGS genes, it was suggested that 

RNase H2 might inhibit L1 retrotransposition. Thus, in this Thesis I dissected the 

role of human RNase H2 on LINE-1 regulation. Taking advantage of novel genome 

editing strategies (CRISPR/Cas9), I generated several cell lines lacking RNase H2 

activity; then, I used these cells to determine whether the mobilization of a panel 
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of active TEs is affected in KnockOut (KO) RNase H2 cells. Using engineered TE 

mobilization assays and biochemical methods, I demonstrated that RNase H2 is 

paradoxically required for human L1 retrotransposition, although it is dispensable 

for other mammalian retrotransposons that encode their own RNase H 

domain/activity (Mus D LTR-retrotransposons) or for DNA-Transposons (which 

mobilize using a fundamentally different cut-and-paste mechanism). I also 

demonstrated that RNASEH2A inactivating mutations characterized in AGS 

patients would prevent L1 retrotransposition, further suggesting that not all AGS 

patients would be characterized for high L1 activity in their genomes.  

In the second part of my Thesis I also studied L1 regulation processes, using 

innovative and advanced proteomic analyses of L1-interactors. Previous research 

from our lab demonstrated that new L1 insertions in human Pluripotent Cells 

(PCs) are epigenetically silenced during/shortly after L1 retrotransposition, in a 

sequence independent manner and involving histone deacetylation of newly 

inserted L1s. Because further research demonstrated that L1-silencing is 

attenuated in isogenic Differentiated Cells (DCs), we propose that L1-silencing 

might be a novel L1 regulatory mechanism of PCs. Our working hypothesis 

suggests that this pluripotent specific mechanism might normally operate in 

pluripotent embryonic cells, a cellular niche where de novo L1 insertions 

accumulate in humans, reducing the overall load of retrotransposition 

accumulated in the heritable human genome over evolution. Despite this 

knowledge, we don't know how L1-silencing works at a mechanistic level, nor how 

de novo L1 insertions are recognized in PCs. Thus, I decided to use proteomic 

methods to dissect the mechanism of L1-silencing in PCs. Here, I characterized the 

interactome of endogenous LINE-1s using the embryonic carcinoma cell line PA-1 

as a pluripotent model, comparing isogenic PCs and DCs. To do that, I affinity 

captured endogenous L1 retrotransposition intermediates (i.e., L1 

RiboNucleoprotein Particles) naturally expressed in PCs and DCs. Subsequently, I 

analyzed the composition of the L1-ORF1p interactome using mass spectrometry. 

Remarkably, we found that the L1-interactome is highly dynamic during cellular 

differentiation, and we found that most are novel L1 interactors. Furthermore, by 

comparing the interactomes of pluripotent and differentiated cells, I generated a 

list of candidate genes that could participate in L1-silencing. Future research 

would analyze the involvement of these factors in L1-silencing, using PCs and DCs 

and lost and gain of function approaches, respectively.  

In summary, the results included in this Thesis have augmented our 

mechanistic knowledge of how L1 retrotransposition is regulated in pluripotent 

human cells, a cellular niche where L1 is expressed and retrotranspose. A deeper 
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understanding of L1-regulatory mechanisms would ultimately reveal how L1s can 

drive human genome evolution and would allow to define their causative role in 

human disorders like AGS.  
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1.  Mobility of DNA fragments in the human genome: 
Transposable Elements 

1.1. The discovery of mobile elements 

Along the 20th century, genes were considered as stable units arranged in a 

linear and sequential fashion on chromosomes, like beads on a necklace (Morgan, 

1922). However, in the late 1940s, Barbara McClintock challenged existing 

knowledge about genes by discovering a chromosomal locus capable of changing 

its position within chromosomes, demonstrating that some genome sequences 

could mobilize within genomes. McClintock, a geneticist at Cold Spring Harbor 

Laboratory (New York, US), first identified what today we know as mobile DNA 

elements (or Transposable Elements, TEs) while studying the pattern of coloration 

in corn. In fact, she discovered what we nowadays known as a DNA Transposon, a 

type of mobile DNA. Mobile DNA can be defined as stretches of DNA that have 

the capability to move within genomes, and are also known as "jumping genes". 

McClintock discovered that, depending on where transposable elements were 

inserted within a chromosome, these mobile elements could reversibly alter the 

expression of nearby genes (McClintock, 1950). In the scientific community of the 

time, the initial reaction to McClintock´s discoveries was rejection. Decades of 

genetic data mapping had shown that genes were linearly arranged in fixed 

positions relative to each other, making it difficult for researchers to accept that 

genes could move within genomes. As a result, scientific colleagues at the time 

were unable to completely accept these findings or take them seriously, and used 

the term “junk DNA” to refer to mobile genetic elements; however, several 

decades on, the widespread nature and importance of mobile genetic elements 

began to be recognized by the scientific community. 

By the mid-1960s, the processes of DNA to mRNA transcription and mRNA to 

protein translation were well established, known as the “Central Dogma”. In this 

paradigm, genes were no longer abstract concepts but discrete molecular entities 

that could be manipulated in a test tube. In this context, shortly before Barbara 

McClintock retired in the late 1960s, mobile genetic elements were discovered in 

bacteriophages, viruses that infect bacteria (Taylor, 1963), bacteria, and finally, in 

Drosophila (Shapiro, 1969; Engels & Preston, 1981). These discoveries led the 

scientific community to gradually recognize that transposable elements were not 

unique to maize but were widespread among species. 
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Remarkably, Barbara McClintock was recognized with a Nobel Prize in 1983, 

35 years after the publication of her first seminal paper on mobile elements in corn 

(Ravindran, 2012). Since these initial events, research on transposable elements 

continued, leading to the discovery of multiple types of mobile elements, their 

noticeable impact on genomes, etc.  

Mobile elements can be found in all living organisms, from bacteria to plants, 

animals and archaea (Singh et al, 2014). Their prevalence in genomes suggests that 

far from being junk DNA, as they were initially considered, they may exert some 

role beyond being drivers of genome evolution. Humans are not an exception, and 

our genome contains a large amount of transposable element-derived DNA 

sequences. Indeed, in the late 1960s, Britten and colleagues used DNA 

reassociation kinetic assays to discover that the human genome contains large 

amounts of repetitive DNA sequences (Britten & Kohne, 1968). Further studies 

revealed that, as other organisms, much of our DNA is made of transposable 

elements. However, through the completion of the first human genome reference 

sequence, it was confirmed that DNA was not the static, stable and immobile 

genetic material previously thought (Lander et al, 2001). The sequencing of the 

human genome revealed that, while only 5% or less of our genome corresponds to 

coding sequences, an astonishing 50% of our genome is made up of repetitive 

sequences. Further bioinformatic analyses have revealed that up to 70% of our 

genome might have been generated by the activity of mobile DNA elements (de 

Koning et al, 2011). In the human genome, repeated or repetitive DNA sequences 

include pseudogenes, simple sequence repeats, duplicated DNA segments of 

between 10 and 300 kb, blocks of tandem repeats (telomeres, centromeres, long 

arms of acrocentric chromosomes, ribosomal gene clusters) and mobile elements 

or transposable elements. Among all these types of repeat sequences, mobile 

elements constitute the most abundant, accounting for at least 45% (Lander et al, 

2001). Most repeated sequences in genomes consist of "fixed" insertions present in 

all individuals of a given species. However, a small fraction of repeated DNA 

sequences are variable or polymorphic, and some of these correspond to active 

mobile DNA sequences which are able to mobilize in a given species (Mills et al, 

2007). 
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1.2. Types of mobile elements 

The sequencing of genomes has uncovered that there are multiple types of 

mobile DNA elements, and that their prevalence and activity is variable within 

species. Indeed, there is significant variability in the types of transposable elements 

found in genomes, even for closely related species, likely due to the inherent 

interaction with their host genome (Lander et al, 2001; Singh et al, 2014). Thus, at 

difference with evolutionary forces driving evolution of coding sequences, no 

generalization can be made for transposable elements, and each genome is a 

different entity. In this Thesis, I will describe the main types of transposable 

elements found in the human genome, and will refer to other genomes when 

relevant.  

The human genome contains a significant percentage of repeated sequences 

and up to 70% of these sequences are made up of mobile elements (Lander et al, 

2001; de Koning et al, 2011). Mobile elements or Transposable Elements (TEs) have 

driven genome evolution in a variety of ways. In most mammalian genomes, 

retrotransposons have accumulated to astonishing high numbers, eventually 

constituting a large fraction of the genome, shaping both genes and the entire 

genome. Although the host can control their number over evolution, massive 

expansions of retrotransposons have been tolerated. Therefore, mobile elements 

have become useful tools for learning more about genome evolution and gene 

function (Kazazian, 2004). 

 

 

 

 

 

 

 

 

 



INTRODUCTION 

1.  Mobility of DNA fragments in the human genome: Transposable Elements 

18 

Table 1. Number of copies and fraction of the genome made of mobile elements. Adapted from 

Lander et al, 2001. 

The study of these sequences has led to the identification of different types of 

mobile elements which can be classified as autonomous (i.e., cis mobilization) or 

non-autonomous (i.e., trans mobilization), depending on their coding capability 

(Kazazian, 2004; Singh et al, 2014). Additionally, TEs can be classified according to 

their mobilization mechanism (Lander et al, 2001), and the two main types of TEs 

are: 

- Class 1: Some mobile elements that mobilize using a "cut-and-paste" 

mechanism and a DNA intermediate, which involves that these DNA sequences 

physically move within genomes, changing their location as a result. These 

elements are known as DNA transposons, and in general are highly abundant in 

prokaryotes (Beck et al, 2011; Lander et al, 2001; Bourque et al, 2018). 

- Class 2: Mobile elements that mobilize using a "copy and paste" mechanism 

and an intermediate RNA; this mechanism allows not only mobilization of a DNA 

sequence, but also the generation of new copies within genomes. These mobile 

elements are known as retrotransposons, and they use a specialized enzyme 

known as Reverse Transcriptase (RT) to convert the intermediate RNA into DNA. 

There are several subclasses of retrotransposons according to whether they encode 

the enzymatic machinery required for their mobilization. On this basis, we 

distinguish between autonomous and non-autonomous retrotransposons. 

Moreover, retrotransposons can be subdivided into two main branches, depending 

on the presence (or absence) of Long Terminal Repeats (LTRs) in their structure 
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(Beck et al, 2011; Lander et al, 2001; Bourque et al, 2018):  

• LTR-type retrotransposons: 

o  Autonomous: Endogenous Retroviruses (ERVs).  

•  Non-LTR type retrotransposons: 

o Autonomous: Long INterspersed Elements (LINEs). 

o Non-autonomous: Short INterspersed Elements (SINEs). 

 

Below, I will describe the main TEs found in the human genome, with an 

emphasis on those relevant to this Thesis. 
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Figure 1. Classes of mobile elements in the human genome. Shown are TEs relevant for this 

Thesis which are classified based on their mobilization mechanism. Adapted from Lander et al, (2001) 

and Bourque et al, (2018). 
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1.2.1. DNA transposons 

DNA transposons in the human genome are currently inactive; however, they 

constitute as much as 3% of the human genome (Lander et al, 2001; Craig, 2002). 

The human genome contains at least seven major classes of DNA transposons, 

which can be subdivided into many families with independent evolutionary 

origins (Smit, 1996). Human DNA transposons resemble bacterial transposons and 

are flanked by short Terminal Inverted Repeats (TIRs). "Autonomous" DNA-

Transposons encode a specialized enzyme, known as Transposase, that bind both 

TIRs and mediates their mobilization through a "cut-and-paste" mechanism. In 

contrast, “Non-autonomous” DNA-Transposons, known as MITEs (for Miniature 

Inverted-repeat Transposable Elements (Jiang et al, 2004)), rely on the enzymatic 

machinery of autonomous DNA-Transposons for their mobilization. DNA 

transposons never use RNA intermediates in their mobilization mechanism, and 

are only capable of cleaving/inserting their genome at different genomic locations 

(Munoz-Lopez & Garcia-Perez, 2010). 

In a typical round of DNA transposition, transcription of the mRNA occurs in 

the nucleus, followed by translation of the transposase in the cytoplasm. The 

transposase is then relocated to the nucleus, where it will recognize and bind the 

TIR sequences (normally the last 26 base pairs (bp) of the transposon sequence), 

cleaving the transposon DNA, and finally inserting it into a different genomic 

location. Due to the staggered cut of the transposase in the genome, the newly 

inserted DNA-Transposon is usually flanked by short Target Site Duplications 

(TSDs). Using this mobilization mechanism, there is no amplification in the copy 

number of DNA-Transposons; however, DNA-Transposons can increase their 

copy number using an alternative mechanism, known as replicative transposition 

(Derbyshire & Grindley, 1986). 

To note, when the transposase access the nucleus, it cannot distinguish active 

from inactive DNA-Transposons elements, and can mobilize both (i.e., complete 

transposon sequences and sequences that are defective and inactive (Munoz-

Lopez & Garcia-Perez, 2010)). As a result, inactive copies accumulate in the 

genome over evolution and the transposition process becomes less efficient with 

time. This occurs in all families of DNA transposons and, eventually, causes them 

to become extinct. To survive, DNA transposons must move by horizontal transfer 

into virgin genomes, and there is considerable evidence for such transfers over 

evolution (Lander et al, 2001; Simmons, 1992). Indeed, there is solid evidence 

indicating that a type of mammalian DNA transposon, known as Mariner, reached 

the human genome by horizontal transfer from insects (Smit, 1996). 



INTRODUCTION 

1.  Mobility of DNA fragments in the human genome: Transposable Elements 

22 

While inactive in humans and most mammals, DNA transposons are widely 

distributed in nature and are often present and active in fungi, fish, plants, rotifers. 

Within mammals, several studies have demonstrated recent DNA transposon 

activity in some bat species, indicating that DNA transposons continue to generate 

genetic diversity in some mammals (Ray et al, 2008).  

However, a DNA transposon was "re-built" using recombinant DNA 

technology, employing several copies of a DNA transposon that had been recently 

inserted into the salmon genome (Ivics et al, 1997). The transposase was resurrected 

from "fossil" sequences of transposases belonging to the Tc1/mariner class 

transposons present in the salmonid genome (Radice et al, 1994). In this way, it has 

been possible to generate a DNA transposon-like element active in mammalian 

cells, known as Sleeping Beauty (SB) transposon (Ivics et al, 1997). In this Thesis, I 

used the SB system as a control in some experiments (see below). 
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Figure 2. Mechanism of SB-mediated transposition. The upper part of the image shows a 

transposon, defined by the presence of inverted IR/DR or TIR repeats, which would be contained 

within another DNA molecule (i.e., plasmid). The transposon would contain an expression cassette 

called "Genetic cargo", capable of transcribing itself if a promoter is present upstream. The Sleeping 

Beauty transposase (whose sequence would be encoded in another region of the genome or plasmid, 

not shown), would bind to the TIR regions, as shown in the image, and would excise the transposon. 

Then, the insertion of the transposon would be carried out in new genomic loci, on a TA sequence. 

In the process, the TA sequence of the insertion site is duplicated (i.e., TSDs). 

Due to its high mobilization rate in mammalian cells, the SB transposon has 

been used as an effective DNA editing tool (Figure 2) (Geurts et al, 2003). Thus, SB 

represents a synthetic transposon that has been designed to introduce sequences 

into vertebrate chromosomes. This system is composed of the Sleeping Beauty 

transposase and a sequence of interest that is inserted into the genome, that needs 

to be flanked by two TIRs that will be recognized by the transposase (Figure 2). 
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1.2.2. Long Terminal Repeats (LTR) containing retrotransposons or 

Endogenous Retro Viruses (ERVs) 

Endogenous retroviruses (ERVs) or LTR-Retroelements are a type of 

retrotransposons that contain Long Terminal Repeat (LTRs) sequences at their 

flanking ends (Wilkinson et al, 1994; Mager & Stoye, 2015; Medstrand & Mager, 

1998).  

They represent the largest branch of elements that move through an RNA 

intermediate, and are present in plants, fungi and humans (Lander et al, 2001). 

Although multiple types of LTR retrotransposons have been characterized in 

nature, only vertebrate-specific ERVs seem to have been active in the mammalian 

genome. Indeed, ERVs constitute 8% and 10% of the human and mouse genomes, 

respectively, ranging from evolutionary ancient sequences (previous to the 

divergence of mammals), to evolutionary active young elements (Lander et al, 

2001; Waterston et al, 2002). It has been demonstrated that ERVs can act as genetic 

agents for the development of disease and cancer (i.e., introducing a transduced 

oncogene or by insertional activation of a host proto-oncogene), as reported in 

mice (Howard et al, 2008)); in contrast, ERV-derived proteins have also been 

domesticated to perform functions in the host (i.e., in placental development, 

where the envelope gene (env) from ERVs is expressed and show fusogenic 

properties (Blaise et al, 2003)). Thus, and over the course of evolution, many ERVs 

have disappeared as a result of natural selection, while others have been able to 

survive by becoming part of the host genome and being harnessed to play 

beneficial roles.  

LTR sequences, necessary for transcriptional regulation, are found in all ERVs, 

and ERVs can be further subdivided depending on their coding capability. Within 

ERVs, full-length autonomous elements code for gag and pol genes (Wilkinson et 

al, 1994). The gag gene encodes for a protein that can bind nucleic acids and is 

involved in the retrotransposition process of ERV RNAs (Garfinkel et al, 1985; 

Cristofari et al, 2000). The pol gene encodes for a protein with several conserved 

enzymatic domains/activities: Protease (PR), Reverse Transcriptase (RT), RNase H 

and INTegrase (INT) (Kim et al, 1998). Due to sequence/structure similarities, it has 

been proposed that infecting “exogenous retroviruses” might have arisen from 

ERVs, through the acquisition of a cell envelope (env) gene (Malik, 2000). Indeed, 

retroviruses can also be considered as LTR retrotransposons, and both use the 

same insertion mechanism.  

Retrotransposition of LTR elements, as infection by “exogenous retroviruses”, 

(Figure 3) requires the formation of a cytoplasmic Viral Like Particle (VLP) where 
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the intermediate RNA is reverse transcribed into double stranded DNA (dsDNA), 

also using a tRNA to prime first cDNA synthesis.  

Figure 3. LTR-retrotransposon mobilization cycle. A full-length LTR element is transcribed 

from its 5'LTR region in the nucleus. Transcribed RNAs are then transported to the cytoplasm, 

where gag and pol genes are translated and processed giving rise to mature proteins with PR, RT, 

RNase H and INT activity. The resulting proteins are packaged with ERV RNAs into virus-like 

particles (VLPs). ERV RNAs are reverse transcribed into dsDNA, which is then processed by the 

INT activity to generate the pre-integration complex (PIC) which is imported into the nucleus. Once 

in the nucleus, INT activity inserts the ERV dsDNA into a new genomic location, generating a de 

novo ERV insertion flanked by TSDs (arrowheads). During ERV mobilization, different host factors 

(HF) are involved and regulate their integration. Adapted from Garcia-Perez et al, 2016.    

Mammalian retroviruses are divided into three main classes, each of them 

having many families with independent origins (Lander et al, 2001; Bourque et al, 

2018). In genomes, the majority of ERVs (85%) are found as "fossil" solo LTRs, 

where the internal sequence of the ERV has been lost by homologous 

recombination (i.e., using flanking LTRs (Mager & Stoye, 2015; Garcia-Perez et al, 

2016)). 

In general, ERVs are not considered to be active in humans, at least in the 

heritable genome. However, the human genome contains a few presumably active 
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ERVs, found as rare variants of the HERV-K family. To note, they can have a 

complete ERV sequence or only the "LTR" (Wildschutte et al, 2016). Thus, these 

rare active HERV-K alleles present at a very low allelic frequency in some human 

populations (Lenz, 2016) could retrotranspose in selected humans and individuals, 

and could impact human biology/health.  

At difference with humans, ERVs are active in other vertebrates, including 

mice. As a representative example, there are two active ERV families in the mouse 

genome, known as Intracisternal-A-Particle (IAP) and Endogenous type D murine 

(MusD) retrotransposons (Doolittle et al, 1989; Mager & Freeman, 2000). The MusD 

family comprises about 100 copies of 7.5-kb-long elements containing gag and pol 

genes (Figure 4), with similarities to beta retrovirus. The gag gene contains a 

structural protein that is processed by a protease (pro), also encoded by the 

retrotransposon in order to give rise to the capsid and nucleocapsid proteins 

during the maturation of the particle; the pol gene encodes the other enzymes 

necessary for reverse transcription/integration (i.e., RT, RNase H, and INT). In 

addition, the MusD genome also contains: i) a binding region for tRNA (PBS, for 

"primer binding site"), ii) a region rich in purines that cannot be degraded by the 

RNase H activity that encodes the retroelement but that is key for its mobility (PPT, 

for "poly purine tract") and iii) a potential retroviral assembly signal. To note, I 

used the mouse LTR element MusD in this Thesis as a control. Briefly, Dewannieux 

and colleagues (Ribet et al, 2004) cloned and sequenced active MusD elements from 

the mouse genome, and they further showed that they could retrotranspose in 

mammalian cells, both in cis and in trans.  

 

Figure 4. MusD structure. Dark gray, LTRs with U3-R-U5 organization; PBS, primer binding 

site; PPT, poly purine tract. Adapted from Ribet et al, 2004. 
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1.2.3. Non-LTR retrotransposons 

Currently, non-LTR retrotransposons are the only mobile elements active in 

humans. As retrotransposons, they use an intermediate RNA and RT activity to 

mediate their mobility but lack LTR sequences and their mobilization mechanism 

is radically different from that used by ERVs. The human genome contains two 

main types of non-LTR elements: LINEs and SINEs1 (Lander et al, 2001; Richardson 

et al, 2015). 

- Long INterspersed Elements (LINEs) 

LINEs are the TE class most abundant in the human genome, comprising 20% 

of our genome, and can be subdivided in class 3 LINEs (i.e., LINE-3s or CR1), class 

2 LINEs (LINE-2s), and class 1 LINEs (LINE-1s). LINE-1 or L1 elements are 

autonomous retrotransposons that code the enzymatic machinery involved in their 

mobilization (reviewed in Macia et al, 2015; Richardson et al, 2015). LINE-1 

elements comprise more than 17% of our genome and there are more than 600000 

copies of this element per genome (Lander et al, 2001; Macia et al, 2015; Richardson 

et al, 2015). Despite their abundance, a reference human genome only contains 

between 80-100 active LINE-1s, all belonging to the L1Hs subfamily (Brouha et al, 

2003). Please note that a full description of active human LINE-1 elements will be 

discussed in detail in section 2. 

Active L1Hs retrotransposons are approximately 6 kb in length, and from 5´to 

3´, they contain:  

i) a 900bp long 5´untranslated region (UTR) with internal sense RNA 

polymerase II promoter. Notably, the same 5’UTR also contains an antisense RNA 

polymerase II promoter, giving rise to a protein known as L1-ORF0 when 

antisense-derived L1 RNAs are translated. 

ii) two non-overlapping open reading frames (ORFs), known as L1-ORF1 and 

L1-ORF2, separated by a 63 bp long intergenic region.  

iii) a 250 bp long 3´UTR containing a polyadenylation signal and ending in a 

polyA tail.  

During L1 retrotransposition, at difference with ERVs, reverse transcription of 

 
1 To note, there are many more characteristics and details of SINEs worth to be discussed 

here; however, I mainly discuss LINE-1 retrotransposons as they are the focus of this Thesis.  
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the intermediate L1 mRNA occurs in the nucleus (see below), and initiates at the 

3´end polyA tail of the L1 mRNA. However, reverse transcription does not often 

occur completely, leading to 5´truncated L1 insertions; indeed, most L1 insertions 

are 5’truncated and non-functional. As a result, most LINE-derived repeats found 

in our genome are short, with an average size of 900 bp for all copies of LINE-1, 

and an average size of 1,070 bp for copies of the currently active LINE-1 element 

in humans (L1Hs). As other transposable elements, new L1 insertions are often 

flanked by short TSDs of 7 ± 20 bp, due to the mechanism of retrotransposition (see 

below). 

Notably, LINE-1 is responsible for most of the ongoing reverse transcription in 

the genome, including the retrotransposition of non-autonomous SINEs and the 

creation of processed pseudogenes (Esnault et al, 2000; Wei et al, 2001). 

LINEs are also present in the genome of other organisms, including the model 

organism zebrafish (Danio rerio). However, at difference with humans, both LINE-

2 and LINE-1s seem to be currently active in zebrafish (Howe et al, 2013). 

Furthermore, there are 3 and 17 potentially active LINE-2 and LINE-1 subfamilies 

in the zebrafish genome, respectively, at difference with our genome, where only 

a single subfamily of LINE-1 is currently active (L1Hs elements). While zebrafish 

LINE-1s are most similar to human LINE-1s, no active LINE-1 copy has been 

identified so far in the zebrafish genome. However, pioneer work from the Okada 

lab identified potentially active LINE-2 copies from zebrafish, and some were able 

to retrotranspose in cultured human HeLa cells (Sugano et al, 2006) and are also 

suspected to be active in fish (Howe et al, 2013). 

One of the potentially active LINE-2 copies with activity in human cells are 

ZfL2-2 elements. A prototype ZfL2-2 element has a simpler structure, with a length 

of 4.2-Kb, and coding for a single ORF (Figure 5). Notably, the single ORF from 

ZfL2-2 elements has high homology with human L1-ORF2p (and with other 

mammalian LINE-1 elements) and contains reverse transcriptase (RT) and 

endonuclease (EN) domains, further highlining similarities in their 

retrotransposition mechanism. In this Thesis, I used zebrafish Zfl2-2 elements as 

controls. 

 

Figure 5. Zebrafish LINE-2 element (ZfL2-2). Adapted from Sugano et al, 2006. 
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- Short INterspersed Elements (SINEs) 

SINEs are active non-autonomous non-LTR retrotransposons; in fact, SINEs 

require the proteins encoded by active LINEs to mediate their mobilization in trans 

(Dewannieux et al, 2003; Hancks et al, 2011; Hancks & Kazazian, 2012). 

Nevertheless, they represent 13% of our genome, and have accumulated millions 

of copies in our genome (Lander et al, 2001; Macia et al, 2015; Richardson et al, 2015). 

As LINE-1s, SINEs are currently active in the human genome, and there are two 

types of SINEs: Alu and composite SINE-VNTR-Alus (SVA) elements. 

Alu elements are the most abundant among SINEs, and are also the mobile 

element with the highest copy number in our genome (there are 1,000,000 copies 

of them). Alu elements are derived from the 7SL RNA (Ullu & Melli, 1982), which 

is an integral part of the ribosome. SVA elements are much less abundant in the 

genome, and there are less than 3000 copies per genome. SVAs are characterized 

by being composed of portions of other retrotransposons, and are exclusive to 

higher primates (Dewannieux et al, 2003; Hancks et al, 2011; Hancks & Kazazian, 

2012). 

1.3. Impact of mobile elements in genomes 

Due to the myriad of processes associated with their mobilization, it is 

undeniable that mobile elements have had a major role in the evolution of different 

organisms, driving genome evolution in a variety of ways (Kazazian & Moran, 

1998; Belancio et al, 2008; Kazazian, 2004; Goodier & Kazazian, 2008). New mobile 

element insertions can lead to changes in genome function and/or regulation, 

changes that can be beneficial, neutral or mutagenic. The eukaryotic genome 

evolution has been driven by different processes, including the breakage and 

joining of different chromosomes (translocations), the combination of functional 

domains into exons, gene conversion, as well as gene and segment duplication 

(Figure 6).  

During evolution, mobile elements have contributed to the creation of 

important cellular functions, such as adaptative immune responses and 

Telomerase. In mammals, non-LTR retrotransposons have had a significant impact 

on the evolution of genomes, and for about 500-600 million years have been a 

major force in evolution (Kazazian, 2004). There are several examples of functions 

that seem to have been acquired from mobile elements, and are functions where 

RTs play a major role. Currently, in the mitochondrial and chloroplastic genomes 

of fungi and plants, as well as in some bacteria, we can find what are the likely 

ancestors of LINE elements: mobile group II introns. Group II introns encode a 
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RT very similar to that encoded by other non-LTR retrotransposons (Malik et al, 

1999; Belfort et al, 2002), and use a similar mobilization mechanism (i.e., 

retrohoming). Notably, similar reverse transcriptase-containing elements also 

inhabit some yeast genomes, including Candida albicans (Goodwin et al, 2001). 

Thus, RT activity represent a major mechanism driving genome evolution.   

It has been suggested that non-LTR retrotransposons could be the ancestors of 

telomerases because of similarities between telomerase and the RTs of non-LTR 

retrotransposons (Eickbush, 1997; Kopera et al, 2011). Favoring this hypothesis are 

Drosophila spp. and other insects, which lack conventional telomeres and 

telomerase but use two non-LTR retrotransposons, TART and HeT-A, to maintain 

telomeres, by accumulating de novo insertions at chromosome ends (Biessmann et 

al, 1992; Levis et al, 1993). Further consistent with this hypothesis, some rotifers 

exploit a mix of Telomerase and LINE-like retrotransposons to maintain 

telomeres (Curcio & Belfort, 2007). In fact, even currently active human LINE-1s 

could insert at telomeres when these are unprotected (Morrish et al, 2007), further 

supporting that Telomerase is likely a LINE element that has been domesticated 

to perform a cell-specific function. 

But not all acquired functions are related to RTs; strong evidence suggests that 

DNA Transposons contributed to the V(D)J recombination system of the immune 

system, which is responsible for generating antibody variability for antigen 

recognition. It has been demonstrated that mobile elements have given rise to RAG 

endonucleases, which function as transposases in vitro, having probably evolved 

from DNA transposons (Kapitonov & Jurka, 2005). 

While the above are classical examples of “domestication” processes, the main 

activity of mobile elements, that is accumulate more copies in genomes, can also 

drive genome evolution. Exon shuffling (Moran et al, 1999) is an example of such 

processes, which occurs when coding sequences adjacent to active non-LTR 

retrotransposons are mobilized to new genomic locations, which can lead to the 

generation of new cellular functions (Sayah et al, 2004). 
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While the above are examples of how mobile elements can positively impact 

genome evolution, there are also numerous reports documenting negative impacts 

associated with mobile elements. Mobile elements can create genetic instability 

through non-allelic homologous recombination and by introducing sequences that 

alter gene expression (Figure 6). Additionally, due to their activity, mobile 

elements have potential to cause DNA double-strand breaks or to modulate the 

epigenetic state of chromosomes. To avoid these negative impacts, and acting to 

regulate the activity of mobile elements, the cell has evolved multiple mechanisms 

to restrict the activity of mobile elements. In section 4, I will discuss specific 

mechanisms that have evolved to control the activity of LINE-1 retrotransposons, 

currently active in humans (4. Mechanisms regulating LINE-1 retrotransposition). 

Figure 6. The impact of Mobile Elements (ME). A de novo mobile element insertion can 

impact genes in a myriad of ways (some depicted in this figure). The sense and antisense promoter 

effects are characteristic of LINEs. Adapted from Macia et al, (2015) and Garcia-Perez et al, (2016).  
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2.  Active LINE-1 retrotransposons 

As described above, LINE-1 or L1 elements are the only autonomous mobile 

element class currently active in our genome (Macia et al, 2015; Richardson et al, 

2015), and their activity over evolution has created a large proportion of our 

genome. Indeed, because they are responsible for the mobilization of SINEs, at 

least one third of our genome has been generated by the activity of a single mobile 

element: LINE-1s. Despite their prevalence and impact, the basic mechanisms that 

regulate their mobility are largely unknown.  

2.1. Structure of retrotransposition-competent L1s (RC-
L1s) 

Despite their abundance, only a small fraction of LINE-1s are currently active, 

and are known as retrotransposition competent L1s, or RC-L1s. A prototypical RC-

L1 (Macia et al, 2015; Richardson et al, 2015) has a length of ~6,000bp and, from 5'to 

3', contains: 

- A 900 bp long 5' UTR. This sequence contains a SENSE internal RNA 

polymerase II promoter (Swergold, 1990) which is required to generate the 

intermediary mRNA (Figure 7). In addition, this region harbors RNA polymerase 

II ANTISENSE promoter activity (Speek, 2001; Macia et al, 2011), generating 

antisense transcripts that when translated give rise to L1-ORF0p (Denli et al, 2015; 

Macia et al, 2015). 

- L1-ORF1p, coding for a 40 kDa protein containing an RNA Recognition motif 

(RRM) that confers RNA binding capability (Khazina & Weichenrieder, 2009), and 

a leucine zipper domain (lz). Furthermore, L1-ORF1p is endowed with nucleic acid 

chaperone activity (Hohjoh & Singer, 1997; Martin & Bushman, 2001). The 

biochemical activities of L1-ORF1p are strictly required for LINE-1 mobilization 

(Moran et al, 1996) (Figure 7). 

- A 63 bp long intergenic sequence, separating both non-overlapping ORFs. 

- L1-ORF2p, coding for a 150 kDa multidomain protein; several domains have 

been identified within L1-ORF2p, which from N- to C-terminus include: i) an APE-

like endonuclease (EN, Feng et al, 1996); ii) a PCNA-Interaction Protein (PIP) motif, 

allowing to interact with PCNA (proliferating cell nuclear antigen) (Taylor et al, 

2013); iii) a RT, (Mathias et al, 1991; Richardson et al, 2015); and iv) a C-terminal 

domain with a zinc knuckle domain (rich in cysteines) (Figure 7). All enzymatic 

activities and domains of L1-ORF2p are strictly required for LINE-1 mobilization 
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(Moran et al, 1996). 

- A ~250 bp long 3' UTR, containing a weak polyadenylation signal (Moran et 

al, 1999) and a polyadenine tail (polyA), that is required for LINE-1 mobilization 

(Doucet et al, 2015). 

As described above, due to characteristics of their mobilization process, most 

LINE-1s in our genome are flanked by short TSDs of 2 to 20 bp.  

 

Figure 7. Long INterspersed Element class 1 (LINE-1) structure. UTR, untranslated region; 

CC, coiled coil; RRM, RNA recognition motif; CTD, carboxyl-terminal domain; EN, endonuclease; 

RT, reverse transcriptase; C, cysteine-rich domain. Adapted from Beck et al, 2011.  

In 2003, upon completion of the first human genome reference sequence, all 

human LINE-1s meeting the above criteria were assayed for activity in cultured 

cells. These analyses revealed that an average human genome contains 80-100 RC-

L1s, that is LINE-1 elements with the ability to mobilize in our genome (Brouha et 

al, 2003; Beck et al, 2010). However, the same study found that within the 80-100 

RC-L1s, there is a small group of active LINE-1s that could retrotranspose at the 

highest level, and these are known as “hot” RC-L1s.  
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2.2. LINE-1 retrotransposition mechanism 

LINE-1 mobilization is known as retrotransposition, which takes place by a 

mechanism known as Target Primed Reverse Transcription or TPRT (Luan et al, 

1993; Cost et al, 2002), originally discovered using a non-LTR retroelement from 

the silkworm Bombyx mori. 

The LINE-1 (L1) retrotransposition cycle begins with the transcription of a full-

length sense L1 mRNA from any RC-L1 in our genome, generating a 

polyadenylated L1-mRNA. The L1-mRNA is exported to the cytoplasm, where 

despite its unconventional bicistronic nature, it is translated (Alisch, 2006; 

Dmitriev et al, 2007), generating hundreds of L1-ORF1p molecules and as little as 

one molecule of L1-ORF2p per L1-mRNA. This is because L1-ORF1p is translated 

using an efficient and canonical cap-dependent process, while L1-ORF2p 

translation occurs at reduced levels using an unconventional and inefficient 

termination/reinitation mechanism (Alisch, 2006). 

Figure 8. The LINE-1 retrotransposition cycle. See text for details. Adapted from Beck et al, 2011. 
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Upon transcription and translation (Swergold, 1990; Alisch, 2006; Dmitriev et 

al, 2007), both L1-encoded proteins bind to their encoding L1-mRNA, in a process 

known as cis-preference (Wei et al, 2001), generating a L1 RiboNucleoprotein 

Particle (L1-RNP) (Doucet et al, 2010; Kulpa & Moran, 2005), considered as the 

intermediary of LINE-1 retrotransposition. L1-RNPs subsequently enters the 

nucleus by a process that does not require cell division (Kubo et al, 2006; Macia et 

al, 2017). Once in the nucleus, through TPRT, a fully mature L1-RNP can generate 

a de novo insertion in the genome; TPRT starts when the EN activity of L1-ORF2p 

recognizes a consensus sequence (5'TTTTT/AA and variants (Jurka, 1997; Flasch et 

al, 2019) in the bottom strand of genomic DNA, generating a single cut that expose 

a free 3' OH; the exposed 3' OH is subsequently used as a primer by the L1 RT 

activity to initiate synthesis of the first cDNA of the new L1 copy; to note, pairing 

of the L1 mRNA polyA tail with the exposed T-rich stretch at the site of cleaving 

is thought to facilitate initiation of reverse transcription, as snap-velcro (Monot et 

al, 2013). As a result, the first cDNA copy of the new L1 element (L1-cDNA) is 

anchored to the genome (Figure 8).  

The initial steps of TPRT generate a L1-mRNA:L1-cDNA hybrid covalently 

linked to the genome (i.e., a Y-branch intermediate). According to how the RNA 

might be removed from the L1-mRNA:L1-cDNA hybrid, there are two main 

classes of LINEs: elements encoding a functional RNase H domain (mainly present 

in plants and lower eukaryotes) and elements lacking this domain (most 

mammals, including human LINE-1s); (Malik et al, 1999; Olivares et al, 2002; 

Piskareva et al, 2003). While the RNase H activity encoded by LINEs would 

degrade the RNA strand from the L1-mRNA:L1-cDNA heteroduplex, it is 

currently unknown how LINE elements without a functional RNase H domain 

would accomplish this. In this context, the RT of some non-LTR retroelements can 

displace RNA strands annealed to ssDNAs without losing processivity 

(Kurzynska-Kokorniak et al, 2007), but such activity is very rare in polymerases. 

Although how synthesis of the second strand of the new L1 insertion occur is 

not fully understood, it requires cleaving of the top strand of genomic DNA, 

exposing a new 3´OH that ultimately will prime synthesis of the second-strand of 

the new L1 insertion. In vitro, L1-ORF2p could cleave the top strand of genomic 

DNAs, and as other RTs, the L1 RT can generate dsDNAs using cDNA as a 

template. Thus, it is likely that L1-ORF2p is directly involved in the generation of 

the second strand of the new L1 insertion (Cost et al, 2002; Piskareva et al, 2003; 

Piskareva & Schmatchenko, 2006; Richardson et al, 2015). The result of TPRT is the 

generation of a new LINE-1 insertion, usually flanked by short TSDs, and often 

5’truncated (Richardson et al, 2015). 
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Despite 5´truncation during TPRT, a process not fully understood but where 

DNA repair proteins seem to play a role (Coufal et al, 2011), there are other 

mechanisms that can lead to the insertion of “dead on arrival” L1 copies, such as 

splicing of the L1 mRNA (Larson et al, 2018) or premature polyadenylation 

(Perepelitsa-Belancio & Deininger, 2003). 

Additionally, while the majority of de novo L1 insertions are generated via the 

aforementioned endonuclease-dependent mechanism, previous studies (Sen et al, 

2007) have revealed that in the absence of non-homologous end joining DNA 

repair proteins, L1 elements can use an alternative endonuclease-independent 

insertion pathway. Endonuclease-independent (ENi) L1 insertions are thought to 

occur in sites of DNA disrepair, such as single or double-strand breaks. In these 

insertions, the polyA tail of the L1 RNA would anneal with exposed free ends (i.e., 

3´OH) at sites of DNA disrepair, allowing the RT activity to generate an L1-cDNA. 

How second strand synthesis would occur is completely unknown, but it seems to 

rely on enzymatic activities encoded within L1. Consistently, ENi-L1 insertions are 

structurally atypical and distinguishable from canonical L1 insertions, and are 

often associated with alterations at the insertion site (deletions, inversions and 

even interchromosomal translocations of genomic DNA). However, it is not 

known whether ENi-retrotransposition might operate in vivo or only in cells where 

DNA repair mechanisms are dysfunctional.  

2.2.1. A system to study retrotransposition: The retrotransposition 

assay 

Using a clever design originally developed by Boeke and colleagues to study 

mobilization of LTR retrotransposons from yeast (Boeke et al, 1985), in 1996 Moran 

and colleagues developed the first engineered assay to study human L1 

retrotransposition in cultured cells (Moran et al, 1996). The LINE-1 

retrotransposition assay exploits vectors carrying a full-length human RC-L1, 

normally a “hot” RC-L1, tagged with a retrotransposition cassette containing a 

reporter gene whose expression can only be activated after a round of bona fide 

retrotransposition. Several reporters have been used to follow retrotransposition, 

including Enhanced Green Fluorescent Protein (EGFP), several genes conferring 

resistance to mammalian antibiotics (Neomycin, Blastidicin) and more recently 

luciferase. The rationale of the retrotransposition assay is based on cloning a 

retrotransposition cassette in the opposite orientation of L1 transcription (i.e., 

antisense); furthermore, the antisense reporter gene is interrupted by an intron, 

cloned in the sense orientation of L1 transcription (Figure 9). With this 

configuration, a functional reporter can only be expressed after the completion 
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of a round of LINE-1 retrotransposition, as the intron is removed from the 

intermediate L1-mRNA prior to reverse transcription/integration in genomic 

DNA. Thus, the new insertion will contain the reporter cassette without the intron, 

activating expression of a functional reporter, which can be used as a proxy to 

quantify retrotransposition efficiency in cells. While developed >20 years ago, the 

reporter based retrotransposition assay is still the gold standard in the field, and 

our knowledge of L1 biology has dramatically increased since its original 

description.  

 

Figure 9. The retrotransposition assay. Upon transfection, the LINE-1 element is transcribed 

from the upstream CMV promoter, and transcription is terminated by a SV40 polyadenylation signal 

(denoted as polyA) located downstream of the tagged L1. Once transcribed, the intron undergoes 

splicing and the intermediate RNA is exported to the cytoplasm, where L1-ORF1p (light blue circles) 

and L1-ORF2p (green circle) are translated from the chimeric L1-mRNA. Only after reverse 

transcription and integration into a genomic locus, the reporter gene (antibiotic resistance gene 

mneoI in this example) can be expressed to confer antibiotic resistance to cells. An example of a 

retrotransposon-competent LINE-1 vector is plasmid pJM101/L1.3 (a plasmid used in this Thesis), 

which contains the mneoI reporter cassette (purple) at the 3' UTR region in the opposite orientation 

to the transcription orientation of LINE-1. The reporter gene, neomycin phosphotransferase, is 

interrupted by an intron (in black), which is in the same orientation with respect to the transcription 

direction of LINE-1. The pCEP4 plasmid backbone encodes for the viral EBNA-1 protein (EBNA-1) 

and contains an origin of viral replication (oriP) and the hygromycin B resistance gene (hygR) for 

plasmid replication and hygromycin selection in human cells. The plasmid backbone has also a 

bacterial origin of replication (ori) and ampicillin resistance gene (ampR) for replication and 

ampicillin selection, respectively, in E. coli. 
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3.  LINE-1 retrotransposition in pluripotent cells 

Mobile elements are the prototype of “selfish DNA”, whose only function is to 

accumulate more copies of themselves in cells able to transmit genetic information 

to the next generation. LINE-1 elements are not an exception and accumulate new 

L1 copies in the heritable genome, to ensure their evolutionary success. In 

mammals, there are two cellular niches where the accumulation of new L1 

insertions will allow their passing to the next generation: mature germ cells and 

early embryogenesis. Thus, and over the years, several labs have analyzed LINE-

1 expression and activity in these two cellular niches. 

In 2007, Van den Hurk et al, demonstrated that LINE-1 retrotransposition could 

occur during early stages of human embryonic development; while 

characterizing a de novo mutagenic L1 insertion in a patient affected with 

choroideremia (an X-linked eye disease), these authors demonstrated that the L1 

insertion actually occurred during the mother’s early embryogenesis, before germ 

line segregation. In a back-to-back study, Garcia-Perez et al, 2007 used human 

embryonic stem cells (hESCs) as a model of early human embryogenesis and 

reported overexpression of LINE-1 RNAs, including RNAs from presumably 

active L1Hs copies, as well as expression of retrotransposition intermediates (L1-

RNPs). Furthermore, using the engineered retrotransposition assay, these authors 

reported a low level of retrotransposition in a panel of hESC lines. More recently, 

the mobilization of endogenous LINE-1s and SINEs has been reported in hESCs 

and induced pluripotent stem cells (hiPSCs), using Next Generation DNA 

sequencing (NGS) approaches (Wissing et al, 2012; Klawitter et al, 2016; Muñoz-

Lopez et al, 2019). 

Complementing the above studies, Kano et al, 2009 analyzed LINE-1 expression 

and retrotransposition in a mouse model of human L1 retrotransposition, which 

used the same rationale of the engineered L1 retrotransposition assay. These 

authors reported expression of LINE-1 RNAs in developing germ cells and meiotic 

cells. Intriguingly, Kano et al. demonstrated that L1-mRNAs could be deposited 

by both male and female germ cells, and that could be integrated in the genome 

during late embryogenesis. Kano and colleagues also explored the frequency of 

retrotransposition in germ cells and early embryogenesis, and reported that most 

LINE-1 integrations seemed to occur after fertilization, and rarely in germ cells. 

Interestingly, Kano et al. (2009) also found that some animals with mosaic de novo 

L1 insertions couldn't transmit them to their offspring. Thus, the frequency and 

timing of heritable retrotransposition of L1 in vivo was unclear.  
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Later in 2017, Richardson and colleagues adapted NGS methods to capture-

and-sequence active retrotransposons from the mouse genome (mouse RC-seq) 

(Baillie et al, 2011; Shukla et al, 2013). Briefly, mouse RC-seq (mRC-seq) was 

employed to study de novo insertion accumulation in two and three-generation 

mouse pedigrees. By applying this technology to pedigrees of wild-type C57BL/6J 

mice, they investigated the rate and timing of heritable L1 insertions. For this 

purpose, mRC-seq and whole genome sequencing were used to identify 

retrotransposon insertions absent in the reference genome and not previously 

identified in transposable element polymorphism analyses. Insertions 

characteristic of the parental generation were identified and their origin 

investigated. At the same time, sequencing of different tissues of the specimens of 

each generation of the pedigrees was carried out. Thus, homozygous, 

heterozygous, mosaic specimens for de novo insertions or those presenting the 

insertion in the germline were characterized, analyzing the origin of the new 

insertions and how they were transmitted to the progeny. Richardson and 

colleagues demonstrated that, although germ cells could accumulate de novo L1 

insertions, most de novo LINE-1 and SINE insertions accumulate during early 

embryogenesis (Richardson et al, 2017). Richardson and colleagues also 

demonstrated that de novo L1 insertions occurring in primordial germ cells, 

pluripotent cells from the early embryo or in adult germ cells, during gamete 

development, could be transmitted to new generations.  

Consistently, Freeman and colleagues exploited NGS to analyze de novo L1 

retrotransposition in human sperm, and reported a frequency of retrotransposition 

of <1 insertion per 400 haploid genomes (Freeman et al, 2011). Finally, Feusier et 

al, (2009) exploited NGS of human pedigrees to analyze the ongoing frequency of 

retrotransposition in the human genome, reporting rates of 1 insertion in 40 births 

and of 1 in 63 births for Alu and LINE-1, respectively, after analyzing a panel of 

>600 sequenced human genomes (Feusier et al, 2019). Remarkably, in agreement 

with previous studies, Feusier and colleagues demonstrated that the majority of 

these insertions occur during early embryogenesis. 

Thus, in mammals the load of heritable retrotransposition occurs during early 

embryogenesis. Because research with human embryos implies a significant 

number of ethical considerations, and it is strictly prohibited in many countries 

around the world, hESCs and other pluripotent cells mimicking early human 

embryogenesis [i.e., hiPSCs and human embryonic carcinoma cells (hECs)] have 

become an excellent model to study L1 biology under physiological conditions.  
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Indeed, the number of L1 biology studies using pluripotent cells has increased 

over the past years. In this context, Flasch et al, (2019) characterized >88,000 

engineered LINE-1 insertions in different cell lines, including hESCs; Flasch and 

colleagues compared the hallmarks associated with de novo L1 retrotransposition 

events in several human cell lines that mimic cellular niches where endogenous 

L1s are known to mobilize, such as cancer (using HeLa cells), pluripotent human 

cells [using hECs (PA-1) and hESCs (H9)] and brain cells (see below, using neural 

progenitor cells (NPCs) derived from hESCs). Remarkably, despite previous 

assumptions, Flasch and colleagues demonstrated that the EN activity of L1-

ORF2p is the main determinant to direct L1 integration in the human genome, 

and that the epigenetic status of preintegration sites is irrelevant for L1 

integration.  

In summary, a number of studies have analyzed L1 expression in pluripotent 

cells, concluding that hESC, hiPSC and hECs lines naturally overexpress a wide 

range of L1 and Alu RNAs (from active and inactive subfamilies), as well as LINE-

1 retrotransposition intermediates (L1-RNPs) (Hohjoh & Singer, 1997; Kulpa & 

Moran, 2005; Martin, 1991; Garcia-Perez et al, 2007; Holmes et al, 1992; Skowronski 

et al, 1988; Macia et al, 2011, 2017).  Similarly, our laboratory and others have shown 

that new L1 insertions accumulate in early stages of human embryonic 

development, specifically in our PLURIPOTENT genome. Collectively, these 

studies demonstrate that pluripotent models, are the best models for 

understanding how our genome regulates LINE-1 mobility. 

3.1. Impact of L1 retrotransposition in genomes 

As discussed above, evidence from different contexts such as cell lines, animal 

models and patient characterization has demonstrated that, in humans, most de 

novo L1 retrotransposition events accumulate during early stages of human 

embryonic development (Van den Hurk et al, 2007; Garcia-Perez et al, 2007, 2010; 

Klawitter et al, 2016; Kano et al, 2009; Wissing et al, 2012). Retrotransposition during 

early embryonic development has an evolutionary meaning for LINE-1s, as a 

fraction of these insertions would pass to the next generation, ensuring the 

evolutionary success of these mobile elements (Garcia-Perez et al, 2016). 

However, several studies have shown that L1 activity and its impact are not 

limited to early embryogenesis or germ cells. Indeed, it is clear now that L1 is 

expressed and frequently retrotranspose in two other cellular niches: cancer cells 

(Miki et al, 1992; Moran et al, 1996; Feng et al, 1996) and the brain, two non-heritable 

cellular niches where the potential benefits to L1, evolutionary or not, are less clear. 

In 1992, a seminal study by Miki et al, demonstrated ongoing L1 retrotransposition 



INTRODUCTION 

3.  LINE-1 retrotransposition in pluripotent cells 

  

41 

in colon cancer. Since then, and partly driven by the Genomics Revolution and the 

use of NGS methods, other studies have conclusively demonstrated that L1 is 

overexpressed in most human cancer types, and that L1 retrotransposition in 

cancer patients is very common, especially in tumors of an epithelial origin 

(Moran et al, 1996; Feng et al, 1996; Burns, 2017; Iskow et al, 2010; Helman et al, 2014; 

Tubio et al, 2014; Scott & Devine, 2017; Rodriguez-Martin et al, 2020). While several 

studies have also demonstrated that the impact of L1 insertions can influence 

tumor progression (Miki et al, 1992; Shukla et al, 2013; Rodriguez-Martin et al, 2020), 

the overall importance of L1 expression/retrotransposition in cancer remains to be 

analyzed in further detail, and from different angles (i.e., could L1 expression be 

used as a biomarker to stratify cancer patients during diagnosis and treatment? 

Would L1 inhibition lead to a better response to current cancer therapies? Can L1 

retrotransposition drive chemotherapy resistance?). 

Similar to cancer cells, it is well established now that L1 is expressed and can 

retrotranspose in selected cells from the mammalian brain. In 2005, Muotri et al, 

first found that L1 RNAs are expressed in Neuronal Progenitor Cells (NPCs) from 

the brain of rats and mice (Muotri et al, 2005). Muotri and colleagues also 

demonstrated that human L1s could retrotranspose at a high frequency in rodent 

NPCs, suggesting that the genome of brain cells might be more variable than 

envisioned. Later on, other studies demonstrated that human L1s are also 

expressed and retrotranspose at a high level in human NPCs, derived from 

hESCs or isolated from human fetuses (Coufal et al, 2009, 2011), and also in mature 

non-dividing neurons (Macia et al, 2017). Furthermore, and although with 

significant variability in deduced retrotransposition rates, NGS methods have 

conclusively demonstrated that endogenous L1s retrotranspose in NPCs and 

mature neurons in our brain. As with cancer cells, much research remains to be 

conducted to learn whether L1 expression/retrotransposition in the brain has any 

functional significance for brain biology and/or L1 biology.  

Similarly, it has been observed that during cellular senescence L1 elements are 

no longer repressed and have been linked to the development of inflammation 

associated with aging. However, the extent to which retrotransposons may 

contribute to aging remains unknown. In 2019, De Cecco and colleagues described 

how during cellular senescence LINE-1 was no longer transcriptionally repressed, 

resulting in the activation of a type-I interferon (INF-I) response. This response is 

characteristic of late senescence and is triggered by cytoplasmic L1-cDNAs. The 

authors of this study observed how treatment of aged mice with L1 reverse 

transcriptase inhibitors resulted in a decrease in the activation of the INF-I 

response and a reduction in age-associated inflammation (De Cecco et al, 2019). In 
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a similar manner, Simon and colleagues (2019), exploited mice deficient for SIRT6, 

which exhibit reduced life expectancy, growth retardation, and elevated LINE-1 

activity, to further explore L1 activity in aged cells. By treatment with L1 reverse 

transcriptase inhibitors they were able to observe an improvement in the health 

and life expectancy of these mice, with an overall reduction in the type I interferon 

response (Simon et al, 2019). Thus, modulation of L1 activity could be a strategy to 

reduce the impact of age-associated pathologies. 

Due to their ongoing activity in humans, new L1 insertions can sporadically 

cause an array of human disorders since birth. Mobile element insertions within 

coding sequences can lead to its inactivation or interfere with its regulation, 

ultimately inducing a phenotype or disease (Macia et al, 2015; Richardson et al, 

2015). Similarly, new insertions in introns and/or regulatory sequences (promoters, 

5 and 3 UTRs, etc) can cause changes in gene regulation processes through various 

mechanisms (see section 1.3. Impact of mobile elements in genomes, Figure 6). In 

addition, L1 insertions (in 10-30% of the cases) can be accompanied by severe 

genome modifications at the insertion site, ranging from simple deletions of 

different size to potential chromosomal translocations. Thus, due to ongoing L1 

activity, and since LINE-1 insertions are inserted randomly in our genome, the 

range of diseases produced by L1 is very wide, ranging from cancer to hemophilia 

(Macia et al, 2015; Garcia-Perez et al, 2016; Hancks & Kazazian, 2016). Notably, not 

only active mobile elements can generate human disorders, as fixed/resident 

insertions can induce recombination processes due to their inherent repetitive 

nature, and by several mechanisms (allelic recombination, non-allelic 

recombination, Single Strand Annealing recombination (SSA), etc). 

To avoid the deleterious impact of LINE-1 activity, cells have evolved 

different mechanisms to control their activity, acting at distinct steps of the LINE-

1 cycle, to ultimately prevent their uncontrolled spreading and to confer stability 

to our genome. Notably, these mechanisms might be critical in our pluripotent 

genome, as LINE-1s are naturally expressed and mobilize during early embryonic 

development, in our heritable genome. The aim of this Thesis is to better 

understand how active LINE-1s are regulated in pluripotent cells, and I will next 

discuss what is known about LINE-1 regulation. 
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4.  Mechanisms regulating LINE-1 retrotransposition 

As discussed above, and over the course of evolution, the mutagenic potential 

of mobile elements has driven the human genome to develop mechanisms to 

reduce their activity, but much remains to be discovered about these mechanisms 

controlling LINE-1 activity. Indeed, it has been demonstrated that L1 activity is 

influenced by the combined action of repressors and activators. Over the years, 

several studies have reported different mechanisms acting to regulate expression 

and/or retrotransposition of LINE-1s, and this is an area of intense research in the 

field of mobile element biology (recently reviewed in Garcia-Perez et al, 2016; 

Heras et al, 2014; Pizarro & Cristofari, 2016). Due to their evolutionary implications, 

those mechanisms acting to restrict LINE-1 expression and mobilization in germ 

cells and embryonic pluripotent cells are particularly important (Crichton et al, 

2014). Below I will discuss known mechanisms that control L1 

expression/retrotransposition, with emphasis on those relevant in pluripotent 

cells. 

4.1. Epigenetic control of L1 expression: regulation at the 
chromatin level 

To mobilize, RC-L1s must be first transcribed using their internal promoter, 

which is located in their 5'UTRs. Therefore, a major mechanism acting to regulate 

L1 mobility is to prevent their transcription, exploiting several epigenetic 

pathways. Below I will describe epigenetic mechanisms that keep mobile element 

transcriptionally inactive, further preventing their mobility:  

4.1.1. DNA methylation of the L1 promoter 

The LINE-1 promoter contains a canonical CpG island with >20 CpGs, which 

when methylated inhibit LINE-1 expression (Thayer et al, 1993; Bourc’his & 

Bestor, 2004; Coufal et al, 2009). Methylation occurs through the action of a 

mammalian metabolic cascade involving DNA methyltransferases (DNMTs) that 

modify CpG dinucleotide-rich islands, inducing cytosine methylation, which 

hinders the binding of transcription factors and RNA II polymerase. Remarkably, 

the methylation of CpG islands in promoters is a repressive mechanism exploited 

by mobile elements but also by cellular genes. Indeed, it has been proposed that 

regulation by DNA methylation might be another case of domestication, where a 

mechanism arising to combat mobile elements has been recycled to regulate 

expression of genes (Martienssen, 1998).  
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It has been demonstrated that DNMT3L drives de novo methylation of 

retroelement promoter sequences in primordial germ cells (Bourc’his & Bestor, 

2004). Similarly, DNMT1 has been shown to regulate expression of RC-L1s in 

human NPCs (J nsson et al, 2019). To note, genomes are naturally hypomethylated 

during early embryogenesis. However, and despite this apparent relaxation of 

DNA methylation, it has been demonstrated that interfering with the activity of 

DNMTs in hESCs results in de-repression of LINE-1 RNAs, mostly affecting 

evolutionary young L1s (L1Hs and L1PA2)(Castro-Diaz et al, 2014). Similar to 

embryonic cells, two recent studies in mouse germ cells (Bourc’his & Bestor, 2004; 

Barau et al, 2016) reported how the loss of different DNMTs result in increased 

LINE-1 RNA levels. In sum, DNA methylation is a major mechanism controlling 

expression of evolutionary young LINE-1s, in somatic and pluripotent cells. 

While DNA methylation is key to regulate L1, how the promoters of young 

L1Hs are recognized, by DNMTs or by accessory proteins, is not completely 

known. Remarkably, a recent study uncovered that a conserved binding site for 

Ying/Yang1 (YY1), located in the first 30 nucleotides of the 5´UTR of young and 

active L1s (i.e., L1Hs elements), is required to methylate the L1 promoter in 

differentiated cells. Indeed, the study by Sanchez-Luque et al. further 

demonstrated that truncated L1s lacking the binding site for YY1 are not 

methylated and are expressed in differentiated cells. Despite the critical role of 

YY1, it is very likely that other factors are involved in targeting the promoter of 

young L1s for methylation (Sanchez-Luque et al, 2019). 

Another modification associated with DNA methylation is the transformation 

of 5-methylcytosine (5-mC) into 5'hydroxymethylcytosine (5-OHmC), which is 

carried out by the TET (Ten-eleven translocation) family of proteins. This 

modification has been observed in LINE-1 promoters of pluripotent cells (Branco 

et al, 2012), as well as within LINE-1 sequences, but its epigenetic role is unclear. 

The methylation level of mobile element promoters is not constant in every cell 

type (Faulkner et al, 2009). Additionally, beside DNA methylation levels, there are 

additional epigenetic factors that influence mobile element expression in human 

cells. In fact, several epigenetic mechanisms involved in DNA methylation and 

neurodevelopmental diseases have been found to be specific to certain cell types; 

these include histone deacetylase 1 (HDAC1), the transcription factor Sox2, and 

the methyl-CpG-binding protein 2 (MeCP2), which form a repressor complex 

acting on the LINE-1 promoter controlling neuronal transcription of LINE-1s, 

specifically in NPCs and neural stem cells (NSCs) (Muotri et al, 2010).  
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There are additional epigenetic cofactors influencing L1 expression that do not 

directly involve methylation, but that can act in a cell type or locus specific manner: 

KRAB proteins. In fact, a mechanism which acts at the epigenetic level, specifically 

on chromatin and repressing LINE-1 expression is mediated by the KRAB family 

of proteins. KAP1 (KRAB-associated protein 1) mediates heterochromatin 

formation and is recruited at LINE-1s by zinc finger proteins containing KRAB 

motifs (KRAB-ZFPs). In hESCs, KRAB-ZFPs often bind the 5' end of full-length 

evolutionary old LINE-1 elements, and mediate their transcriptional repression. 

Thus, in hESCs this mechanism of repression operates only in currently inactive 

old L1 subfamilies (L1PA3, L1PA4 and L1PA5) (Castro-Diaz et al, 2014; Pezic et al, 

2014). Further analyses generated a model fitting the red queen hypothesis, in 

which KRAB-ZNFs co-evolve with mobile elements in parallel, getting adapted to 

their modifications in order to continue repressing their expression, likely 

explaining why evolutionary young active L1s are not targeted, yet, by repressive 

KRAB-ZNFs (Imbeault et al, 2017; Ecco et al, 2017). In addition, the HUSH complex 

has been suggested to mediate chromatin remodeling and transcriptional silencing 

of young retrotransposition competent LINE-1s in cooperation with KAP1, and in 

hESCs (Liu et al, 2018). 

In summary, DNA methylation of mobile element promoters is a major 

mechanism to control the mobility of LINE-1s in our heritable genome, together 

with KRAB-ZNFs and other epigenetic cofactors. Notably, the epigenetic 

repression of L1 extend early embryogenesis and also operates in somatic cells, 

preventing the accumulation of insertions in somatic cells, which has no 

evolutionary benefit for L1 and that it could be detrimental for the host (i.e., new 

L1 insertions can create mutations) (Bourc’his & Bestor, 2004).  

4.1.2. Histone deacetylation as a possible L1 restriction mechanism. 

As discussed above, genomes are naturally hypomethylated during the 

development of primordial germ cells (PGCs) and shortly after fertilization, 

during early embryogenesis (Zeng & Chen, 2019). After fertilization, there is a 

global loss of methylation in genomes, which is key for embryo preimplantation 

and for gastrulation/organogenesis (as embryonic cells need to regulate their 

differentiation into several lineages, restricts differentiation and prevents going 

back to an undifferentiated state (Zeng & Chen, 2019; Messerschmidt et al, 2014)). 

Notably, this window of hypomethylation is exploited by mobile elements to 

ensure their evolutionary success. This might explain why LINE-1 insertions 

accumulate at this level, and since this occurs shortly after fertilization, most of the 

new insertions will be present in the majority of germ cells of the neonate, ensuring 
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the evolutionary success of L1. In other words, the "defect" of cell reprogramming 

is used by LINE-1 elements to amplify and perpetuate in genomes. Thus, it stands 

to reason that additional mechanisms, different from DNA methylation, might 

operate in pluripotent embryonic cells to regulate expression/activity of mobile 

elements, since frequent and uncontrollable L1 mobilization would induce a high 

number of mutations that might be incompatible with life.  

Despite the potential of hESCs/hiPSCs to study early human development 

processes, these cells are notoriously difficult to grow, they transfect poorly, and 

tend to lose their pluripotent status due to spontaneous differentiation (Dakhore 

et al, 2018). Thus, in order to better understand L1 accumulation in pluripotent 

cells, in 2010 Garcia-Perez et al, analyzed whether hEC lines could be more useful 

as models of early embryogenesis. Briefly, hECs have a transcription profile very 

similar to hESCs (Sperger et al, 2003), and prior to the first derivation of hESCs in 

1998, hECs were the only available model to study early human embryogenesis. 

Over the years, several human hEC lines have been derived from teratomas, which 

are benign germ cell tumors, and as hESCs, some hEC lines retain their 

pluripotency but can differentiate into the three main germ layers (ecto, meso and 

endoderm) (Przyborski et al, 2004). However, at difference with hESCs/hiPSCs, 

hEC lines are easy to culture, transfect very well, and can be easily maintained as 

pluripotent cells. Thus, Garcia-Perez et al, first analyzed L1 expression in a panel 

of pluripotent male and female hEC lines, and as in hESCs, they reported natural 

expression of L1 RNAs and of L1-RNPs. Consistently, pluripotent hECs are 

characterized by having hypomethylated genomes, including L1 promoters. Thus, 

LINE-1 elements are naturally expressed in pluripotent cells (PCs)(Garcia-Perez et 

al, 2007, 2010; Klawitter et al, 2016; Macia et al, 2011; Wissing et al, 2012). 

Next, Garcia-Perez et al, explored engineered L1 retrotransposition in the same 

panel of PCs. Previously, a low level of engineered L1 retrotransposition was 

reported in several hESC lines (Garcia-Perez et al, 2007); the low level of 

retrotransposition reported in hESCs was likely related to how poorly these cells 

transfect. Surprisingly, despite transfecting at a much higher rate, Garcia-Perez et 

al, detected even lower retrotransposition rates in hECs when using the same 

engineered L1 mobility assay. These results suggested that additional mechanisms 

might operate in PCs to regulate retrotransposition. Indeed, using inhibitors of 

histone deacetylases (IHDACs), Garcia-Perez et al, demonstrated that new L1 

insertions accumulate at a high level in human PCs, but that de novo L1-

insertions are strongly silenced through the action of histone deacetylases 

(Garcia-Perez et al, 2007, 2010; Wissing et al, 2012). In contrast, using isogenic 

differentiated cells (DCs), Garcia-Perez et al, demonstrated that silencing of new 
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L1 insertions is specific to PCs. Indeed, L1 silencing was also observed in other 

embryonic pluripotent models tested (hECs, hESCs, and hiPSCs). Thus, Garcia-

Perez et al. discovered a novel epigenetic mechanism, specific to PCs, involved 

in the silencing of de novo LINE-1 insertions where chromatin modifying agents 

such as histone deacetylases seem to be involved (Garcia-Perez et al, 2010). Further 

experiments allowed Garcia-Perez et al, to conclude that: 

- Silencing occurs during/shortly after insertion. 

- The silencing process is independent of the sequence of the 

retrotransposon inserted. 

- Silencing likely recognizes the TPRT reaction, and does not target viral 

integrations. 

- The silencing response disappears rapidly when cell differentiation 

begins. 

 

Despite this knowledge, the mechanism of silencing, both for initiation and 

maintenance, or how the cell detects new L1 insertions are currently unknown.  

From a biological and functional angle, retrotransposon silencing in PCs 

reflects a mechanism that guarantees the integrity of our heritable genome, 

avoiding possible mutations due to overaccumulation of L1 insertions during 

embryogenesis. That is, in the absence of L1-silencing, new L1 insertions in PCs 

could produce secondary, tertiary, etc. insertions in an exponential manner, 

leading to an amplification of L1 that is possibly incompatible with life. 

Furthermore, this study revealed how L1 regulation is directly influenced by the 

pluripotent status of cells, and confirmed that hECs PCs are an excellent model to 

better understand L1 regulation in humans. 

4.2. Control mechanisms against the L1-mRNA: 
Regulation at the transcriptional and post-
transcriptional levels. 

Research from several groups have uncovered different mechanisms acting 

against the L1-mRNA (Heras et al, 2014), which might be relevant when L1 evades 

transcriptional control. Among these mechanisms, we find Piwi proteins and 

piwi interacting small RNAs (piRNAs). Piwi proteins are highly conserved 

during evolution and are known to interact with piwi-interacting RNAs (piRNAs, 

26-32 nt), which are RNAs transcribed from clusters of mobile elements. The 

interaction of Piwi proteins with piRNAs against L1 results in L1 RNA 

degradation. This silencing mechanism seems to operate in hiPSCs (Marchetto et 

al, 2013), and likely in other PCs. It is worth noting that there is evidence of 
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interaction between piRNAs and DNMT3L, as the piRNA pathway seems to be 

acting by establishing methylation patterns for DNMT3L in mouse mobile 

elements (Aravin et al, 2008). Thus, mechanism controlling L1 at the RNA level 

seem to interact with L1 epigenetic control mechanisms. 

Beside piRNAs, another mechanism involving small RNAs occurs through the 

action of selected microRNAs (miRNAs), specifically miRNAs miR-128 (Hamdorf 

et al, 2015) and Let-7 (Tristán-Ramos et al, 2020). miRNAs are known to regulate 

many biological pathways and processes in cells. Additionally, some miRNA-

related proteins, such as DROSHA/DGCR8 (Heras et al, 2013) and Dicer (Bodak et 

al, 2017), have also been involved in targeting the LINE-1 RNA.  

Other factors regulating L1 retrotransposition that target the L1-mRNA are 

the RNA helicase MOV10 (Moloney leukemia virus 10), a component of the RISC 

(RNA-induced silencing complex) complex, which inhibits retrovirus replication, 

and induces L1-mRNA degradation (Goodier et al, 2012; Li et al, 2013). Notably 

MOV10 acts with TUT4/7 (Terminal uridyltransferases 4/7) to restrict LINE-1 

retrotransposition, by uridylating the 3' end of L1-RNAs (Warkocki et al, 2018). 

To note, there are clear similarities between regulation of LINE-1 

retroelements and DNA/RNA viruses. In relation with these viruses, mammals 

have evolved the type I interferon (INF) response, and this is the main innate 

immune defense mechanism against viral nucleic acids. There are numerous cell 

sensors able to recognize the typical characteristics of viral nucleic acids, triggering 

signaling pathways which ultimately would activate type I INFs and pro-

inflammatory cytokine responses, leading to the activation of interferon-

stimulated genes (ISGs), which stablish an antiviral cellular state (Schneider et al, 

2014; Ivashkiv & Donlin, 2014; Gazquez-Gutierrez et al, 2021). In this context, 

several mechanisms able to sense viral nucleic acids were also found to restrict 

mobile elements, being able to sense mobile element derived nucleic acids and 

triggering a type I INF response.  

The INF-stimulated nucleic acid binding proteins APOBEC, ADAR1 and 

RNase L were found to restrict mobile elements as follows:  

- The adenosine deaminase acting on RNA 1 (ADAR1) converts 

adenosines to inosines in dsRNA molecules, destabilizing dsRNA structures 

and preventing the activation of the type I INF response (Mannion et al, 2014; 

Orecchini et al, 2017; Rice et al, 2014). Alteration or mutation of ADAR1 has 

been observed to be associated with the development of Aicardi Gouti res 

Syndrome (AGS), a type I interferonopathy (Rice et al, 2012). 
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- The apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like 

3 (APOBEC3) is able to sense the presence of cytoplasmic DNA, which 

catalyzes the conversion of cytidines to uridines in RNA and ssDNA. Its 

activity is able to mutate the cDNA of retrotransposons (LINEs, SINEs and 

ERVs) as well as HIV-1 cDNAs (Bogerd, 2006; Muckenfuss et al, 2006; 

Richardson et al, 2014). 

- RNase L is an endonuclease activated by dsRNA able to degrade 

cytoplasmic ssRNA, promoting the translational arrest of viral infected cells 

(Zhang et al, 2014; Burke et al, 2019). It is a component of the INF-stimulated 

oligoadenylate synthetase (OAS)/RNase L system, involved in the regulation 

of LINE-1 and IAP retrotransposition levels (Zhang et al, 2014).  

Other proteins involved in type I INF response and in regulating mobile 

elements are TREX1, SAMHD1, the antiviral protein ZAP, the hnRNPL protein, 

MAVS, BST2, GAIT and condensing II. 

- The three-prime repair exonuclease 1 (TREX1) is a 3'-5' DNA exonuclease 

that targets single-stranded and double-stranded DNAs (ssDNA and 

dsDNA). Its expression is controlled by INFs (ISG) and the loss of its function 

or its absence (dominant negative mutations) have been reported to be related 

with several autoimmune disorders as AGS or Systemic Lupus Erythematous 

(Crow et al, 2006a; Stetson et al, 2008; Lee-Kirsch et al, 2007; Thomas et al, 2017). 

TREX1 is an inhibitor of LINE-1s mobility, as in TREX1 knock-out cells LINE-

1 retrotransposition increases, whereas it decreases upon TREX1 

overexpression (Stetson et al, 2008). 

- The dNTPase SAM domain and HD domain-containing protein 1 

(SAMHD1) is a dNTP triphosphohydrolase triphosphatase which plays an 

important role in the regulation of the cytosolic deoxynucleotide pool 

(dNTPs), but may also have biologically relevant ribonuclease activity. Its 

activity reduces the cytosolic dNTPs pool, preventing viral replication. 

SAMHD1 regulates mobile elements and has also been associated with AGS. 
SAMHD1 is also a potent suppressor of LINE-1s mobility, as well as of other 

non-autonomous mobile retroelements such as Alu and SVA SINEs. Similar 

to TREX1, SAMHD1 knock-out cells exhibited increased retrotransposition of 

LINE-1, Alu and SVA, while overexpression of SAMHD1 resulted in 

decreased retrotransposition of LINE-1, Alu and SVA (Zhao et al, 2013). 

- The Heterogenous Nuclear Ribonucleoprotein L RNA binding protein 

(hnRNPL) binds to the Internal Ribosome Entry Site (IRES) signal of mouse 

LINE-1s, acting as a retrotransposon restricting factor that is able to inhibit 

retrotransposition in vitro (Peddigari et al, 2013; Moldovan & Moran, 2015). 



INTRODUCTION 

4.  Mechanisms regulating LINE-1 retrotransposition 

50 

- Other proteins involved in the regulation of mobile elements are the Zinc 

Finger CCCH-type antiviral protein (ZAP) (Goodier et al, 2015; Moldovan & 

Moran, 2015), the Mitochondrial antiviral-signaling protein (MAVS) and the 

Bone Marrow Stromal Cell Antigen 2 (BST2), all able to restrict 

retrotransposition in vitro (Goodier et al, 2015). The Gamma-Interferon 

Activated Inhibitor of Translation (GAIT) protein and condensing II have also 

been observed to restrict retrotransposition in epithelial cells, presumably by 

interfering with LINE-1 transcription and/or translation (Ward et al, 2017). 
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5.  Aicardi Gouti res Syndrome (AGS) 

Aicardi-Goutières syndrome (AGS) is a rare human disorder connected with 

deregulation of LINE-1 retrotransposition. This rare genetic disorder mainly 

affects the brain and skin, being characterized, in its most severe form, by the 

presence of cerebral atrophy, leukodystrophy, intracranial calcifications, chronic 

cerebrospinal fluid (CSF) lymphocytosis, increased interferon alpha in CSF, and 

negative serological results for common prenatal infections (Ali et al, 2006). 

Neurological dysfunction becomes clinically evident during infancy, manifesting 

as progressive microcephaly, spasticity, dystonic posture, profound psychomotor 

retardation, and often death in the early infancy. Outside the nervous system, 

those affected also suffer from thrombocytopenia, elevated liver transaminase 

levels, hepatosplenomegaly and intermittent fever, which may erroneously 

suggest the presence of an infectious process or autoimmune response (Crow et al, 

2006b). 

AGS exhibits a phenotype similar to that observed during in utero viral 

infections. A permanent increase in INF activity levels in CSF and serum (Lebon et 

al, 1988), together with increased expression of ISGs in peripheral blood (Rice et al, 

2013), is also observed in AGS patients. On the basis of these observations, AGS 

can be identified as an inflammatory disorder associated with the induction of 

a type I interferon-mediated innate immune response, probably driven by 

nucleic acids of endogenous origin (Crow & Rehwinkel, 2009). However, the 

nature of the nucleic acid that induces the immune response in these patients is 

currently unknown. 

In 2006, four genes associated with AGS were identified; TREX1 (Crow et al, 

2006a), RNASEH2A, RNASEH2B, and RNASEH2C (Crow et al, 2006b). 

Subsequently, mutations in three additional genes were also described in patients 

showing a phenotype compatible with AGS: SAMHD1 (Rice et al, 2009), ADAR1 

(Rice et al, 2012) and IFIH1 (Rice et al, 2014). Most of these proteins have also been 

found to be involved in the innate immune response to viral infections and 

endogenous mobile elements (Volkman & Stetson, 2014). 

Interestingly, the alteration of just one of the aforementioned genes is capable 

of triggering AGS. Since no evidence of viral infections has been observed in AGS 

patients, the role of endogenous mobile elements becomes important for 

explaining the accumulation of these nucleic acids. For this reason, several studies 

were carried out to determine the role of AGS proteins in regulating the 

mobilization of endogenous mobile elements. 
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In relation with these studies, TREX1 (Stetson et al, 2008), SAMHD1 (Zhao et 

al, 2013) and ADAR1 (Orecchini et al, 2017), cell factors involved in type I 

interferon response, have been found to restrict LINE-1 retrotransposition. 

Mutations in these genes could compromise their ability to restrict LINE-1 activity 

and be related with AGS development (Stetson et al, 2008). Within AGS related 

genes, RNase H2 was suggested to also control LINE-1 retrotransposition 

(Volkman & Stetson, 2014), although this possibility has not been studied in 

deep until this Thesis. 

RNase H2 is a heterotrimeric complex formed by three subunits (RNASEH2A, 

RNASEH2B and RNASEH2C (Crow et al, 2006b)), and is the predominant nuclear 

enzyme responsible for the degradation of DNA:RNA hybrids (reviewed by Reijns 

& Jackson (2014)), although this might depend on the cell type. RNase H2 is 

essential for genome stability, and in addition to degrading the RNA of DNA:RNA 

hybrids, RNase H2 is also able of cleaving the 5'-phosphodiester bond of miss 

incorporated ribonucleotides embedded in dsDNAs (McElhinny et al, 2010; Hiller 

et al, 2012; Reijns et al, 2012), participating in a process called Ribonucleotide 

Excision Repair (RER) (Sparks et al, 2012). 

The catalytic core of RNase H2 is present in the RNASEH2A subunit; however, 

all three subunits are required for its enzymatic activity (Reijns & Jackson, 2014). 

The precise role of the RNASEH2B subunit is not known; however, the 

RNASEH2B subunit features a functional PIP motif that interacts with PCNA 

(Chon et al, 2009). In fact, PCNA directs RNase H2 activity to replication and 

repair foci (Bubeck et al, 2011; Kind et al, 2014).  

Due to its function, RNase H2 may play a regulatory role in LINE-1 

retrotransposition, and this was a main objective in my Thesis. 
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6.  The LINE-1 interactome 

Although LINE-1s are classified as autonomous mobile elements, L1 activity is 

influenced and regulated by the combined action of several cellular host factors 

that act to promote (i.e., activators) or repress (i.e., repressors) L1 expression and 

retrotransposition. Collectively, the pool of cellular host factors acting to activate 

or repress L1 expression/retrotransposition is known as the “LINE-1 

interactome”. 

Through the use of ultracentrifugation, immunofluorescence (IF), 

immunoprecipitation (IP) and cell culture assays, it has been determined that the 

basal L1-RNP contains the L1 mRNA, L1-ORF1p, L1-ORF2p, and a number of 

interacting factors (Wei et al, 2001; Goodier et al, 2010; Doucet et al, 2010). These 

studies provided critical insight into the composition of L1-RNP complexes, and 

determined that L1-RNPs are the essential unit for retrotransposition. Thus, 

cellular factors that modulate retrotransposition might probably be associated 

with the basal L1-RNP. However, which cellular factors are involved in the 

retrotransposition process, in the formation and transport of L1-RNPs, or in the 

regulation of L1 expression, are largely unknown.  

In the last 20 years, the improvements in protein purification and mass 

spectrometry have led to several projects focused on studying and characterizing 

the LINE-1 interactome (Goodier et al, 2012, 2013; Mandal et al, 2013; Taylor et al, 

2013). Below, I will discuss major findings in this area of research. 

6.1. Proteomic study of the LINE-1 interactome 

To better understand the L1 interactome, several attempts to co-

immunoprecipitate L1-RNPs, together with its interactors, have been made. These 

approaches used established cellular lines, the majority of them transformed cell 

lines, and often using overexpression of engineered L1s (see section 2.2.1. A system 

to study retrotransposition: The retrotransposition assay). The cell lines that have been 

routinely used for L1 research (such as HeLa, 143B, HEK293T, U2OS...) are all 

transformed cell lines, and might reproduce a cellular state similar to that found 

in human cancer (Goodier et al, 2012, 2013; Mandal et al, 2013; Taylor et al, 2013). 

As discussed above, under physiological conditions L1 is expressed and mobilize 

during embryogenesis and in brain, while L1 expression is effectively repressed in 

most somatic cells (Muotri et al, 2005). Thus, a major limitation of the majority of 

L1- interactome studies conducted so far is the use of non-physiological 

transformed cellular models.  
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Beside limitations imposed by their transformed status, it has been 

demonstrated that the expression of endogenous L1-RNPs is highly variable in 

these cell lines, and L1 expression levels are inversely correlated with genome 

methylation levels (Ergün et al, 2004; Dai et al, 2014; Faulkner et al, 2009). Thus, to 

study L1 activity and the L1-interactome in cell lines, most studies have used 

engineered L1 constructs where a strong exogenous viral promoter is used to 

achieve a high-expression level of L1 RNAs and encoded proteins (Moran et al, 

1996). This is another major limitation of most L1-interactome studies, as 

overexpression of proteins can lead to stoichiometric imbalance in complexes, 

the appearance of promiscuous interactions, or the activation of viral restriction 

pathways (type I INF and others) that will likely influence the deduced L1-

interactome. 

In sum, and while information gained using transformed cell lines and 

overexpression L1 vectors has proven useful in the past, it is very likely that the 

composition of the L1-interactome and L1 regulation in physiological cellular 

models will be fundamentally different. 

Pioneer studies aimed to characterize the L1 interactome used sucrose cushion 

velocity sedimentation of cell lysates to concentrate L1-RNPs (Kulpa & Moran, 

2005, 2006b). This approach provided valuable information about the mechanism 

of L1 retrotransposition and the role of L1-ORF1p, but suffered from low purity, 

which limited its usefulness for determining the L1 interactome. To solve these 

limitations, following studies used engineered L1 constructs containing different 

epitope tags in L1-ORF1p, L1-ORF2p or both (V5, HA, FLAG, T7, etc; Goodier et 

al, 2013; Mandal et al, 2013; Taylor et al, 2013). The use of these constructs has made 

possible to co-immunoprecipitate L1-ORF1p or L1-ORF2p, together with their 

interactors, to subsequently identify proteins associated with L1 ORF1p and/or L1 

ORF2p by mass spectrometry. This approach has identified many interactors, 

including RNA transport proteins, regulators of gene expression, post-

translational modifiers, helicases and splicing factors. Below, I will discuss seminal 

proteomic studies on L1-RNPs: 

-  Goodier et al, (2013) used overexpression vectors where L1-ORF1p was 

epitope-tagged (FLAG-tagged), allowing authors to use immunoprecipitation 

to purify L1-ORF1p and its associated interactors [using anti-FLAG-M2 affinity 

gel (Sigma) and transformed human cells (HEK293T, 2102Ep, HeLa)], which 

were identified by mass spectrometry (MS). These experiments found 

important inhibitory proteins, including some controlling HIV and other 

retroviruses (Goodier et al, 2013). In fact, Goodier et al, validated that the 

helicase MOV10 interacts with L1-RNPs and can inhibit L1 retrotransposition 
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(Goodier et al, 2012). Thus, this study (Goodier et al, 2013) represents the first 

detailed screening of proteins interacting with L1-ORF1p (i.e., the L1-ORF1p 

interactome) in the context of L1-RNPs. The interaction with identified proteins 

was confirmed by direct co-immunoprecipitation and subcellular co-

localization in cytoplasmic granules. Furthermore, by overexpressing many of 

these proteins, they confirmed that many acted as repressors of L1 activity, as 

most reduced L1 retrotransposition in cell culture (Table 2). These authors also 

described how L1-ORF1p co-localized with proteins present in stress granules, 

such as LARP1, PCBP2, HNRNPA1 or PABPC1. 

 

The results obtained in this pioneer study paved the way for future research on 

the life cycle of L1, from transcription to insertion in the genome, and of repressive 

strategies used by cells to coexist with L1. The utility of the approach developed 

by Goodier and colleagues was explored on a second study from the same lab 

(Mandal et al, 2013). However, even when different interactors were found 

(Goodier et al, 2013; Mandal et al, 2013), technical limitations prevented the 

isolation of pure and active L1-RNP complexes in analytically manipulable 

quantities, and this is a major limitation of the approach developed by Goodier 

and colleagues. In fact, while traditional L1-ORF1p tagging using epitopes (HA, 

FLAG, V5, T7, etc) has been used to study proteins that co-purify with L1-RNPs 

(Doucet et al, 2010; Goodier et al, 2012, 2013), the use of standard agarose beads 

(anti-FLAG M2 affinity gel (Sigma)) for co-immunoprecipitation (Goodier et al. 

2013 Mandal et al, 2013) provides a higher background signal due to non-specific 

binding of lysate components to the beads and results in an insufficient yield and 

purity to obtain integral proteomics and proteins with high specific activity. 

In addition (as indicated in the section on III. INTRODUCTION, 2.2.), the 

translation of L1-ORF1p is highly efficient, whereas L1-ORF2p is translated by an 

unconventional system (Alisch, 2006) resulting in low levels of L1-ORF2p 

expression, making mechanistic investigation of L1-ORF2p very challenging. 

To solve these limitations, the development of new methods incorporating 

cryomilling, together with rapid affinity capture, allowed achieving an excellent 

purification, significantly improving past L1-interactome studies (Cristea et al, 

2005; Domanski et al, 2012; Oeffinger et al, 2007). Briefly, using these new methods, 

intact cells are flash frozen in liquid nitrogen and cryomilled in solid phase (VI. 

MATERIALS AND METHODS, 17. Cryomilling of frozen cells). In doing that, the 

native intermolecular interactions are preserved during milling, producing a very 

fine powder suitable for subsequent rapid affinity capture of protein complexes. 

For such affinity capture, magnetic beads conjugated with antibodies are used. 

Magnetic beads exhibit a faster protein binding rate than agarose beads, are 
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significantly smaller (1-4 μm versus 50-150 μm agarose beads), and are better at 

detecting weak (labile) interactors of immunoprecipitated proteins, since the 

physical stress to which agarose beads are subjected during successive rounds of 

centrifugation can cause loss of interactions (Domanski et al, 2012; Trinkle-

Mulcahy et al, 2008). In consequence, the use of magnetic beads allows rapid 

purification with binding times as short as 5 mins, and facilitates binding of large 

complexes that would be excluded by the pores of traditional matrices (Oeffinger 

et al, 2007) (VI. MATERIALS AND METHODS, 19. Affinity capture of protein 

complexes from cell powder). To note, this improved methodology has been used in 

the proteomic studies carried out in this Thesis. 

- In 2013, Taylor et al, conducted a large-scale proteomic study of the L1 

interactome, combining cryomilling and rapid affinity capture with isotopic 

differentiation of interactions as random or directed (I-DIRT), allowing them to 

distinguish stable interactions formed in vivo from post-lysis artifacts. 

Furthermore, Taylor and colleagues created a system to overexpress and purify 

active L1-RNP complexes from suspension cultures of human HEK293TLD cells, 

in an attempt to solve low levels of L1 expression in cultured cells. HEK293TLD 

(Dai et al, 2012) is an inducible cell line using the Tet-On system, a system that 

allows the activation and overexpression of those vectors regulated by a 

specific promoter (TRE-Tight element). In addition, HEK293T cells express the 

SV40 virus T antigen (Lin et al, 2014), which allows achieving a high copy 

number of vectors containing the SV40 ori, resulting in higher levels of protein 

expression in cells transiently transfected with plasmids. For these reasons, the 

HEK293T cell line was used for protein overexpression using expression 

vectors, and the fact that HEK293TLD cells have an integrated inducible Tet-On 

expression system allows for further increased expression levels. Taylor and 

colleagues constructed a series of inducible L1-expression vectors to be 

expressed in HEK293TLD cells, employing both codon-optimized L1 elements 

(ORFeus-Hs) (An et al, 2011) and its native parental L1 (L1RP) (Kimberland et 

al, 1999), both containing epitope tags in L1-ORF1p and L1-ORF2p. 

Upon overexpressing and purifying engineered L1-RNPs in HEK293TLD 

cells, Taylor and colleagues used an in vitro L1 RT assay, termed LEAP for 

LINE-1 Element Amplification Protocol, to analyze the activity of purified L1-

RNPs; briefly, the LEAP assay test the ability of purified L1-RNPs to reverse 

transcribe the L1-mRNA in vitro (Kulpa & Moran, 2006a; Huira C. Kopera 

Doucet & Moran, 2016). Remarkably, Taylor and colleagues reported 

significant higher specific activity of L1-RNPs (70-fold higher) when compared 

to L1-RNPs obtained by sucrose cushion. Consistently, RNA sequencing (RNA-
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seq) revealed that L1-mRNAs are abundant components of purified L1-RNPs 

(Taylor et al, 2013). Using this improved purification method, Taylor and 

colleagues characterized 37 high-confidence interactors, some already known 

such as PABPC1 and MOV10, and novel interactors such as UPF1 and PCNA.  

The interaction with novel interactors was confirmed using co-IP and 

retrotransposition assays. In fact, these authors validated that UPF1, a key factor 

of the non-sense mediated decay pathway, is an L1-ORF1p interactor, which 

reduces L1 RNA levels and retrotransposition. Similarly, Taylor et al, validated 

that PCNA interacts with L1-ORF2p through a PIP-box motif located between the 

EN and RT domains, and studies on the mechanism of regulation suggested that 

the interaction with PCNA occurs during or immediately after TPRT. Interestingly, 

the results of this study also suggested the existence of at least three types of L1-

RNPs, which differs in composition and functionality. Undeniable, this study 

represents a high-quality proteomic study of the L1-interactome, and for L1-

ORF1p and L1-ORF2p, even if authors used transformed cell lines and L1 

overexpression vectors.  

In Goodier et al. 2013 only FLAG-tagged L1-ORF1p was captured, while in 

Taylor et al. 2013 expression vectors with both L1-ORF1p and L1-ORF2p tagging 

were used, and represents the first proteomic study where the interactome of L1-

ORF2p was studied by immunoprecipitation. Goodier et al, 2013 found a total of 

96 L1-interactors, of which 69 were identified in Taylor et al, 2013, but only 7 were 

found as significant according to this study: MOV10, MEPCE, PABPC1, PABPC4, 

PURA, TOP1, and TROVE2 (Table 2).  

Regarding the L1-ORF2p interactome, Goodier et al, 2013 were able to co-

immunoprecipitate L1-ORF2p together with L1-ORF1p in their experiments; 

however, among all the factors found in Goodier et al. and subsequently detected 

again in Taylor et al, 2013, only 5 were identified as significant interactors that co-

immunoprecipitated with L1-ORF2p: PABPC1, PABPC4, PURA, TOP1, and 

MOV10. Thus, few L1-ORF2p-specific interactors are known. 

In addition, Goodier et al, 2013 analyzed the effect of the overexpression of 69 

factors on LINE-1 retrotransposition, and found 23 factors that reduced LINE-1 

retrotransposition levels between 50 and 100% (Table 2). Some of these factors 

were identified in Taylor et al, 2013 although not as significant (shown in Table 2). 
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Table 2. Significant proteins found in Goodier el at, 2013 and Taylor et al, 2013. 

 Gene names Protein names 
Nuclear (Nu)/cytoplasmic 
(C) extracts (Goodier et 

al, 2013) 

Co-IPs with L1-
ORF1p (Taylor et 

al, 2013) 

Co-IPs with L1-
ORF2p (Taylor et 

al, 2013) 

Found using 
L1RP or ORFeus-

Hs 

L1 + cDNA RTSN (%, see 
Goodier et al, 2013) 

1 CSDA Cold shock domain protein A Nu/C Yes Yes Both ~ 0 

2 DDX39A DEAD (Asp-Glu-Ala-Asp) box polypeptide 39 Nu Yes Yes Both ~ 15 

3 ELAVL1 
Embryonic lethal abnormal vision n, Drosophila 

like 1/Hu antigen R 
Nu Yes Yes Both ~ 10 

4 HIST1H1C Histone cluster 1, H1e Nu Yes Yes Both ~ 30 

5 HNRNPA1 Heterogeneous nuclear ribonucleoprotein A1 Nu Yes Yes Both ~ 25 

6 HNRNPL Heterogeneous nuclear ribonucleoprotein L Nu Yes Yes Both ~ 5 

7 HNRNPU 
Heterogeneous nuclear ribonucleoprotein U 

(scaffold attachment factor A) 
Nu Yes Yes Both ~ 20 

8 ILF2 Interleukin enhancer-binding factor 2 Nu Yes Yes Both ~ 35 

9 MEPCE 7SK snRNA methylphosphate capping enzyme C Yes* Yes* Both* ~ 60 

10 MOV10 Helicase MOV-10 (Moloney leukemia virus 10) Nu/C Yes* Yes* Both* ~ 0 

11 PABPC1 Poly(A)-binding protein, cytoplasmic 1 Nu/C Yes* Yes* Both* ~45 

12 PABPC4 Poly(A)-binding protein, cytoplasmic 4 Nu/C Yes* Yes* Both* Not tested 

13 PCBP2 Poly(rC)-binding protein 2 Nu/C Yes Yes Both ~ 20 

14 PURA Purine-rich element-binding protein A Nu Yes (L1RP) 
Yes* (ORFeus-

Hs) 
ORFeus-Hs* < 5 

15 RALY 
RNA-binding protein, autoantigenic (hnRNP-

associated with lethal yellow homolog (mouse)) 
Nu Yes Yes Both ~ 20 

16 RBMX RNA-binding motif protein, X-linked Nu Yes No ORFeus-Hs ~ 40 
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- In 2015, a study by Moldovan and Moran used a method similar to that 

employed by Goodier et al, in 2013, that is using conventional purification 

techniques, and identified 39 cellular proteins as L1-ORF1p interactors (Table  

3). Moldovan and Moran used transformed HeLa cells and engineered L1 

vectors where L1-ORF1p was tagged with a FLAG epitope-tag (in its C-

terminus, pJM101/L1.3FLAG). After transfection, L1-RNPs were isolated by 

immunoprecipitation from standard whole cell lysates, followed by liquid 

chromatography coupled to mass spectrometry (LC MS/MS). Of the 39 

interactors, 13 were validated by biochemical assays, showing an RNA 

dependent interaction with L1-ORF1p, via an RNA bridge (Table 3, noted as 

“Yes*”). Notably, most proteins interacting with L1-ORF1p were previously 

found in previous proteomic studies (33 out of 39, see Table 3) (Taylor et al, 

2013; Peddigari et al, 2013; Goodier et al, 2013). Moldovan and Moran analyzed 

in detail a novel L1-ORF1p interactor, ZAP, and demonstrated that ZAP could 

inhibit L1 and Alu retrotransposition (as discussed in previous section 4. 

Mechanisms regulating LINE-1 retrotransposition). 

- Building from their previous study, in 2018, Taylor et al, attempted to further 

characterize the composition of the different types of L1-RNPs described in 

their 2013 study (Taylor et al, 2013). They again used HEK293TLD cells (Dai et 

al, 2012; Taylor et al, 2013) expressing allelic L1 constructs containing LINE-1 

mutations in conserved domains, to identify how these domains affect the L1-

interactome. Using differential affinity purifications, quantitative mass 

spectrometry, and RNA-seq, Taylor and colleagues characterized proteins and 

nucleic acids associated with enzymatically active L1-RNP macromolecular 

complexes (Table 3). These results revealed that LINE-1 can indeed form at 

least two different macromolecular complexes, containing different host 

factors. Notably, a canonical L1-RNP complex containing L1-ORF1p, L1-

ORF2p and the L1-mRNA, together with several other proteins (MOV10, 

ZCCHC3, PABPC1, PABPC4), was found in the cytoplasm, and authors 

hypothesized that it will likely correspond to “a canonical L1-RNP”. In 

addition, they also identified a novel macromolecular complex in the nucleus, 

containing L1-ORF2p, the L1-mRNA, and proteins involved in DNA 

replication and DNA repair (PCNA, PURA/B, TOP1 and PARP1), but lacking 

L1-ORF1p. Authors hypothesized that this second complex likely correspond 

to “TPRT complexes”, allowing to identify factors that specifically might 

regulate TPRT. Other factors, like UPF1, were found interacting with both 

complexes (see Table 3, column 9). 
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Multiple host genome-encoded proliferation and restriction factors have been 

identified and validated from these studies, but it is notable that little overlap has 

been observed between the L1-linked proteins described by the different studies. 

However, although this is likely to be largely explained by technical differences in 

experimental approaches, it raises questions regarding the uniformity of L1 

interactomes and the potential for context specificity, both technical and biological. 

As indicated above, all proteomic studies discussed above exploited transformed 

cell lines and exogenously expressed L1s, and it is currently unknown whether 

endogenous L1-RNPs might interact with the same proteins in non-transformed 

cell lines. 

- Importantly, complementing the above studies, Vuong et al, (2019) used 

affinity capture and MS techniques to examine the interactome of endogenous 

L1-RNPs in non-transformed cells, using hESCs, which as described above, 

naturally overexpress L1-RNPs. Remarkably, this study identified previously 

validated L1-ORF1p interactors, although for the first-time reported 

interactions with endogenous L1-RNP complexes. Thus, this study is the first 

addressing an important question in L1 biology: is the LINE-1 interactome 

different in cell types where L1 mobilize under physiological conditions? 

However, a major limitation of this study is that none of the previously 

mentioned advanced proteomic techniques were employed (cryomilling, I-

DIRT, etc). Thus, although relevant, further research is needed to define the 

L1-interactome in PCs, and to learn whether L1 is regulated in a different 

manner depending on the pluripotent status of cells. In fact, a major goal of 

this Thesis is to analyze the L1-interactome of PCs, using advanced proteomic 

techniques, and to compare the interactome of isogenic PCs and DCs. 
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6.2. Genomic studies of the LINE-1 interactome 

Just as proteomic approaches have been used to better understand how L1 

activity is regulated, the development of small interfering RNA (siRNA) and 

CRISPR-Cas9 genome editing systems have allowed researchers to analyze how 

L1 expression/activity is regulated on a genome wide manner.  

In 2018, Liu et al, exploited CRISPR-Cas9 screening strategies in two different 

human cell lines, both transformed, to identify genes regulating L1 

retrotransposition. This study identified many genes involved in several biological 

pathways that either promote or restrict engineered L1 retrotransposition (Table 

3). These genes, some linked to human diseases, were able to regulate L1 at the 

transcriptional or post-transcriptional levels. Notably, Liu et al. exploited 

native/natural RC-L1s, but also codon optimized RC-L1s, revealing that some 

genes were able to regulate retrotransposition in a sequence dependent manner, 

highlighting the complexity of L1 regulation. 

Among identified genes, the repressor of L1 retrotransposition MORC2 and the 

human silencing complex (HUSH) subunits, MPP8 and TASOR8, were 

investigated in depth. Notably, Liu and colleagues demonstrated that HUSH and 

MORC2 could selectively bind full-length, evolutionarily young L1s (i.e., L1Hs). 

These young L1s tend to be located within transcriptionally euchromatic 

environments but were silenced by trimethylation of histone H3 Lys9 (H3K9me3), 

promoted by HUSH and MORC2. In fact, it was further demonstrated that the 

expression of genes transcriptionally active but containing silenced L1s in their 

introns was influenced by the repressive marks deposited by HUSH and MORC2 

in these intronic L1s, uncovering a new mechanism to fine-tune gene expression, 

mediated by the accumulation of young L1s in introns. In summary, beside 

elucidating a novel restriction pathway for L1 and illustrating how epigenetic 

silencing of L1 influences host gene expression, this study represents one of the 

larger host-factor study conducted to date, and has become an important resource 

for L1 researchers. 

Later, in a study conducted by Mita and colleagues (2020) studying the role of 

the BRCA1 gene in relation with L1, authors carried out a whole genome siRNA 

screening using image based retrotransposition assays in HeLa-M2 cells. In this 

study, several cellular factors regulating L1 retrotransposition were reported: 220 

“inhibitors” and 2,681 “supporters”. Cluster analysis of inhibitors identified 

“Fanconi anemia pathway” and “DNA repair” as the most enriched clusters of 

proteins. Among the identified factors, BRCA1 was analyzed in detail, revealing 

how it affects the frequency of retrotransposition and the structure of L1, 
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controlling the translation of L1-ORF2p by binding to L1-mRNA. This study 

unveiled the role of BRCA1 and shed new light on how TPRT occurs, where 

BRCA1 and its associated proteins may block the generation of a second upstream 

cleavage by the EN L1-ORF2p activity. However, more research is needed to 

confirm this hypothesis. 
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Theoretical background supporting the hypothesis 

The following are key findings in the field of L1 biology relevant to this Thesis, 

which have been discussed in the introduction section (III. INTRODUCTION): 

- The majority of new and heritable L1 retrotransposition events in humans 

accumulate during early stages of human embryonic development (3. LINE-1 

retrotransposition in pluripotent cells) (Van den Hurk et al, 2007; Garcia-Perez et al, 2007, 

2010; Klawitter et al, 2016; Kano et al, 2009; Wissing et al, 2012). 

- Epigenetic silencing of L1 expression, by methylation of CpG islands located in L1 

promoters, is the main mechanism used to regulate LINE-1 expression (4.1.1. DNA 

methylation of the L1 promoter) (Thayer et al, 1993; Bourc’his & Bestor, 2004; Coufal et al, 

2009). However, L1 seems to take advantage of the genome wide hypomethylation that 

occurs shortly after fertilization, during early human embryonic development (Zeng 

& Chen, 2019), to accumulate de novo insertions that could pass to the next generation. 

-  A Y-like structure containing a L1-cDNA:L1-mRNA hybrid covalently linked to 

genomic DNA is generated during TPRT (2.2. The LINE-1 retrotransposition 

mechanism). Notably, it has been observed that the formation of cDNA:RNA hybrids 

on CpG islands can prevent methylation of the underlying DNA sequence.  

- A new epigenetic mechanism that mediates silencing of de novo LINE-1 insertions, 

in a sequence independent manner and likely targeting TPRT intermediates, operates 

specifically in PCs. Chromatin modifying factors such as histone deacetylases are 

involved in the maintenance of L1 silencing in PCs (Garcia-Perez et al, 2007, 2010; 

Wissing et al, 2012) (4.1.2. Histone deacetylation as a possible L1 restriction mechanism). L1-

silencing is rapidly attenuated upon induction of cellular differentiation. However, 

how PCs recognize de novo L1 insertions and the mechanism of silencing are 

unknown (Garcia-Perez et al, 2010).  

- Previous L1 interactome studies, conducted in transformed cell lines which to some 

level are more similar to somatic differentiated cells, and using overexpressed 

epitope-tagged L1 proteins (Goodier et al, 2013; Mandal et al, 2013; Taylor et al, 2013; 

Moldovan & Moran, 2015; Taylor et al, 2018), have provided an ample overview of 

host factors interacting with L1-RNPs in this cellular context.  

- A single proteomic study of L1-interactors in hESCs identified common interactors 

with transformed cell lines (Vuong et al, 2019) (6.1. Proteomic study of the LINE-1 

interactome).  

- Several factors associated with type I interferon response [SAMHD1 (Zhao et al, 

2013), ADAR1 (Orecchini et al, 2017), and TREX1 (Stetson et al, 2008)], which when 
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mutated lead to the development of AGS (5. Aicardi Gouti res Syndrome (AGS)), can 

inhibit LINE-1 retrotransposition when overexpressed in cells. However, RNase H2, 

is another AGS gene whose impact on L1 regulation is currently unknown (Crow et 

al, 2006b).  

- PCNA has been observed to interact with L1-ORF2p, via a PIP motif located 

between the EN and RT domains (Taylor et al, 2013). The interaction of L1-ORF2p with 

PCNA is required for retrotransposition, and probably occurs during or immediately 

after TPRT.  
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Hypothesis 

Based on the above L1 knowledge, I propose several hypotheses that will be explored 

in this Thesis: 

• Considering that during TPRT a Y-like intermediate (L1-cDNA:L1-mRNA attached 

to genomic DNA) is generated, with the involvement of PCNA, and as the L1-mRNA 

of the hybrid must be removed to complete a round of retrotransposition, I propose 

that RNase H2 may be a possible factor involved in L1-silencing, or in the control 

of L1 retrotransposition. To note, the interaction of L1-ORF2p with PCNA requires 

a PIP motif located between the EN and RT domains, and it is worth noting that 

RNase H2 also contains a PIP motif (in the B subunit). 

 

• RC-L1s naturally retrotranspose in PCs, and new insertions are epigenetically 

silenced by host factors that might recognize the Y-like structure generated during 

TPRT. As L1 silencing is attenuated in DCs, I propose that the factor/s involved in 

recognizing the Y-like structure might be intimately linked to human 

pluripotency. 

 

• Proteomic studies uncovered several factors regulating retrotransposition, and the 

background of cells used in these studies influence the nature of L1 interactors. Thus, 

I propose that comparing the L1-interactome of isogenic PCs and DCs could 

identify pluripotent-associated interactors involved in L1-silencing. While these 

experiments will ultimately reveal whether proteomic studies could be useful to 

identify factors involved in L1-silencing, these experiments will also reveal how 

dynamic the L1-interactome is during cellular differentiation, which can provide 

further insight in L1 regulation. 
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Thesis Objectives 

- General Objectives:  
 

1. Determine the LINE-1 interactome in pluripotent (PCs) and differentiated (DCs) 

cells and generate a list of L1-interactors involved in L1 silencing.  

 

2. Study the role of RNase H2 on LINE-1 retrotransposition. 

 

- Specific Objectives: 

 

1. Generation of a new L1 mobility system that allows the isolation of LINE-1 

mobility intermediary complexes (RNPs) in PCs and DCs cells. 

2. Establish a list of genes that interact with L1-RNPs in PCs and DCs. 

3. Analysis of cellular factors possibly associated with epigenetic silencing of L1 

mobility in PCs. 

- Sub-objective 3.1. Role of RNase H2. 
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1. Materials 

Culture plates 

100 cm2 culture plates 

T75 culture flasks 

6-well culture plates 

500 cm2 culture plates 

 

Cell culture and subculture 

DPBS 1X 

TRYPSIN-EDTA (1X), 0.05%, 500ML (Gibco, Cat. 25300-062) 

TrypLE Express Enzyme™ (1X), sin rojo fenol (Gibco, Cat. 12604021 

Matrigel (basement membrane matrix 10 ml * without LDEV) (BD, Cat. 354234) 

 

Serums and media 

Dulbecco's modified Eagle's medium (DMEM; Gibco, Cat no 41965-039) 

McCoy's 5A medium (Gibco; Cat no 26600-023) 

Fetal bovine serum (FBS) 

Minimum Essential Medium, HEPES, GlutaMAXTM Supplement (Gibco, Cat. 

42360032) 

Heat inactivated Fetal bovine serum (heat inactivated FBS) 

MEM Non-Essential Amino Acids Solution (100X) (Gibco, Cat. 11140050) 

KnockOut Serum replacement medium (Invitrogen, Cat. 10828028) 

Retinoic Acid, trans-only (Sigma, Cat. R2625-100MG) 

ROCK inhibitor (StemCell, Cat. Y-27632) 

Penicilin/Streptomicin 100 ml (100X) (Gibco, 15140122) 

Fetal bovine serum (FBS) with 10% DMSO 

Fetal bovine serum heat inactivated (heat inactivated FBS) with 10% DMSO 

 

Cell transfection 

X-tremeGENE ™ 9 - DNA transfection reagent (Roche, Cat. XTG9-RO) 

FuGENE 6 ® (Promega, Cat. E2691) 

Optimem (GIBCO, 31985-047) 

 

Gel electrophoresis and western blot 

Micro BCA™ Protein Assay Kit (Thermo Fisher, Cat. 23235) 

Bradford assay Protein Assay Kit (Bio-Rad, Cat. 5000001) 

HEPES, EDTA 

RIPA Buffer (Sigma-Aldrich, Cat. R0278) 

cOmplete™ EDTA-free Protease Inhibitor Cocktail (Roche, Cat. 11873580001) 

β-mercaptoethanol (Sigma-Aldrich, Cat. M6250) 
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PMSF (Sigma-Aldrich, Cat. P7626) 

Tris, Glycine, SDS, Methanol (Sigma-Aldrich) 

Precision Plus ProteinTM Dual Color Standard (Bio-Rad, Cat. 1610374) 

Precision Plus ProteinTM All Blue Standards (Bio-Rad, Cat. 1610373) 

NuPAGE™ 4-12% Bis-Tris Protein Gels (ThermoFisher, Cat. NP0321PK2) 

NuPAGE™ MOPS SDS Buffer Kit (for Bis-Tris Gels) (ThermoFisher, Cat. NP0050) 

PVDF  

Nitrocellulose 

Ponceau S Staining Solution (Sigma, Cat. P7170) 

Sypro Ruby, SYPRO® Ruby Protein Gel Stain reagent (Invitrogen, Cat. S12000) 

TBS, Tween, Milk powder, BSA. 

Clarity™ Western ECL Kit (Bio-Rad, Cat.  

 

Antibodies 

Sheep anti-RNase H2 antibody (raised against human recombinant RNase H2, 

Reijns et al, (2012), 1:1. 000) 

Rabbit anti-RNASEH2A antibody (Origene, Cat. TA306706, 1:1,000) 

Mouse anti-RNASEH2A antibody (Santa Cruz, Cat. sc-515475, 1:1,000) 

Mouse anti--tubulin B512 (Sigma, Cat. T6074, 1:5,000) 

Mouse anti-vinculin antibody (Sigma, Cat. V9264, 1:1,000) 

Rabbit anti-L1Hs-ORF1p antibody (provided by Dr Oliver Weichenrieder, Max-

Planck, Germany, Macia et al, (2017), 1:5. 000) 

Mouse anti-V5 antibody (clone V5-10, Sigma, Cat. V8012, 1:10,000) 

Mouse monoclonal anti-LINE-1 ORF1p Antibody, clone 4H1 (Sigma-Aldrich, Cat. 

MABC1152) 

Dynabeads M-270 Epoxy (Invitrogen, Cat. 143.02D) 

Mouse monoclonal Anti-β-Actin antibody (Sigma-Aldrich, Cat. A1978) 

Anti-mouse IgG, HRP-linked Antibody (Cell Signaling, Cat. 7076) 

Anti-rabbit IgG, HRP-linked Antibody (Cell Signaling, Cat. 7074) 

 

 
 
 

 
 
 
 
 
 



MATERIALS AND METHODS  

 

83 

2. Cell line culture. 

 HeLa cells were a gift from G. Stewart (Birmingham), originally obtained from 

ATCC and were cultured in Dulbecco's modified Eagle's medium (DMEM; Gibco, 

Cat no 41965-039) supplemented with 10% fetal bovine serum (FBS), 50 U/ml 

penicillin and 50 µg/ml streptomycin. 

 U2OS cells were purchased from the European Collection of Authenticated Cell 

Cultures (ECACC, Cat no. 92022711) and HCT116 p53-/- cells (Bunz, 1998; Dornan 

et al, 2004) were a gift from K. Ball (Edinburgh). They were grown in modified 

McCoy's 5A medium (Gibco; Cat no 26600-023) supplemented with 10% fetal 

bovine serum (FBS), 50 U/ml penicillin and 50 µg/ml streptomycin. All cell lines 

were cultured at 37°C, 5% CO2 and atmospheric O2. 

 PA-1 cells were a gift from J. V. Moran (Michigan), originally obtained from 

ATCC. They were grown in MEM - GLUTAMAX (Gibco) supplemented with 10% 

of heat inactivated fetal bovine serum (FBS), 50 U/ml penicillin and 50 µg/ml 

streptomycin and 1X of MEM-Minimum Essential Aminoacids (Gibco). Fetal 

bovine serum was heat inactivated by heating at 56ºC for 20 minutes. PA-1 cells 

were differentiated through its culture in in MEM - GLUTAMAX (Gibco) 

supplemented with 10% of KnockOut Serum Replacement medium (Invitrogen), 

10 µM of retinoic acid (Sigma), 50 U/ml penicillin and 50 µg/ml streptomycin and 

1X of MEM-Minimum Essential Aminoacids (Gibco). In both cases PA-1 were 

cultured 37°C, 5% CO2 and atmospheric O2. 

 HEK293TLD cells were a gift from John LaCava (New York), and were grown in 

the conditions indicated in Taylor et al, 2010 and Taylor et al, 2018. 

 Cells were checked at least once a month using Lonza-Mycoalert Mycoplasma 

Detection Kit in order to asset they were mycoplasma free. In addition, the identity 

of the cell lines was confirmed by STRs analysis at least once a year (Lorgen, 

Granada, Spain). 
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2.1. Cell thawing 

In order to thaw the cell lines, the following protocol was used: 

1. Prepare a 15 ml falcon tube with 5 ml of tempered culture medium (37 °C). 

2. Take the cryotube with the cells from LN2 or -80°C and thaw in a bath at 

37°C (until only a small ice ball is visible). Transfer the volume to the 15 

ml falcon tube. Take 1 ml and transfer it back to the cryotube to collect the 

remaining cells, then return this volume to the 15 ml tube (to recover as 

many cells as possible). This step should be done carefully but as quickly 

as possible as the cells are frozen in fetal bovine serum (FBS) with a 10% 

of DMSO and DMSO is toxic to the cells. 

3. Centrifuge at 1200 rpm for 4 minutes. 

4. Check the cell pellet and carefully aspirate the culture media. 

5. Resuspend in 10 ml of tempered culture medium and transfer to a T75 

flask. 

6. Move the flask to distribute the cells homogeneously. 

2.2. Subculture routine 

Cells were routinely maintained in T75 culture flasks. For a T75 culture flask 

with cells at 80-90% confluency, the subculture procedure detailed below was 

followed: 

1. Aspirate the culture medium. 

2. Wash off any remaining medium by adding 3 ml of 1X PBS to the flask 

and rotating the flask so that it spreads over the entire surface. 

3. Aspirate the 1X PBS. Add 2.5 ml of tempered 0.05% TRIPSIN-EDTA (1X) 

or TrypLE™ Express Enzyme (1X) and incubate at 37 °C for 3-5 minutes 

(time depends on cell confluency, it is ready when cells detach). To seed 

the cells for an experiment or if they are undergoing differentiation, use 

TrypLE™ Express (1X).  

4. Neutralize with 2.5 ml of culture medium and resuspend the cells. 

5. Dilute the cells depending on when confluent cells will be needed, 

recommended dilutions are between 1:5 (confluent in one to two days) and 

1:10-1:15 (this dilution allows the cells to hold for 3-4 days. PA-1 cells 

should be around 5-10% confluent when seeded (otherwise they may not 

grow). 

6. Add 10 ml of warm culture medium and resuspend the cell pellet. Transfer 

to a new T75 flask (or keep in the same one if preferred in case it has few 

uses). 

7. Move the flask to distribute the cells homogeneously. 
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2.3. Cell freezing 

In order to freeze cells, the following procedure was followed. Cells were 

frozen once they were 85-95% confluent. Three to four cryotubes were prepared 

for a confluent T75 culture flask. 

1. Aspirate the culture medium. 

2. Wash off any remaining medium by adding 3 ml of 1X PBS to the flask 

and rotating the flask so that it spreads over the entire surface. 

3. Aspirate the 1X PBS. 

4. Add 2.5 ml of tempered 0.05% TRIPSIN-EDTA (1X) or TrypLE ™ Express 

Enzyme (1X) and incubate at 37 °C for 3-5 minutes (time depends on cell 

confluency, it is ready when cells detach). To seed the cells for an 

experiment or if they are undergoing differentiation, use TrypLE™ Express 

(1X).  

5. Neutralize with 2.5 ml of culture medium and resuspend the cells. 

6. Transfer the cells with the medium to a 15 ml tube and centrifuge at 1000 

rpm for 5 minutes. 

7. Aspirate the culture medium and add 3-4 ml of COLD FBS (heat 

inactivated for PA-1 cell line) with a 10% DMSO (should be as cold as 

possible as DMSO is toxic to the cells). 

8. Carefully resuspend the cells and transfer 0.5-1 ml of cells to each cryotube 

(as quickly as possible). 

9. Freeze the cells at -80°C. Cells can be viable at this temperature for 

approximately 4-6 months if the process has been followed as indicated. 

For prolonged storage, move the cells to LN2 after 1-2 days. 
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3. Cell transfection 

The following procedure was followed to perform cell transfections making use 

of X-tremeGENE™ 9 or FuGENE 6 ® (Promega): 

 

The day before transfection, the cells to be transfected were trypsinized, 

counted by Neubauer chamber and seeded. Depending on the assay, between 2 · 

104 and 1 · 105 cells were seeded. The seeded wells were kept at 37°C for at least 16-

18 h before transfection (never more than 20 h). This incubation time is necessary 

for the cells to adhere to the plate, but should not be exceeded, as this reduces 

transfection efficiency. 

 

For one well of a 6-well plate: 

- In a sterile tube, add 485 ul of room temperature (RT) tempered Opti-MEM. 

- Add 15 µl of X-tremeGENE™ 9 to the tube (dropwise, directly onto Opti-

MEM) and incubate at RT for 5 minutes (up to 20 minutes). 

- In another sterile tube, add 5 µg of plasmid DNA. 

- Once incubation is complete, add the Opti-MEM / X-tremeGENE™ 9 mix 

to the tube with the DNA. 

- Move the tube to make sure everything is mixed and incubate at room 

temperature for 20 minutes (up to 60 minutes). 

- Add the mixture dropwise over the cells. 

- Incubate overnight at 37 °C.  

- Change the culture media the next day. 
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4. Gel electrophoresis, staining and western blotting. 

Acrylamide gel electrophoresis 

For electrophoresis, either homemade gels or NuPAGE™ 4-12% Bis-Tris Protein 

Gels (ThermoFisher) were used. 

  

Homemade gels of 1.5 mm thickness were prepared with a 15% of 

polyacrylamide for the separator part when the protein to be observed was ORF1, 

and 5% of polyacrylamide for the concentrator gel. Both the separator and 

concentrator gels were left to polymerize for half an hour and later, stored at 4°C 

wrapped in paper moistened with double distilled water when not immediately 

used. 

 

The electrophoresis system was set up, filled with electrophoresis buffer (0.25 

M Tris, 1.92 M Glycine, 1% SDS) or NuPAGE™ MOPS SDS Running Buffer (20X) 

(ThermoFisher) and 5-20 µl of sample (10 to 50 μg of protein) in loading buffer 

(homemade loading buffer [4X, 8% SDS, 24% glycerol, 240 mM Tris-HCl pH 6.8, 

4.8 % β-mercaptoethanol and 0.4-0.8 % Bromophenol Blue] or NuPAGE LDS 

Sample Buffer (4X)(ThermoFisher)) per well were loaded, depending on the gel 

capacity and the particular experiment. As a marker, 5 µl/well of Precision Plus 

ProteinTM All Blue Standards molecular weight marker (BioRad) was used. The 

gel was then run at 200 V for 40-60 minutes.  

In order to stain the gels with Sypro Ruby, SYPRO® Ruby Protein Gel Stain 

reagent (Invitrogen, Cat. S12000) was used following the manufacturer's 

instructions for the Basic Protocol. 

Transference to nitrocellulose or PVDF membrane 

Following electrophoresis, proteins were transferred to a nitrocellulose or 

PVDF membrane using the wet transfer system (BioRad). Gel, membrane, sponges 

and Whatman paper were equilibrated in transfer buffer (5.8 g Tris, 2.9 glycine and 

20 ml methanol in 1 liter preparation) before assembling the system. In case of a 

PVDF membrane, it was previously activated by wetting it in methanol for 10 

seconds, and later in transfer buffer for a couple of minutes. After equilibration, 

the transference sandwich, consisting of the support, sponges and Whatman paper 

arranged on both sides of the gel, was assembled and the system was run at a fixed 

amperage of 70 V for two hours. 
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Subsequently, in order to confirm a correct transference, the membrane was 

stained with Ponceau S Solution (Sigma) to ensure the presence of the proteins. 

 

Immunoblotting 

Following transference, the membrane blocked. Blocking was performed by 

using TBS-Tween (0.1%) with 5% milk and blocked for 2 hours under agitation. 

Later, the membrane was incubated at 4 °C with the primary antibody of interest 

in 0.1% TBS-Tween - 5% BSA overnight with agitation. 

The next day three 10-minute washes with 0.1% TBS-Tween under agitation 

were carried out and then the membrane was incubated with an anti-Rabbit or 

anti-Mouse IgG secondary antibody coupled to Horse Raddish Peroxidase (HRP) 

(Cell Signaling) at a dilution of 1:1000/1:10000 for 1 hour at room temperature. 

After this time, the previous washing steps were repeated. 

Finally, the membrane was developed using Bio-Rad's Clarity™ Western ECL 

Kit using a 1:1 ratio per membrane as indicated in the manufacturer's instructions 

and using the Image Quant device, which detects chemiluminescence, to obtain a 

digital image. 

In order to have a loading control against which protein expression could be 

quantified, a second round of incubation, washing and developing was carried 

out, this time using HRP-conjugated antibodies to actin or tubulin (1:1000), when 

necessary. Finally, protein expression was quantified using ImageJ software. 

The following primary antibodies were used for immunoblotting (at the 

indicated dilutions): sheep anti-RNase H2 antibody (raised against human 

recombinant RNase H2, Reijns et al, (2012), 1:1000); rabbit anti-RNASEH2A 

antibody (Origene TA306706, 1:1000) mouse anti-RNASEH2A antibody (Santa 

Cruz sc-515475, 1:1,000); mouse anti-a-tubulin B512 (Sigma T6074, 1:5000); mouse 

anti-vinculin antibody (Sigma V9264, 1:1000); rabbit anti-L1Hs-ORF1p antibody 

(provided by Dr Oliver Weichenrieder, Max-Planck, Germany, 1:5000); mouse 

anti-L1RE1-ORF1p antibody (clone 4H1, Sigma MABC1152, 1:5000); mouse anti-β-

actin antibody (1:20000; Sigma); mouse anti-V5 antibody (clone V5-10, Sigma 

V8012, 1:10000). In quantitative westerns, goat anti-rabbit and anti-mouse 

fluorescent secondary antibodies were used at a dilution of 1: 20000. As secondary 

antibodies we used horseradish peroxidase (HRP)-linked antibodies (Cell 

Signaling). 
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5. Plasmids 

5.1. Plasmid production 

All plasmids were grown in DH5α-competent E. coli DH5α (F- Φ80lacZΔM15 

Δ (lacZYA-argF) U169 recA1 endA1 hsdR17 (rK-, mK +) supE44 phoA λ-thi-1 

gyrA96 relA1). 

 

Competent bacteria were prepared as described in Inoue et al, (1990). DH5α-

competent E.coli were transformed to obtain transformant colonies expressing 

each of the plasmids by the following procedure. First, competent bacteria were 

thawed on ice and then 10 µl of bacteria were added to 1 µl of plasmid and 

incubated on ice for 30 minutes. After 30 minutes, a heat shock was given at 42 °C 

for 45 seconds by shaking the tube for the first 25 seconds. Finally, bacteria were 

incubated on ice for 2 minutes and then 100 µl of pre-warmed LB was added and 

streaked onto a 100 µg/ml LB-ampicillin agar plate. 

 

Once the colonies were obtained, plasmid preparations were prepared using 

the Qiagen Plasmid Midi Kit (Qiagen, Germany) according to the manufacturer's 

protocol. For this, 1-2 colonies were initially seeded in flasks with 50 ml LB-

ampicillin 100 µg/ml and grown in an incubator at 37 °C and 220 rpm for 14-16 

hours. 

Plasmid DNA was analyzed by electrophoresis (0.7% agarose-ethidium 

bromide gels) and only highly "supercoiled" plasmid preparations were used for 

transfection experiments. 
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5.2. Characteristics and list of the plasmids employed 

The plasmids used for retrotransposition/transposition assays involving new 

insertions selection by Geneticin (or G418) or Blasticidin (Blast) are characterized 

by having cassettes with the genes conferring resistance to these antibiotics in such 

a configuration that only after an insertion process their expression can be 

activated (Figure 9). In the case of retrotransposon cassettes, these genes are 

located antisense to the transcription direction of the mobile element to be studied. 

In addition, they are interrupted by an intron (often the γ-globin intron) that goes 

in the direction of the transcript and when the mobile element is transcribed, it 

undergoes splicing allowing the resistance gene to be uninterrupted. Thus, if the 

mobile element is transcribed and inserted, the resistance gene (mneoI or mblastI) 

is expressed and confers resistance to the antibiotic (G418 or blast) (Figure 10). 

 

 
Figure 10. Antibiotic resistance genes. Resistance genes have their own promoter and 

polyadenylation signal.  The mneol gene codes for the neomycin phosphotransferase (active against 

geneticin) and blastI for blasticidin S deaminase (active against blasticidin S). 

Other plasmids were used for the generation of Knock-Out cell lines, carrying 

the Cas9 nuclease and the guide RNAs (sgRNAs) necessary for its function. 

Moreover, another kind of plasmids carried the cDNA sequence of a gene of 

interest, allowing the overexpression of the selected gene. 
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5.3. Plasmids employed 

pSpCas9n(RNASEH2A-g1)-2A-GFP and pSpCas9n(RNASEH2A- g2)-2A-Puro 

express guide RNAs (gRNAs) designed against exon 1 

(TGCCCGCCTCATCGACGCCC) and intron 1 (CCCGTGCTGGGT GCGCCCCT) 

of the RNASEH2A gene, encoding the Cas9n (nickase mutant D10A) fused to the 

cDNA of the enhanced green fluorescent protein (EGFP) and the puromycin N-

acetiltransferase (puro), respectively. The gRNAs were generated by alignment of 

the DNA oligonucleotides y were cloned in the BbsI site of the vectors 

pSpCas9n(BB)-2A-GFP and pSpCas9n (BB)-2A-Puro (Addgene, Cat. 48140 and 

48141, respectively; a gift from Feng Zhang) as previously described in (Ran et al, 

2013). 

pMSCVpuro-RNASEH2A-WT, this plasmid contains the coding sequence of 

human RNASEH2A (NM_006397.2) cloned into the pMSCVpuro-Dest vector, a 

Gateway-compatible version of the pMSCVpuro vector (Clontech).  

pMSCVpuro-RNASEH2A-SoF, is a vector derived from the pMSCVpuro-

RNASEH2A-WT plasmid containing the human RNASAH2A sequence with two 

miss-sense mutations (P40D/Y210A) resulting in a separation of function mutant 

(Chon et al, 2013).  

PMSCVpuro-RNASEH2A-CD, a plasmid derived from the pMSCVpuro-

RNASEH2A-WT vector containing the human RNASAH2A sequence with two 

miss-sense mutations (D34A/D169A) resulting in the loss of the catalytic activity 

(catalytic dead; Reijns et al, (2011)).  

pMSCVpuro-RNaseH1, plasmid encoding for the nuclear isoform of the human 

RNASEH1 gene (NM_002936.5, aa27-286), cloned into the pMSCVpuro-Dest 

vector. 

pcDNA3.1/nV5-RNASEH2A, this plasmid encodes the human RNASEH2A gene 

cloned into the pcDNA3.1/nV5-DEST vector (contains a V5 epitope at the N-

terminal position). 

cDNA3.1/nV5-RNASEH2A-SoF, encodes the human RNASEH2A gene with the 

miss-sense mutations P40D/Y210A cloned into the vector pcDNA3.1/nV5-DEST 

(contains a V5 epitope at the N-terminal position). 

pcDNA3.1/nV5-RNASEH2B, plasmid encoding the sequence of the human 

RNASEH2B (NM_024570.3) cloned into the pcDNA3.1/nV5-DEST vector (contains 

a V5 epitope at the N-terminal position).  
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pcDNA3.1/nV5-RNASEH2C, plasmid encoding the sequence of the human 

RNASEH2C (NM_032193.3) cloned into the pcDNA3.1/nV5-DEST vector (contains 

a V5 epitope at the N-terminal position).  

pK-barr, previously described in (Bogerd et al, 2006), expresses human β-arrestin 

tagged with the HA epitope at its C-terminal end. 

pK-A3A, previously described in (Bogerd et al, 2006), expresses human 

APOBEC3A tagged with the HA epitope at its C-terminal end. 

pU6ineo, previously described in (Richardson et al, 2014). This plasmid encodes an 

expression cassette for the neomycin phosphotransferase (NEO) from the vector 

pEGFP-N1 (Clontech) cloned into a pBSKS-II (+) vector (Stratagene) which 

contains a U6 promoter in its multi cloning site. 

pcDNA6.1, (Invitrogen) encodes an expression cassette with the blasticidin S 

deaminase. 

JM101/L1.3, previously described in (Sassaman et al, 1997), contains a complete 

copy of a human L1.3 element tagged with the mneoI reporter cassette (Freeman et 

al, 1994; Moran et al, 1996), and is cloned in pCEP4 (Life Technologies).  

JM101/L1.3-D205A, previously described in (Wei et al, 2001), is a JM101/L1.3-

derived plasmid containing a miss-sense mutation (D205A) in the EN domain of 

L1-ORF2p. 

JM101/L1.3-D702A, previously described in (Wei et al, 2001), is derived from 

JM101/L1.3 and contains a miss-sense mutation in the RT domain of L1-ORF2p 

(D702A). 

JJ101/L1.3, was previously described in (Kopera et al, 2011). It encodes for a full 

copy of a human L1.3 element (Sassaman et al, 1997) tagged with the mblastI 

indicator cassette (Morrish et al, 2002; Goodier et al, 2007) and is cloned in the 

pCEP4 vector (Life Technologies).  

JJ101/L1.3-D205A, previously described in (Kopera et al, 2011); is a plasmid derived 

from JJ101/L1.3 containing a miss-sense mutation (D205A) in the EN domain of L1-

ORF2p.  

JJ101/L1.3-D702A, previously described in (Kopera et al, 2011); derived from 

JJ101/L1.3 and contains a miss-sense mutation in the RT domain of L1-ORF2p 

(D702A).  

JJ101/L1.3-PIP6, is derived from JJ101/L1.3 and contains two miss-sense mutations 
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in the PIP domain of L1-ORF2p (Y414A, Y415A). 

pXY014, was previously described in (Xie et al, 2011) and encodes for a full copy of 

the human L1RP element (Kimberland et al, 1999) tagged with the mflucI indicator 

cassette (Xie et al, 2011) and is cloned into a modified pCEP4 vector (Life 

Technologies) encoding a Renilla luciferase expression cassette. 

pXY017, previously described in (Xie et al, 2011); is derived from pXY014 

containing two miss-sense mutations in the RNA-binding domain of L1-ORF1p 

(RR261/62AA). This plasmid was used as a negative control for luciferase-based 

retrotransposon assays. 

pCMVMusD-6neoTNF, previously described in (Ribet et al, 2004); contains a 

complete copy of the mouse MusD element (AC124426, positions 9,078-16,569 (+)) 

tagged with the neoTNF indicator cassette (Esnault, 2002) and is cloned into the 

pCMVVbeta vector (Clontech).  

Zfl2-2mneoI, previously described in (Sugano et al, 2006; Garcia-Perez et al, 2010); 

contains a complete copy of the zebrafish Zfl2-2 element tagged with the mneoI 

indicator cassette at the 3'UTR end of LINE-1 (Freeman et al, 1994; Sugano et al, 

2006) and is cloned into pCEP4 (Life Technologies).  

pT2neo, previously described in (Mátés et al, 2009); contains the cDNA of the 

neomycin phosphotransferase directed by SV40 and flanked by SB TIR.  

pCMV-SB100x, previously described in (Mátés et al, 2009); contains a hyper-

reactive SB Transposase targeted by the CMV promoter.  

pCEP-EGFP, previously described in (Alisch, 2006); contains the coding sequence 

of the humanized GFP protein cloned into pCEP4 (Invitrogen).  

pGEX6P1-hsRNASEH2BCA, pGEX6P1-hsRNASEH2BCA(D34A/D169A), 

pGEX6P1-hsRNASEH2B(A177T)CA and pGEX6P1-hsRNA-SEH2BC(R69W)A, 

previously described in (Reijns et al, 2011), enable the expression of the GST-tagged 

human RNASEH2B subunits and the untagged RNASEH2C and A subunits in 

Escherichia coli. The amino acid substitutions indicated in brackets were introduced 

into the relevant subunits by targeted mutagenesis. 

pGEX6P1-hsRNASEH2BCA(P40D/Y210A), pGEX6P1-hsRNA-SEH2BCA(G37S) 

and pGEX6P1-hsRNASEH2BCA(E225G) have the P40D/Y210A separation of 

function mutation and the G37S and E225G AGS mutations respectively, 

introduced into RNASEH2A by targeted mutagenesis. 

pLD401, codon optimized human full-length “hot” RC-L1 (L1.3, known as 
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ORFeus-H) with 3xFLAG tagged L1-ORF2p, described in (Taylor et al, 2013). 

pM302, native human full-length “hot” RC-L1 (L1.3) with 3xFLAG tagged L1-

ORF2p, previously described in (Dai et al, 2012; Taylor et al, 2013). 

pJM101/L1.3 – ORF1-T7 / ORF2-3xFLAG contains a copy of the “hot” human RC-

L1 (L1.3), where the C-term of L1-ORF1 is tagged with a T7 tag and L1-ORF2p 

contains a triple FLAG epitope in the C-term. A retrotransposition indicator 

cassette, mneoI, is cloned in the 3´UTR of L1.3. The vector backbone contains a 

hygromycin resistance cassette as well as OriP and EBNA-1, allowing its selection 

in cultured cells as a non-integrating episome. 

pDK101. contains a copy of the “hot” human RC-L1 (L1.3), where the C-term of 

L1-ORF1 is tagged with a T7 tag. A retrotransposition indicator cassette, mneoI, is 

cloned in the 3´UTR of L1.3, and is cloned in pCEP4 (Life Technologies). 

LD208/PM65, plasmid carrying the rtTA Advanced from Clontech and a neomycin 

resistance gene, described in Urlinger et al, 2000. 

 

pLD215/PM66, plasmid carrying the rtTA advanced from Clontech and a 

blasticidin resistance gene (BSD). Replacement of the neomycin resistance gene 

with the BSD gene was done by Lixin Dai. 
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6. Retrotransposition assays. 

The retrotransposition assay consists on a LINE-1 based mobilization assay 

using an active human LINE-1 element (L1.3, Sassaman et al, 1997) labeled with a 

reporter gene that can only be activated after a round of retrotransposition (Moran 

et al, 1996). 

In this assay, a transient transfection of a cell line with a LINE-1 construct (or 

any other mobile element) containing a reporter cassette (reporter gene) is 

performed. The expression of the reporter cassette, which occurs only after a 

successful round of retrotransposition, allows the detection and quantification of 

the rate of retrotransposition.  

The rate of retrotransposition evaluated does not belong to an endogenous 

LINE-1 element, but to a construct, and its evaluation provides information about 

the mechanism of LINE-1 retrotransposition, its regulation by the cell and the 

impact that retrotransposition generates in the genome. The process that takes 

place in the transfected cells and that finally allows colonies to originate from those 

cells in which retrotransposition events occurred is shown in Figure 9 (III. 

INTRODUCTION, 2.2.1. A system to study retrotransposition: The retrotransposition 

assay). 

  

 

Figure 11. Retrotransposition assay procedure. Description of the assay in the text below. 
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The retrotransposition assay lasts for 16 days (Figure 11). The following 

procedure is followed: 

Day 1 - Cell seeding. The first day, cell seeding is carried out. Generally, 2 × 104 

HeLa/U2OS/HCT116 cells were plated in each well of a 6-well culture plate with 

the usual culture medium. To measure transfection efficiency, 1 × 105 cells per well 

were plated in the designated wells. The cells were cultured in a humidified 

incubator at 37 °C with 7% CO2. 

Day 2 - Transfection. On the second day, transfection was performed 16-18 h 

after cell seeding (d0) (Figure 11). FuGENE 6 ® transfection reagent (Promega) is 

used according to the manufacturer's instructions. For a 6-well plate, for each well, 

a mixture of 97 µl of Optimen (Invitrogen) at room temperature and 3 µl of 

FuGENE 6 ® (Promega) is prepared in a sterile tube and incubated for 5 min at 

room temperature. In another sterile tube, 1 µg of plasmid DNA is added in a 

separate sterile tube. In cases of co-transfection, 0.5 µg of each plasmid (for 2 

vectors) or 0.33 µg of each plasmid (3 vectors) were added. Subsequently, 100 µl 

of the previously incubated mixture is added on top of the DNA and incubated for 

20 minutes. After this time, the mixture is added dropwise over the cells and 

incubated overnight at 37 °C. Two technical replicates of each condition are 

performed. In all the cases, a drug toxicity control condition, consisting of a vector 

directly expressing the resistance reporter gene (pU6i neo or pCDNA 6.1), is 

included as a control for drug toxicity. The wells used to measure transfection 

efficiency are transfected with the pcepGFP vector.  

Day 3 - Change of culture medium (d1). The day after transfection, a culture 

medium change is carried out by aspirating the medium with the transfection 

mixture and adding fresh medium, in order to stop the transfection.  

Day 4 - Determination of the transfection efficiency (d2). Two days after 

transfection, transfection efficiency is measured. The wells are trypsinized 

(neutralized with a PBS - 3% of FBS solution) and the cells are collected in 

cytometer tubes and centrifuged at 1200 rpm for 5 minutes. The supernatant is 

discarded and the cells are resuspended in PBS. Transfection efficiency 

measurements have been performed by flow cytometry on a BD FACS CantoTM 

II cytometer. Two populations are defined according to whether they exhibit green 

fluorescence or not, and the percentage of live cells expressing GFP is measured. 

This percentage is an indicator of the percentage of cells successfully transfected 

with the plasmids, in other words, the transfection efficiency. 
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Days 5-16 - Selection of antibiotic resistant cells with retrotransposon events. 

Three days after transfection (d3), selection by antibiotics is started and extended 

for up to 14 days after transfection (d14) for assays with mneoI as a reporter cassette 

(Figure 11). For the neomycin reporter cassette, 400 µg/ml G418 were added to the 

culture medium from a stock of 50 mg/ml G418. The culture medium with G418 

was changed every other day up to 14 days after transfection (d14). For mblastI 

assays, blasticidin S-HCl at a 10 µg/ml concentration of from a stock of 10 mg/ml 

was added 5-6 days after transfection (d6-d7). 

Day 16 - Quantification of the LINE-1 retrotransposition assay. For both 

mneoI and mblastI cassette assays, 14 days after transfection (d14), colony fixation 

was performed using a 0.2% formaldehyde and 0.2% glutaraldehyde fixing 

solution in PBS. Colonies were fixed from 30 minutes to 1 hour at room 

temperature. Subsequently, colonies were stained using a 0.1% crystal violet 

solution for 30 minutes to 1 hour. Finally, the colonies were rinsed with water and 

air dried.   

In order to estimate the retrotransposition rate, the colonies in each well of the 

same condition were counted and the mean and standard deviation of the 

replicates were calculated. The means were adjusted according to transfection 

efficiency by dividing the retrotransposition mean and standard deviation by the 

transfection efficiency. To express the adjusted retrotransposition rate as a 

percentage, in cases where the toxicity control (pU6i neo or pCDNA 6.1) showed 

significant differences between the different lines, the adjusted retrotransposition 

mean was divided by the adjusted mean of the toxicity control and multiplied by 

100. Otherwise, the percentage was adjusted against the condition with the highest 

retrotransposition rate (considered as 100 %). 

 

7. Transposition assays. 

In order to analyze the transposition of the Sleeping Beauty (SB) transposon in 

HeLa and U2OS parental cells and the RNASEH2A-KO and control clones, about 

1 x 105 cells per well were seeded in a 6-well plate. Eighteen hours later, plasmid 

DNA transfection of the SB system vectors was performed using FuGENE 6® 

(Promega) and Opti-MEM (Gibco) following the previously indicated protocol (V. 

MATERIALS AND METHODS, 3. Cell transfection). In each well, cells were 

transfected with 1 µg of pT2neo plasmid (control) or co-transfected with 1 µg of 

pT2neo plasmid and 0.5 µg of pCMV-SB100x plasmid. Seventy-two hours after 

transfection, the cells were trypsinized and counted; subsequently, 10% of the 

transfected cells were seeded on a 10 cm plate. Forty-eight hours later, selection 

with G418 (400 µg/ml) was started. Selection with G418 was extended for 10 days, 
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and G418-resistant colonies were fixed with 2% paraformaldehyde/0.4% 

glutaraldehyde and stained with 0.1% crystal violet solution. As in the 

retrotransposition experiments, co-transfection with the pCEP-EGFP plasmid was 

performed in parallel to control for differences in transfection efficiency. 

8. Generation of KO cell lines and RNase H2 mutants. 

In order to generate the RNASEH2A-KO cell lines, the parental cell line was 

seeded in 6-well plates and transfected with the two vectors encoding sgRNA and 

Cas9n using Lipofectamine 2000 (Thermo Fisher Scientific) following the 

manufacturer indications. Forty-eight hours after transfection, individual cells 

expressing EGFP were distributed into wells of 96-well plates using the BD 

FACSJazz kit (BD Biosciences) and cultured to generate cell lines. RNASEH2A-KO 

clones were selected based on the size of the PCR products of the target region, 

and deletions/insertions were subsequently confirmed by Sanger DNA 

sequencing.  

The oligonucleotides (5'-3') used for PCR amplification and sequencing of the 

RNASEH2A loci were 5'-ACCCGCTCCTCCTGCAGCAGTATTAG and 5'-

TCCCTTGGTGGTGCAGTGCAATC. 

The lack of functional RNASEH2A was confirmed by Western blotting, RNase 

H2 activity assay and using alkaline gel electrophoresis as described below. Clones 

validated as functionally null were selected as KO clones. Some KO clones retained 

very low levels of RNASEH2A protein expression after long exposure of Western 

blot membranes upon development. For these clones, Sanger sequencing showed 

the presence of deletions in the reading frame, in each case removing essential 

residues from the catalytic site of the enzyme, including Asp34, making them 

enzymatically nonfunctional. Clones expressing wild-type RNASEH2A protein 

were identified in parallel and used as controls. 

9.  Complementation of RNase H2 KO cell lines. 

To complement the RNASEH2A-KO HeLa clones, cells were infected with 

retroviral supernatant produced in Amphotropic Phoenix pack-aging cells (Swift 

et al, 2001) using pMSCVpuro-based vectors in the presence of 4 µg/ml polybrene 

and were selected using 2 µg/ml puromycin to achieve stable integration. 
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10. Cell extracts preparation for RNase H2 experiments. 

Whole cell extracts (WCE) for RNase H activity assays and for determining 

protein levels of the RNase H2 subunits were prepared by incubating the cells in 

lysis buffer 1 [Tris-HCl 50 mM pH 8, 0, 280 mM NaCl, 0.5% NP-40, 0.2 mM EDTA, 

0.2 mM EGTA, 10% (vol/vol) glycerol, 1 mM DTT and 1 mM phenylmethylsulfonyl 

fluoride (PMSF)] for 10 min on ice. An equal volume of [HEPES 20 mM pH 7.9, 

KCl 10 mM, EDTA 1 mM, 10% (vol/vol) glycerol, DTT 1 mM and PMSF 1 mM] was 

added and subsequently incubated for an additional 10 minutes. Cell debris were 

removed by centrifugation (17,000 g for 10 min at 4°C), and protein concentration 

was determined by Bradford assay Protein Assay Kit (Bio-Rad). 

In the overexpression assays performed with HeLa and U2OS cells, cells were 

transfected with the overexpression plasmids and subsequently harvested by 

trypsinization. Once the cells were detached, they were centrifuged at 1200 rpm 

for 4 min to obtain the cell pellet. 

Extracts were prepared in lysis buffer 2 [RIPA (Sigma) supplemented 1× 

Complete Mini EDTA-free Protease Inhibitor cocktail (Roche), 0.1% Phosphatase 

Inhibitor 1&2 (Sigma), 1 mM PMSF (Sigma) and 0.25% β-mercaptoethanol 

(Sigma)]. Lysis buffer was added at a 1/4 wt/volume ratio (100 µL of buffer were 

added to a cell pellet of about 25 mg) and the cells were incubated on ice for 10 

min. Cell debris were removed by centrifugation (1,000 g for 5 min at 4°C) and 

total protein concentration was determined using the Micro BCA kit (Thermo) 

following standard procedure.  

Whole cell extracts employed in the section 2. Study of the LINE-1 interactome in 

pluripotent (PCs) and differentiated (DCs) PA-1 cells were prepared following the 

same procedure used for the overexpression assays but using lysis buffer 3 [20 mM 

HEPES, pH7.4, 1% Tritonx-100, 500 mM NaCl, Protease Inhibitor Cocktail Tablets 

(complete EDTA-free) (ROCHE)] instead of buffer 2. 

11. RNase H2 activity assay. 

In order to assess RNase H2 activity in whole cell extracts, a fluorescent 

substrate release assay based on FRET (Fluorescence Resonance Energy Transfer) 

was performed as previously described in (Reijns et al, 2011).  

The specific activity of RNase H2 was determined by measuring the cleavage 

of a double-stranded DNA substrate containing a single embedded ribonucleotide 

(DRD:DNA). As a control to correct for background activity not derived from 
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RNase H2, the activity against a DNA:DNA substrate with the same sequence (a 

substrate without embedded ribonucleotide) was used as a control. 

Substrates were formed by hybridizing a fluorescein-labeled oligonucleotide at 

its 3' end (5'GATCTGAGCCTGGCTGGGaGCT or 5'GATCTGAGCCTGGGAGCT; 

uppercase DNA, lowercase RNA) with a complementary DNA oligonucleotide 

labeled with DABCYL at its 5' end (Eurogen-tec). Reactions were performed in 100 

µL of reaction buffer (KCl 60 mM, Tris-HCl 50 mM pH 8.0, MgCl2 10 mM, BSA 

0.01%, Triton X-100 0.01) with a substrate concentration of 250 nM in 96-well plates 

with flat bottom at 24 °C. Whole cell lysates were prepared as described in the 

previous section, and a final protein concentration of 100 ng/µl was used. 

Fluorescence was read (100 ms) every 5 min for up to 90 min using a VICTOR2 

1420 multilabel counter (Perkin Elmer), with a 480 nm excitation filter and a 535 

nm emission filter.  

To evaluate RNase H2 activity in whole cell extracts using the gel-based assay, 

different reactions were prepared with a range of protein concentrations (50-400 

ng/µl) and incubated at 37 ° C in a 5 µl reaction volume with 2 µM of the substrate 

described above (5'gatctgagc-ctgggagct for RNA:DNA) for 30 min or 1 h. Reactions 

were stopped by adding an equal volume of 96% formamide, 20 mM EDTA and 

heating to 95 ° C. Products were resolved in denaturing PAGE (20%, 1×TBE), 

visualized on an FLA-5100 imaging system (Fujifilm) and quantified using 

ImageQuant TL (GE Healthcare). 

12. Ribonucleotide detection in genomic DNA. 

For the analysis of possible ribonucleotide insertion into genomic DNA, 

genomic DNA was isolated from ~ 1 million cells by lysis in ice-cold buffer (Tris-

HCl 20 mM pH 7.5, NaCl 75 mM, EDTA 50 mM), then incubated on ice with 200 

µg/ml proteinase K (Roche) for 10 min after addition of N-lauroylsarcosine sodium 

salt (Sigma) at a final concentration of 1%. Nucleic acids were then extracted 

sequentially with phenol equilibrated with TE, phenol:chloroform:isoamyl alcohol 

(25: 24: 1) and chloroform. They were then precipitated with isopropanol, washed 

with 75% ethanol and dissolved in nuclease-free water.  

Prior to alkaline gel electrophoresis, 500 ng of total nucleic acids were incubated 

with 1 pmol of purified recombinant human RNase H2 (Reijns et al, 2011) and 0. 

25 µg of DNase-free RNase (Roche) for 30 min at 37 °C in 100 µl of reaction buffer 

(60 mM KCl, 50 mM Tris - HCl pH 8.0, 10 mM MgCl2, 0.01% BSA, 0.01% Triton X-

100). Nucleic acids were precipitated with ethanol, dissolved in nuclease-free 

water and separated in 0.7% agarose in 50 mM NaOH, 1 mM EDTA. After 
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electrophoresis, the gel was neutralized in 0.7 M Tris-HCl pH 8.0, 1.5 M NaCl and 

stained with SYBR Gold (Invitrogen). Images were obtained on an FLA-5100 

imaging system (Fujifilm) and densitometry plots were generated using an AIDA 

image analyzer (Raytest). 

13. Mutation analysis by PCR and cloning. 

In order to test whether RNase H2 deficiency resulted in an increased mutation 

rate of L1 de novo insertions we used a previously described assay (Bogerd et al, 

2006). Parental HeLa, HeLa RNASEH2A-KO1 and KO2 cells were seeded in plates 

(1 x 105 cells per well in a 6-well plate) and after 18 h were transfected with 1 µg of 

JM101/L1.3 plasmid or JM101/L1.3-D702A (used as a control) using the conditions 

described above (V. MATERIALS AND METHODS, 3. Cell transfection). Forty-eight 

(2 days) and one hundred and twenty hours (5 days) after transfection, genomic 

DNA (gDNA) was isolated from the transfected cells, digested with SwaI (NEB; 

there is a single SwaI site within the intron of the mneoI Retrotransposition 

reporter cassette) and PCRs were performed using primers NEO437 (5' 

GAGCCCCTGATGCTCTCTTCGTCC) and NEO1808as (5' 

CATTGAACAAGATGGATGGATTGCACGC) flanking the intron of the mneoI 

reporter cassette. PCRs were performed in a 25 µl reaction volume using KAPA 

Taq ReadyMIx PCR and 0.4 µM of each primer. DNA-free water (Gibco), 

untransfected HeLa gDNA and SwaI-digested untransfected HeLa gDNA were 

included as negative controls. PCR conditions for NEO amplification were as 

follows: 1 × (95 °C, 3 min); 40 × (15 s, 95 °C; 15 s, 60 °C; 30 s, 72 °C); 1 × (72 °C, 1 

min). PCR products were resolved on 1.5% agarose gels and the amplified 

products were cut, purified and cloned into pGEMT-Easy (Promega). The clones 

were sequenced using the M13FWD primer. 

14. Statistical analysis of the retrotransposition / 
transposition assays and activity assays. 

Unless otherwise stated, all statistics were performed using two-sided 

unpaired t-test (parametric) or Mann–Whitney test (non-para- metric) comparing 

replicates as indicated. P < 0.05 was considered as statistically significant. 
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15. Large-scale culture of pluripotent PA-1 (PCs) and 
differentiated PA-1 (DCs). 

In order to culture PA-1 pluripotent (PC) or differentiated (DC) cells on a large 

scale, the culture periods were different, since differentiation requires the cells to 

be cultured for 14 days in differentiation medium.  

For culturing 15 plates of 500 cm2 with PA-1 PC cells and obtaining 90% 

confluency at three days after seeding, 6 T175 flasks (90% confluency) were used. 

Cells were detached using the procedure described in 2.2. Subculture routine and 

the content of each T175 flask was used to seed two and a half 500 cm2 plates. 

Subsequently, 70 ml of PA-1 PC culture medium was added to the plates. The cells 

were cultured at 37°C, 5 % CO2 and atmospheric O2 for three days, being collected 

following the procedure described in 16. Cell collection and freezing to prepare cell 

beads. 

In order to culture and differentiate PA-1 DC cells, a total of 8,000,000 

pluripotent PA-1 cells were seeded per 500 cm2 plate with 80 ml of the 

differentiation culture medium described in 2. Cell line culture, except for the 10 

μM retinoic acid (RA, all trans). The day of seeding, ROCK inhibitor (Stem Cell, Y-

27632) was also added to favor the cells, seeded at a very low confluency, to 

adhere. Subsequently, two days later, 10 uM of retinoic acid (RA, all-trans) were 

added, starting the differentiation day 0 (D0). From day D0, the culture medium 

was changed every other day (D2, D5, D7, D9, D12) (Figure 12) using the complete 

differentiation medium as described in 2. Cell line culture. On day 14 of 

differentiation, cells were collected following the procedure described in 16. Cell 

collection and freezing to prepare cell beads. 

 

Figure 12. PA-1 differentiation in large scale scheme. Details are provided in the text. 
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16. Cell collection and freezing to prepare cell beads. 

At least 15 plates were cultured to obtain pluripotent PA-1 (PC) and at least 20 

plates were cultured to obtain differentiated PA-1 (DC) using the culture 

conditions described in 2. Cell line culture. Once the cells reached 85-90 % 

confluency they were harvested as described below according to the protocol of 

(LaCava et al, 2016). The collection does not have to be performed under sterile 

conditions. 

 

1. The culture medium from the plates is poured into a large beaker and the 

culture plate is placed on a tray with ice.  

2. Ice-cold phosphate buffered saline (PBS) solution (20 ml) is added to the 

culture plate and the cells are detached from the plate using a cell scraper; 

the cells are then transferred to a 50 ml tube previously chilled on ice, and 

kept on ice. 

3. The remaining cells are then collected by pouring an additional 10 ml of 

ice-cold 1x PBS onto the plate and transferred to the 50 ml tube.  

4. The above steps are repeated for each plate; cell suspensions from different 

plates can be combined to reduce the number of samples and plastic waste. 

Up to three cell suspension plates can be combined into two 50 ml tubes.  

5. Subsequently, the cells are centrifuged for 5 min at 1,000 x g, 4 °C.  

6. Carefully pour the supernatant into the waste beaker. Then resuspend 

each cell pellet in 10 ml of ice-cold 1x PBS. Combine the different pellets 

with the same volume of 1x PBS until they are all transferred to the same 

50 ml tube. 

7. Again, centrifuge 5 min at 1,000 x g, 4 ° C.  

8. Carefully, pour the supernatant into the beaker for waste. At this point, 

with all the pellet in a single tube:  

- Remove the plunger from a 20 ml syringe and cap the tip of the 

syringe. 

- Transfer the cell suspension into the syringe.  

- Place the syringe into a 50 ml tube and centrifuge 5 min at 1,000 x 

g, 4 ° C.  

9. Once the cell pellet is in the syringe, remove the supernatant with a fine-

tipped pipette attached to a vacuum trap system until the upper layer of 

cells starts to be sucked out. This results in a wet cell pellet. 

10. Finally, insert the plunger into the syringe and drop the cells dropwise 

into a large plastic beaker filled with LN2, kept in an LN2 bath, in a 

Styrofoam box. The cells are frozen in the form of "beads" or spheres of 

cells. 

11. The frozen cells are transferred to a 50 ml tube. The cap of the tube should 

not be screwed on completely to allow the excess LN2 to evaporate. The 
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next day the cap should be screwed on completely. The frozen cells can be 

stored at -80 °C. 

 

17. Cryomilling of frozen cells. 

The procedure of cryomilling of frozen cells is described in (LaCava et al, 2016). 

In order to carry out the cryogenic grinding of cells, different tools and equipment 

adapted to the RETSCH Planetary Ball Mill PM100 cryogenic grinding system, are 

necessary. 

Briefly, the cryomilling process is carried out in cold, using LN2 to ensure that 

the friction and grinding to which the sample is subjected do not cause its 

deterioration due to heating. It is key to keep the sample at a low temperature to 

ensure that it remains frozen and that the molecular interactions between the 

cellular components are preserved. 

For this reason, all milling and handling tools are pre-cooled with LN2. After 

pre-cooling the entire sample housing system, the crushing jar, two 20 mm balls 

and the jar lid, the cell "beads" or "spheres" are introduced into the jar, LN2 is added 

again to the entire system, equilibrated and the system is started.  

Three trituration cycles were carried out using the following program: 400 rpm, 

3 min, reverse rotation every minute, with no break intervals. Between each cycle 

it is necessary to re-cool the crushing jar by adding LN2 into the system. 

Due to small losses of material on the surfaces of the jar and ball during 

grinding, the percentage of recovered material increases as the mass of the milled 

cells increases. For this reason, it is recommended to start from 2.5-3 g in order to 

reduce the loss of material. The amount of lost material is usually of the order of ~ 

0.3 g wet cell weight (WCW). 

Once cryomilling is complete, the system needs to be carefully opened, the jar 

placed in LN2 and allowed to cool. Then, while still in LN2, carefully remove the 

lid, remove the metallic beads using tweezers and transfer the powder to a pre-

cooled 50 ml tube with a pre-cooled spatula. Once the jar has been opened, a small 

amount of LN2 should be added before removing the beads in order to help to 

recover the powder clumped on the surface. The cell powder should be kept at -

80°C or below until use and can be stored in this manner indefinitely without 

affecting performance. 
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18. Antibody coupled magnetic beads preparation 

The magnetic Dynabeads used for affinity capture (Dynabeads M-270 Epoxy - 

Invitrogen, Cat. 143.02D) were prepared using 1 mg of antibody per 100 mg of 

beads. For this purpose, a mixture of 1 mg of antibody in a total volume of 2 ml 

was prepared in a 1 M solution of AmSO4 and 0.1 M NaPO4, pH 7.4.  

Subsequently, the antibody mixture was filtered using a Costar Spin X column 

(0.45 um). The antibody mixture was then added to beads previously equilibrated 

in 0.1 M NaPO4 pH 7.4, and incubated at 37 degrees overnight. The next day the 

beads were washed following the protocol of Michael P. Rout's laboratory 

(Conjugation of Dynabeads with Rabbit IgG, Rout Lab Protocol). Finally, the beads 

were resuspended in 2 ml of 50% glycerol, 0.5 mg/ml BSA in 1X PBS, and aliquoted 

(100 μl aliquots) and stored at -20 ºC. 

19. Affinity capture of protein complexes from cell 
powder 

Depending on the experiment, the exact conditions used for affinity capture 

were slightly modified. The general description of the process is detailed below, 

with the specific details followed for each experiment indicated in each case. 

Samples were kept on ice during the whole procedure. All the affinity captures 

are started by weighing a certain amount of cell powder, and experiments were 

carried out with a scale of 25, 50, 100, 200 or 250 mg of material. In each case, 

volumes and sonication times were applied proportionally to those indicated 

below, equivalent to those used for a starting material of 50 mg. 

1. First, 50 mg of cell powder were weighed into a 1.5- or 2-ml microcentrifuge 

tube. An analytical balance was used to weigh the empty microcentrifuge tube. 

This tube was cooled in LN2, then the balance was tared and the cell powder 

was added with a spoon or spatula cooled with LN2.  

2. Once weighed, the tube with cell powder was opened and allowed to stand at 

room temperature for 1 minute (to release pressure and prevent freezing of the 

extraction solution). 

3. Next, 200 µl of extraction buffer (20 mM HEPES, pH 7.4, 1% TritonX-100, 500 

mM NaCl) supplemented with protease inhibitors were added and the 

mixture was shaken with a vortexer. 

4. Once the cell powder was resuspended in the extraction solution, an 
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ultrasonicator QSonica Q700 coupled to a microtip (1/16") was used to give the 

sample a brief low energy pulse to disperse any aggregate. A sonication of 5 

pulses (2 seconds each, 2 A; approximately 15-20 J of total energy was applied 

to the sample) was performed. 

5. Subsequently, the extract was clarified by centrifugation. It was centrifuged at 

20,000 x g for 10 min at 4 ° C. 

An aliquot of the cell extract (20 µl of supernatant) and the cell pellet was 

stored (- 20 ° C). 

In order to prepare the magnetic affinity medium, a series of pre-washes to the 

magnetic beads coupled to antibodies were performed: 

Magnetic beads coupled to antibodies are stored in a solution with albumin 

(BSA) in 1x PBS, being necessary to wash and equilibrate them with extraction 

buffer before use. A tube rack with a magnet is used to precipitate the magnetic 

beads. Thus, when the tubes are placed in the tube rack, the magnetic beads 

accumulate on the side of the tube in a few seconds, allowing the storage solution 

to be removed.  

Depending on the type of magnetic beads used for each experiment, a volume 

of 2.5, 5, 10 µl of beads was used for 50 mg of cell powder. 

To wash the magnetic beads, 500 µl of extraction solution are added and then 

briefly vortex mixed at medium speed (enough to resuspend). This is followed by 

a pulse in a mini centrifuge to collect all the content at the bottom of the tube. 

Subsequently, the tube is placed in the magnet rack and the solution is aspirated. 

This washing is carried out three times. 

6. Once the magnetic beads are prepared, affinity capture is initiated by 

transferring the clarified cell extract to a 1.5-2.0 ml tube containing pre-washed 

affinity medium and is briefly shaken to resuspend. 

7. The tube is incubated for 1 hr at 4 °C with continuous gentle agitation on a 

rotating wheel; the beads should remain suspended throughout the 

incubation.  

8. Once the incubation is finished, a pulse is given to the tube in a minicentrifuge 

to collect all the content at the bottom of the tube. The supernatant is then 

collected (as FT, "flow through") and the beads are washed three times with 1 

ml of cold extraction solution. 

The tubes are placed in the magnetic rack, the solution is removed, new 
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solution is added and the process is repeated. 

During the second wash, the beads and wash solution are transferred together 

to a new microcentrifuge tube by pipetting (to reduce contamination in the elution 

step). 

After the third wash, the tube is pulsed in a minicentrifuge to collect all the 

content at the bottom of the tube. The tube is returned to the magnetic rack and 

the residual liquid is removed. This step is important to remove the last µl of 

solution before the elution to ensure that the eluted samples have uniform volumes 

and the elution solution is not diluted or contaminated. 

9. Elution was carried out with two different solutions, 15 ul Tris pH 8.0, 2% SDS 

or in LDS Sample buffer (Invitrogen), depending on the intended use of the 

sample. After adding the solution on the magnetic beads, it was incubated at 

70 °C for 5 minutes to elute. 

10. The eluate was collected by placing the tube in the magnet rack and pipetting 

the supernatant into a new tube. Samples were stored frozen at -20 °C for daily 

use or at -80 °C for prolonged storage. 

20. Generation of inducible Tet-On PA-1 cell lines 

In order to develop PA-1 cell lines carrying the doxycycline-inducible Tet-On 

system, cells were transfected with the vectors LD208/PM65 - pTet-On rtTA 

advance G418 (ClonTech), with selection by geneticin, and the vector LD215/PM66 

- pTet-On rtTA advance BSD (modified from the previous one), with selection by 

blasticidin. The pool of transfected cells was diluted with different factors (1/10, 

1/50, 1/100) in 100 cm2 plates to obtain single cells, which were grown for 2 to 3 

weeks to form colonies. Subsequently, clones were isolated and those that 

integrated the pTet-On system were selected by the experiments described in the 

VII. RESULTS, 2.1.1. Generation of inducible TetOn Advanced (Clontech) PA-1 cell lines 

to overexpress LINE-1 proteins. Section. 
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21. Sample preparation and liquid Chromatography 
coupled to Mass spectrometry 

After performing affinity capture of L1-ORF1p and its interactors, the resulting 

eluate was prepared for liquid chromatography coupled to mass spectrometry 

(LC-MS/MS) by Dr Kelly Molloy.  

First, the eluate was reduced by addition of DTT to a final concentration of 25 

mM and incubation at 37 °C for 30 min. Subsequently, alkylation of the sample 

was carried out by addition of iodoacetamide (100 mM final concentration) and 

incubation in the dark for 30 minutes.  

Afterwards, phosphoric acid (1.2 % final concentration) was added to the lysate 

solubilized in SDS buffer and from this point the S-TrapTM Micro Ultra-High 

Recovery Protocol was followed. The resulting dehydrated peptides were stored 

at -80 °C until use. 

Dry down peptides in speed vac, store at -80ºC. Resuspend as desired (buffer 

A or MALDI matrix). The peptides were gradient eluted directly into a Q Exactive 

(Thermo Fisher) mass spectrometer by Dr Kelly Molloy, and acquired high 

resolution full MS spectra (similar to Taylor et al, 2018). 

22. Mass spectrometry data analysis 

The mass spectrometry raw data were analyzed by Dr Mehrnoosh Ogbaie 

employing the MaxQuant V. 1.6.7.0 proteomic pipeline (Tyanova et al, 2016) to 

quantify the peptides and identify the proteins. Data processing yielded LFQ 

intensity data (Label Free Quantification, normalized peptide intensity detected) 

as well as a count of the number of peptides identified for each protein in question 

(physical evidence). 

To identify the detected L1-ORF1 loci, orthogonalization of the data was 

conducted using the Uniprot FASTA database with the ORF1/ORF2 sequences, as 

well as the sequences of the ORF1/ORF2 loci from L1Base2 (Penzkofer et al, 2017) 

when using MaxQuant software. Those L1-ORF1 peptides not derived from the 

ORF1 consensus sequence (Q9UN81) were filtered out and no peptides from ORF2 

were identified. 

In order to analyze the data and identify those proteins that significantly 

interact with L1-ORF1p in the case replicates (those performed with antibodies 

against ORF1) and were not identified in the controls (using antibodies that do not 

detect proteins expressed in PA-1), two sample t-test and log fold change were 
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used. However, if data have missing/censored values (where a peptide is not 

detected or did not hit the minimum threshold) t-test can’t be performed. In order 

to prevent this, data imputation was carried out in order to reduce the 

missing/censored values of those proteins not identified in all the conditions (case 

or control). For this purpose, two different imputation methods were used: 

Method 1, more stringent, where missing/censored values in records with at least 

two existing replicates were imputed with a relative semi-random value 

(explained in detail in Dou et al, 2020); or Method 2, less stringent, where 

missing/censored values in records with at least one existing replicate were 

imputed with a relative semi-random value. For those cases where we had only 

two control replicates (PA-1 DC mORF1 experiment, where only two controls of 

mIgG were performed), when both replicates had missing values, these were 

imputed with small random values. 

The analyses by two sample t-test and fold change obtained from the data 

imputed by both methods were combined: those factors not significant in Method 

1 were filtered out but the analyses obtained from Method 2 were considered to 

rank the factors and compare between the different experiments (PC PA-1 

mORF1, PC PA-1 LORF1 and DC PA-1 mORF1). Regarding phosphorylation 

data, phosphorylation analysis from the imputed data was carried out (from 

MaxQuant data relative to peptide phosphorylation). Those sites (sites within a 

protein where phosphorylation was detected) where log2 fold changes > 1 were 

defined as differentially phosphorylated. 

In order to determine whether a host factor is significantly enriched in PC PA-

1s or in DC PA-1s, we used a t-test to calculate the p-value between the replicates 

from each record (p-value), and the Benjamini Hochberg method to calculate the 

adjusted p-value (p-adjusted) from p-values. Next, using the average log LFQ 

intensities between the replicates from each record, we calculated log2 fold 

changes. From these analyses, those proteins whose p-adjusted value were <0.05, 

whose log2 fold change were >1, with at least one physical evidence detected by 

MS/MS, and when at least two replicates were available, were considered as 

significantly different among PC and DC. The data from both PC PA-1 

(mORF1p), DC PA-1 (mORF1p) and PC PA-1 (LORF1p) interactomes was 

compared generating a list of factors mostly present in PA-1 PC. 
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The volcano and scatter plots were made from the t-test data obtained from the 

application of Method 2. Significant data resulted from conducting t-test of the 

imputed data was used to color code the points and to label them. The color cold 

is: black dots, significant at least in one condition; red dots: ORF1 sequences either 

consensus or cancer loci; grey dots; not significant proteins. In order to exclude 

outliers (proteins that were observed in only one condition), linear regression was 

applied. In addition to linear regression line, sigma statistic was used to draw the 

line (+/- sigma, dashed blue line) to find the significant proteins that were 

differentially expressed. 

23. LINE-1 Expression analyses by RT-qPCR 

LINE-1 expression analyses by RT-qPCR using primers directed to the 5´UTR 

(N-51) or L1-ORF2p (N-22) sequences were conducted exactly as described in 

Muñoz-Lopez et al, 2012. Briefly, total RNA from pluripotent and differentiated 

PA-1 cells was extracted using Trizol (Invitrogen), following manufacturer 

instructions. Total RNAs (2mg) were treated, twice, with 4 Us of RNase-free DNase 

I (Invitrogen) during 30 min at room temperature, to ensure removal of genomic 

DNA.  After DNase I inactivation, Reverse Transcription was carried out with 1 μg 

of DNase I-treated total RNAs using a High-Capacity cDNA Reverse Transcription 

kit (Applied Biosystems), following the instructions provided by the 

manufacturer. Next, we conducted qPCR in triplicate using cDNAs that were 

diluted at 1/5 and 1/10 using RNA/DNA-free purified water (Invitrogen). qPCR 

reactions were carried out using Brilliant SYBR Green QPCRMix (Stratagene) in 

20ml volumes, using two previously validated set of primers directed to the 5´end 

of the L1Hs consensus sequence (N-51 pair, FWD 5´- 

GAATGATTTTGACGAGCTGAGAGAA, REV 5´- GTCCTCCCGTAGCTCAGAGTAATT) 

or to L1-ORF2p (N-22 pair,  FWD 5´- CAAACACCGCATATTCTCACTCA, REV 5´- 

CTTCCTGTGTCCATGTGATCTCA) (Muñoz-Lopez et al, 2012; Coufal et al, 2009). We 

used a MX3005P Real-Time PCR machine (Stratagene) and included a melting 

curve from 50°C to 95°C with reads every 0.2°C, to confirm the identity of 

amplicons. To normalize expression, we amplified GAPDH as a housekeeping 

control (primer sequences can be found in Muñoz-Lopez et al, 2012), and we used 

the ΔΔC(t) method to represent results (i.e., the cycle threshold (C(t)) for GAPDH 

PCR was used to normalize) (Livak & Schmittgen, 2001). 
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24. DNA-methylation analyses of the LINE-1 promoter 

As above, we used a method previously validated by the lab, and we conducted 

methylation analyses exactly as described (Muñoz-Lopez et al, 2012; Coufal et al, 

2009). Briefly, genomic DNA from pluripotent and differentiated PA-1 cells was 

extracted using the Blood&Tissue DNeasy Mini kit (Qiagen), following 

manufacturer instructions. Next, we bisulfite converted genomic DNAs (2mg 

each) using the Epitect kit from Qiagen, following the protocol provided by the 

manufacturer. Converted genomic DNAs were purified using buffers and 

columns provided in the Epitect kit (Qiagen), and we used 500ng of each converted 

genomic DNA on duplicated PCRs. In the PCRs (50ml), we amplified a portion of 

the L1Hs consensus sequence promoter/5’-UTR [a region of 363 bp containing 20 

CpGs as described (Coufal et al, 2009)], using Taq polymerase (Invitrogen) and the 

following primers: FWD: 5’-AAGGGGTTAGGGAGTTTTTTT; REV: 5’-

TATCTATACCCTACCCCCAAAA  (Sigma). Cycling conditions were as follow: 2 min 

at 95ºC (1x); 30 sec at 94ºC, 30 sec at 54ºC, 60 sec at 72ºC (x35); 5 min at 72ºC (1x). 

Amplified products were resolved on 1% agarose gels (containing SYBRgreen 

(Sigma)), excised and purified using the QIAquick gel extraction kit (Qiagen), and 

cloned on pGEM-T Easy (Promega). We used X-gal/IPTG to screen clones with 

insert, and we Sanger sequenced 50 clones from each condition (pluripotent and 

differentiated PA-1). Unique sequences were analyzed using Repeatmasker 

(http://www.repeatmasker.org/cgi-bin/WEBRepeatMasker), confirming that >95% 

of clones contained sequences derived from the L1Hs subfamily of elements. Next, 

we aligned each sequenced amplicon with a L1Hs consensus sequence, to 

determine the fraction/percentage of methylated/unmethylated CpGs in each of 

the 20 sites found in the LINE-1 promoter/5’-UTR. Additionally, and to graphically 

represent the overall methylation level found in pluripotent and differentiated 

L1Hs promoters, each sequenced amplicon was aligned with an active L1Hs 

element (L1.3, accession number L19088.1), and we used the amplicons (n=10) with 

the highest homology to L1.3 to indicate whether CpGs were methylated (black 

circles) or unmethylated (white circles).  
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25. Microarray and GO expression analyses  

Microarray expression analyses were conducted by MACS Molecular 

(Germany), using the Agilent Whole Human Genome Oligo Microarray chip (one-

color). Briefly, we compared the expression profile of pluripotent and 

differentiated PA-1 cells in duplicate, and using two distinct methods of PA-1 

differentiation that were previously validated (Garcia-Perez et al, 2010). Total 

RNAs were used in the microarray, and these were extracted from confluent 

cultures using Trizol (Invitrogen), following manufacturer instructions. After 

recording intensities, ratios were computed using both “pluripotent” samples as 

common reference, and ratio datasets were used as basis for subsequent analyses. 

Ratios were computed using the RosettaResolver™ Software (Rosetta 

Inpharmatics); this software system has the advantage that, due to the 

implemented universal error model, not only the ratios are computed, but also 

associated p-values which are a measure of the reliability of the observed 

difference between two samples. For the computation of ratios, the two 

“pluripotent” control samples were merged in silico and used as common 

reference for each “differentiated” sample. All ratio data were transformed to 

logarithms to the base 2 (log2 ratio). In addition, for each ratio the corresponding 

“fold-change” was computed for a more intuitive understanding of the expression 

changes. 

As an initial step in the analysis, the different data sets were compared by a 

global correlation analysis, in order to get an impression on inter-sample similarity 

or variability. The correlation coefficients range from -0.592, indicating 

anticorrelation between the two “pluripotent” samples, to 0.853 in the comparison 

of two “differentiated” samples (i.e., DM w/o RA samples). Anticorrelation 

between samples part of a common reference is normal and has no meaning in 

terms of sample similarity. Notably, the dataset splits into two major sample 

groups, one containing the “differentiated cell samples (“DM” and “DM w/o RA”), 

the other one comprising the “pluripotent” cells. Each of the two differentiated cell 

populations forms a subgroup within the differentiated cell cluster. Based on the 

results of this analysis, there seem to be some differences in the differentiated cells 

depending on the culturing conditions they were exposed to. Obviously, the major 

changes in gene expression were between “pluripotent” and the two 

“differentiated” states. 

For the detection of differentially regulated genes, statistical algorithms such 

as t-test, ANOVA (analysis of variance), or SAM (significance analysis of 

microarrays) were the methods of choice. Such algorithms are sensitive to the 
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magnitude of differences between the sample groups tested and/or to the 

variability within each of the groups. If the range of expression values covered 

within one experimental group is too large in comparison to the expression 

differences to the other experimental group, a gene may not be identified as 

differentially regulated.  

Notably, the variability between each two samples of the replicate pairs does 

not seem to be too high. However, due to the low number of samples (N = 2), we 

decided to use a rather relaxed algorithm for the discriminatory genes analysis 

accepting a potentially higher number of false positive candidates. A t-test was 

performed (two-tailed, assuming unequal variance, no correction for multiple 

testing) to determine the significance of expression differences between the 

“differentiated” samples (both for “DM” and “DM w/o RA” samples), and the 

“pluripotent” samples. Genes reaching p values of 0.05 or below were called 

significant (i.e., 5% significance level). Prior to the analysis, no filtering for strongly 

regulated genes was performed in order to allow also genes with slight but 

significant changes to be selected. In addition, the two groups of “differentiated” 

samples were tested for significant expression differences. Finally, genes were 

selected for the group of “genes of interest” which are differentially regulated in 

the same orientation in both “differentiation” conditions when compared to the 

“pluripotent” samples but not between the two “differentiation” conditions (i.e., 

“DM” and “DM w/o RA”) in the direct comparison. This approach returned 808 

commonly upregulated genes and 568 commonly downregulated genes in the 

“differentiated” cells compared to the “pluripotent” reference. For clustering, 

Euclidean distance was chosen as similarity metric and average linkage as 

algorithm. Excerpts of this heat map showing a selection of up- and 

downregulated genes are shown in Figure 48B. Note that in the heat map, the gene 

expression changes (as log2 ratios) are color-coded, where Red stands for a relative 

upregulation of a gene in the sample compared to the control, while Green 

illustrates downregulation. 

To plot Functional Grouping of consistently regulated genes, in order to learn 

about the molecular processes changed in “differentiated” cells compared with 

“pluripotent” cells, differentially regulated genes were subjected to an extensive 

annotation with subsequent grouping into different categories. Up- and 

downregulated genes were analyzed separately. Genes were annotated with 

information on their molecular function (based on Gene Ontology; GO) as well as 

involvement in biological signalling pathways. 

Exemplary bar charts of the categories in “biological processes” are shown in 

Figure 48D. Please note that the number of genes in the specific categories does 
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not allow a direct judgment of a statistically significant enrichment. For example, 

highly populated categories (found at the top of the bar charts) may arise due to 

the fact that these categories comprise a higher number of genes in the first place. 
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1. RNase H2 and LINE-1 retrotransposition 

As previously discussed [III. INTRODUCTION, 5. Aicardi Gouti res Syndrome 

(AGS)], it is currently unknown whether RNase H2 would play a role in regulating 

LINE-1 expression and/or retrotransposition, as other Aicardi Gouti res Syndrome 

(AGS) genes do. RNase H2 has two well characterized catalytic activities: i) the 

degradation of the RNA strand of DNA:RNA hybrids, similar to those generated 

during Target Primed Reverse Transcription (TPRT) retrotransposition; and ii) the 

removal of embedded ribonucleotides miss incorporated in genomic DNAs. To 

note, and as most vertebrate LINE-1s, human RC-L1s lack a RNase H domain and 

rely on cellular activities to remove the RNA of DNA:RNA hybrids generated 

during retrotransposition. In consequence, the first part of this Thesis focuses on 

studying the regulatory role of RNase H2 on human LINE-1 retrotransposons. The 

results of this section were published in 2018 (Benitez‐Guijarro et al, 2018), a study 

conducted in collaboration with the lab of Prof Andrew P Jackson (IGC, Scotland, 

UK), a world known leader in the study of RNase H2 and AGS.  

1.1. L1 retrotransposition is compromised in RNase H2 
knock out (KO) mutant cell lines. 

To test whether RNase H2 regulates LINE-1 expression/retrotransposition, 

we generated a panel of HeLa RNase H2 knock out (KO) cell lines using 

CRISPR/Cas9-mediated genome editing, and guide RNAs (gRNAs) targeting the 

RNASEH2A subunit (following the methodology detailed in VI. MATERIALS 

AND METHODS, 8. Generation of KO cell lines and RNase H2 mutants) (Figure 

13A). After transfecting with CRISPR/Cas9 plasmids, we generated a panel of 

single-cell clonal cell lines using FACS-sorter, taking advantage of an EGFP 

expression cassette present in the backbone. Next, individual clonal lines were 

selected based on deletions and insertions observed after PCR amplification and 

sequencing of the RNASEH2A locus targeted by CRISPR/Cas9. In these analyses, 

we identified several clonal lines containing inactivating mutations in several 

RNASEH2A alleles per cell line. However, because HeLa cells are karyotypically 

unstable, to verify loss of RNASEH2A expression we used Western blotting; we 

specifically explored expression of the three RNASEH2 subunits (A, B and C) by 

Western blotting in KO cells and controls (Figure 13B). Notably, we identified 

several clones lacking expression of RNASEH2A, which also showed reduced 

levels of RNASEH2B and C subunits, consistent with instability of RNASEH2 

when expression of any of the three subunits is compromised (Reijns et al, 2011). 
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Next, we characterized the KO clonal lines using an established functional 

RNase H2 assay. As a control to compare with the KO clones, parental cells as well 

as CRISPR control clones (C) retaining significant RNase H2 expression were used 

in these and subsequent experiments. 

In KO clones, the absence of enzymatic activity able to remove ribonucleotides 

embedded in double-stranded DNA was confirmed by a FRET-based fluorescent 

substrate release assay, using cell lysates from KO cell lines and controls (Figure 

13C). Furthermore, we detected an increase in genomic DNA fragmentation for 

KO clones after treatment with recombinant RNase H2 followed by electrophoresis 

in alkaline gel. In fact, we were able to detect the presence of a large number of 

embedded ribonucleotides in genomic DNAs from KO clones (Figure 13D), which 

is a well-known consequence of RNase H2 deficiency (McElhinny et al, 2010; Hiller 

et al, 2012; Reijns et al, 2012). 
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 Figure 13. RNase H2 knock out cell lines generation by CRISPR/Cas9. A) RNase H2 

knock out (KO) cell lines were generated by CRISPR/Cas9-mediated genome editing and guide RNAs 

(gRNAs) targeting the RNASEH2A subunit. The KO resulting cell lines lacked RNASEH2A 

expression and also showed reduced levels of RNASEH2 B and C subunit expression. B) Western 
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blot analyses show absence of RNASEH2A and depletion of RNASEH2B and C in RNASEH2A-KO 

clones (KO1-6) when compared with control clones (C1- 5) or parental cells. Tubulin was used as a 

loading control. C, D) RNase H2 enzymatic activity in KO clones and CRISPR/Cas9-generated 

controls. C) The RNase H assay shows the absence of activity against single-embedded 

ribonucleotides in KO clones, while activity in all control clones was in general unaffected. Activity 

in parental HeLa cells was set to 100%. Data points indicate the mean of three technical replicates 

for individual clones. Lines indicate the mean of six biological replicates (C1-6 and KO1-6) ± SEM. 

D) High levels of ribonucleotides embedded in the genome from KO clones. Genomic DNAs isolated 

from parental cells, KO clones and control clones were treated with recombinant RNase H2 and 

resolved by alkaline gel electrophoresis. Smaller fragments indicate a higher number of embedded 

ribonucleotides in genomic DNAs. E) Western blot analysis of L1-ORF1p expression (in triplicate) 

in parental HeLa cells, a control clone (C1) and two KO clonal lines (KO1 and KO2), shows no 

indirect effect of RNase H2 deficiency on L1 expression. Tubulin (E) or β-actin (F) whereas used as 

loading controls. F) Quantification of Western blot from panel (C) using a LI-COR device following 

manufacturer’s instructions. Adapted from Benitez-Guijarro et al, (2018). 

To start exploring whether RNaseH2 could be involved in regulating human 

LINE-1s, we initially explored changes on L1 expression. Briefly, we analyzed 

endogenous L1 expression levels in KO clones and controls, using Western blot 

analyses and employing a specific antibody against L1-ORF1p. Although there 

was some variation between clones, we confirmed that L1-ORF1p is expressed at 

similar levels in RNASEH2A-KO cells and parental cells (Figure 13E and F). Thus, 

these data indicated that RNase H2 doesn't affect L1 expression levels. 

Next, we analyzed potential changes on L1 retrotransposition; to do that, both 

the KO and the control clones (C) were used in L1 retrotransposition assays. The 

reporter gene used in these assays was the mblastI reporter (Morrish et al, 2002; 

Goodier et al, 2007), which activates expression of a blasticidin-resistant gene 

after retrotransposition (Figure 14A, plasmid JJ101/L1.3). It is important to note 

that this assay is quantitative, and the resulting number of blasticidin-resistant 

colonies provides a readout of the overall frequency of retrotransposition in 

cultured cells (Morrish et al, 2002; Goodier et al, 2007), as each colony/foci 

represents a cell with at least a de novo retrotransposition event (i.e., a new LINE-

1 insertion). Surprisingly, in these assays we observed that LINE-1 

retrotransposition was severely reduced in all RNase H2 KO cell lines tested (n = 

6 clones), with an average retrotransposition level of 6.0 ± 2.6% (mean SD) in 

comparison with control cell lines (n = 6, 94 ± 22%; P = 0.0022) or parental cells 

(adjusted to 100%; Figure 14B and C). As an internal negative retrotransposition 

control, allelic L1 plasmids containing a missense mutation in the RT domain of 

L1-ORF2p (JJ101/L1.3-D702A) were used, and as expected, they were unable to 

mobilize in all cell lines tested (Figure 14C).  
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As an additional control, we next tested whether KO and control lines could 

generate antibiotic resistant foci at the same frequency. Briefly, transfection with 

pcDNA 6.1 (which constitutively express the blasticidin resistance gene, Figure 

14C) allows to determine the ability of cell lines carrying an antibiotic resistance 

gene to form colonies at the antibiotic concentration (blasticidin) used. In fact, the 

comparison between the number of colonies formed with pcDNA 6.1 and with 

JJ101/L1.3 allows to determine the rate of LINE-1 retrotransposition, considering 

the colonies formed by pcDNA 6.1 as the maximum number of colonies that a 

cell line can form. However, we observed that similar numbers of blasticidin-

resistant colonies were generated in all cell lines after transfection with the 

toxicity/clonability control vector (pcDNA6.1, Figure 14C).  
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Figure 14. Reduced LINE-1 retrotransposition in HeLa RNase H2 null cells. A) Schematic 

of the JJ101/L1.3 (WT-hL1/L1.3) retrotransposon vector and its variants carrying different L1-

ORF2p mutations. The relative positions of the EN (endonuclease), RT (reverse transcriptase) and 

C (cysteine-rich) domains are indicated within L1-ORF2p. The green box labeled BLAST backward 

represents the mblastI retrotransposon indicator cassette. B) Quantification of human wild type L1 

(WT-hL1/L1.3) retrotransposition, normalized to the parental cell line level and normalized for 

transfection efficiency (TE), set to 100% for comparison. Data points represent the mean of three 

technical replicates for individual clones. Lines indicate the mean of six biological replicates (C1-6 

and KO1-6) ± SEM (representing six independent experiments). Mann-Whitney test; **P < 0.001. 

C) Representative retrotransposon assay performed on parental cells, control clones (C1-6) and 

RNASEH2A-KO clones (KO1-6). Cells were transfected with JJ101/L1.3 derived vectors containing 

an active human LINE-1 (WT-hL1, L1.3 element), an EN mutant LINE-1 (ENm-hL1, L1.3 D205A) 

or an RT mutant LINE-1 (RTm-hL1, L1.3 D702A). Toxicity controls: a similar number of 

blasticidin-resistant colonies were generated in all cell lines after transfection with the control vector 

pcDNA6.1 (scheme). Representative results of transfection/selection experiments in parental HeLa 

cells, control clones (C1-6) and KO clones (KO1-6) are shown. Adapted from Benitez-Guijarro et al, 

(2018). 

Overall, the above data indicate that L1 retrotransposition is severely 

compromised in HeLa cells lacking RNase H2 activity. To further explore this 

apparent need of RNase H2 activity at a mechanistic level, we next explored 

whether DNA damage accumulated in RNase H2 KO cells could be involved in 

L1 retrotransposition. To do that, we tested retrotransposition of an EN mutant 

LINE-1 allelic plasmid (JJ101/L1.3-D205A), and we observed that 

retrotransposition was also low in parental/control and KO cells, suggesting that 

DNA lesions in KO cells are not used as integration sites by LINE-1 (WT or EN 

mutated) (Reijns et al, 2012) (Figure 14C). Therefore, endonuclease independent 

LINE-1 retrotransposition does not appear to be increased in KO cells relative to 

control cells (Morrish et al, 2007, III. INTRODUCTION, 2.2. The LINE-1 

retrotransposition mechanism). 

To confirm reduced retrotransposition in RNase H2 KO cells, we next used a 

retrotransposition assay that activates luciferase expression after integration 

(mflucI cassette, see Figure 15A). Briefly, we used a cassette containing the firefly 

luciferase gene interrupted by an anisense intron that undergoes splicing during 

retrotransposition, ensuring that luciferase expression can only be activated after 

a round of retrotransposition event. This assay has two advantages over the 

antibiotic resistance-based assay: (i) it does not require antibiotic selection or the 

generation of resistant colonies, and (ii) it allows to measure retrotransposition 

levels at earlier time points (as early as 96 h after transfection). In this way, long-

term culturing of mutant cells is avoided, and, therefore, any possible effects due 

to differential growth between controls and RNASEH2A-KO cell lines can be ruled 
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out. Consistent with our initial observations, using the luciferase-based L1 assay 

we observed a 63% reduction in LINE-1 retrotransposition in RNase H2 KO cell 

lines (n = 3, 31 ± 6.2%) when compared with controls (n = 3, 84 ± 8.3%; P = 0.0009; 

Figure 15B).  

 

Figure 15. Reduced LINE-1 retrotransposition in HeLa RNase H2 null cells. Luciferase 

retrotransposition assay. A) Rationale and schematic of plasmid pYX014. Plasmid pYX014 contains 

a human RC-L1 tagged with a luciferase retrotransposition indicator cassette (yellow box with a 

backward F-luc label; its promoter is noted with a black arrow and its polyadenylation signal is 

depicted with a black lollipop). Using this plasmid, retrotransposition of L1 activates expression of 

Firefly luciferase. The plasmid backbone contains an expression cassette for Renilla luciferase, which 

allows to normalize transfection efficiency (large white arrow with R-luc label). Following 

transfection of the pXY014 plasmid into cells, the L1 mRNA is spliced by canonical cis-splicing and 

undergoes retrotransposition, leading to the activation of the firefly luciferase reporter and the 

subsequent translation of the F-luc protein (yellow star with F-luc label). At the same time, the R-

luc cassette of the plasmid can be transcribed and translated into Renilla luciferase (R-luc-tagged 

white star). Within the retrotransposition event shown, the black arrows indicate the presence of 

TSDs flanking a 5’ truncated L1 insertion. B) Results from retrotransposition assays conducted in 

HeLa parental cells, three control clones (C) and three RNASEH2A-KO clones (KO). The level of 

retrotransposition in parental cells was set 100%. Dots represent the mean of three technical 

replicates for individual clones. The lines indicate the mean of three biological replicates (C2, 4 and 

5, and KO2-4) ± SEM (representative of three independent experiments). t-test, ***P < 0.001. From 

Benitez-Guijarro et al, (2018). 

The data observed in these experiments suggest that, contrary to expectations, 

RNase H2 would not inhibit LINE-1 expression/retrotransposition, but rather it 

seems to promote human RC-L1 retrotransposition, at least in cultured HeLa cells. 
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To determine whether RNase H2 activity is required for LINE-1 mobilization 

in other cellular environments, we also analyzed retrotransposition in colon 

carcinoma (HCT116) and osteosarcoma (U2OS) human cells. Thus, we employed 

the same CRISPR/Cas9 strategy to generate RNASEH2A KO clones and controls, 

using HCT116 cells lacking p53 expression (HCT116 p53-/-). As above, we 

performed Western blot, enzymatic activity assays and analysis of ribonucleotide 

incorporation into the genome to confirm the absence of RNase H2 activity in two 

clonal KO cell lines (KO, Figure 16A-C); several control clones were also analyzed 

in parallel (Control, Figure 16A-C). 

Figure 16. Reduced LINE-1 retrotransposition in RNase H2 null HCT116 p53-/- cells. A) 

Western blot analyses show absence of RNASEH2A and reduced expression of RNASEH2B and C 

in RNASEH2A-KO clones (KO1, KO2), compared to control clones (C1-4). Tubulin was used as a 

loading control. B) RNase H2 activity against single embedded ribonucleotides in KO clones is absent 

in comparison to the observed activity in control cells. Data shown correspond to mean ± SD for n= 

3 independent experiments. C) As observed with HeLa RNaseH2 KO clonal lines (Figure 14B), high 
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levels of genome embedded ribonucleotides were also observed in HCT116 p53-/- RNASEH2-KO 

clones. Genomic DNAs isolated from parental cells, KO clones and control clones were treated with 

recombinant RNase H2 and resolved by alkaline gel electrophoresis. Smaller fragments indicate a 

higher number of embedded ribonucleotides. D) Representative retrotransposition and toxicity assays 

conducted in HCT116 p53-/- control clones (C1-4), and in two RNASEH2A-KO clones (KO1 and 

KO2). Cells were transfected with active human LINE-1 (WT-hL1, element L1.3), RT-mutant LINE-

1 (RTm-hL1, D702A), or a toxicity control vector (CTRL, pcDNA6.1). E) Schematic of plasmid 

JJ101/L1.3 and quantification of L1-WT retrotransposition. Average retrotransposition in control 

cells has been set to 100% in order to compare with other cell lines. Results show a reduced 

retrotransposition activity in RNase H2 null cells. Dots represent the mean of 3 technical replicates 

for individual clones. Lines indicate the mean of n=4 biological replicates for controls (C1-4) and n=2 

for KO clones (KO1, 2) ± SEM (representative of 5 independent experiments). t-test, **, p<0.01. 

Adapted from Benitez-Guijarro et al, (2018). 

Remarkably, as previously observed in HeLa cells, we observed significantly 

reduced L1 retrotransposition in HCT116 p53-/- RNASEH2A-KO clones using the 

JJ101/L1.3-based assay (n = 2, 29 ± 8.5%) when compared with control cells (n = 4, 

100 ± 14%, P = 0.0028; Figure 16D and E). While these data further suggest that 

RNaseH2 is in fact involved in L1 retrotransposition in a cell line independent 

manner, we noticed very variable Transfection Efficiency values for HCT116 p53-

/- RNASEH2A-KO and control lines, which introduced a bias in our 

retrotransposition frequency calculations. Thus, we next generated a panel of 

U2OS RNASEH2A-KO clones and control cell lines (Figure 17A-C), using the same 

CRISPR/Cas9 system, and we then tested L1 retrotransposition (using parental 

U2OS cells as an additional control). Consistent with the data previously obtained 

using HeLa and HCT116 p53-/- RNASEH2A KO cell lines, we observed a 

substantial reduction in LINE-1 retrotransposition (n = 2, 25 ± 9.5%) in U2OS 

RNASEH2A-KO lines when compared with parental cells (set at 100%) or with a 

wild-type control clone (n = 2, 94 ± 8.2%; P = 0.016; Figure 17D). Notably, 

toxicity/clonability experiments revealed that all clones were able to produce 

similar numbers of blasticidin-resistant colonies after transfection with the control 

vector pcDNA6.1. As expected, no retrotransposition was detected in any U2OS-

derived cell line, parental, control or KO, upon transfecting cells with the L1 RT-

mutant allelic vector (L1.3-D702A) (Figure 17D).  

In sum, we concluded that retrotransposition of human L1s is severely 

compromised in cells lacking RNase H2 activity, and in a cell line independent 
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manner. Thus, we conclude that RNase H2 activity is naturally involved in human 

L1 retrotransposition. 

Figure 17. Reduced LINE-1 retrotransposition in RNase H2 null U2OS cells. A) Western 

blot analyses show absence of RNASEH2A and reduced RNASEH2B and C in RNASEH2A-KO 

clones (KO1, KO2), compared to parental cells or a control clone (C1). Vinculin was used as a loading 

control. B) RNase H2 activity against single embedded ribonucleotides in KO clones is absent in 

comparison to the observed activity in control cells. Note that activity in parental U2OS cells was 

set at 100% and shown are mean ± SD for two independent experiments. C) As previously observed 

in HeLa and HCT116 p53-/- KO cells, high levels of genome embedded ribonucleotides were observed 

in U2OS RNASEH2-KO clones. Genomic DNAs isolated from parental cells, KO clones and control 

clones were treated with recombinant RNase H2 and resolved by alkaline gel electrophoresis. Smaller 

fragments indicate a higher number of embedded ribonucleotides D) Schematic of plasmid JJ101/L1.3 

and representative retrotransposition and toxicity assays conducted in parental U2OS cells, a control 

clone (C1), and two RNASEH2A- KO clones (KO1 and KO2). Cells were transfected with vectors 

containing an active human LINE-1 (WT-hL1, element L1.3), an RT-mutant (RTm-hL1, L1.3 

D702A), or a toxicity control vector (CTRL, pcDNA6.1). The level of L1-WT retrotransposition in 

parental cells was set to 100% in order to compare with KO clones (and controls). Results are shown 

in the graph, where we plotted mean ± SD for three technical replicates. Numbers indicate the average 

± SD of n = 2 controls (parental, C1) and n = 2 (KO1, KO2) (representative of three independent 

experiments). Adapted from Benitez-Guijarro et al, (2018). 



RESULTS  

1. RNase H2 and LINE-1 retrotransposition 

127 

1.2. RNase H2 facilitates the mobilization of non-LTR 
retroelements but is not required for LTR 
retrotransposons and DNA transposons. 

During LINE-1 retrotransposition by TPRT, following the endonucleolytic 

cleavage of genomic DNA and the synthesis of the first cDNA strand by L1-

ORF2p, a L1-mRNA:cDNA hybrid attached to genomic DNA is generated (i.e., a 

Y-branch intermediate). However, the RNA of the hybrid must be removed (or 

replaced) during subsequent steps, in order to complete second-strand cDNA 

synthesis of a novel L1 insertion. Since human L1-ORF2p lacks RNase H activity 

(Mathias et al, 1991; Malik et al, 1999; Cost et al, 2002; Piskareva et al, 2003; 

Piskareva & Schmatchenko, 2006), we reasoned that cellular RNase H2 might be 

responsible for degrading the L1-mRNA in the L1-RNA:cDNA hybrid during 

retrotransposition.  

To test the above hypothesis, that is whether RNase H2 is required for the 

mobilization of LINE elements lacking an RNase H domain, we initially 

investigated the impact of RNase H2 deficiency on the retrotransposition of a 

zebrafish LINE-2 element (ZfL2-2). Briefly, and as human LINE-1s, zebrafish 

ZfL2-2 LINE-2 elements lack an RNase H domain but can retrotranspose in 

human cells (Sugano et al, 2006; Garcia-Perez et al, 2010). Thus, we tagged an 

active Zfl2-2 element with the mneoI retrotransposition indicator cassette, which 

confers resistance to neomycin/G418 upon retrotransposition (Freeman et al, 

1994; Moran et al, 1996; Figure 18A), and we measured its activity in parental 

HeLa, RNASEH2A-KO lines, as well as in control clonal lines. Additionally, and 

as a control, a human RC-L1 (L1.3) was tagged with the same mneoI 

retrotransposition indicator cassette (JM101/L1.3 vector, Figure 18A). Notably, 

we confirmed reduced retrotransposition of human RC-L1s tagged with mneoI 

(Figure 18C-D), similar to when using mblastI-based assays in both HeLa and 

U2OS RNASEH2A-KO clones (Figure 14 and 17). Consistent with our 

hypothesis, ZfL2-2-mneoI retrotransposition was also significantly reduced in KO 

clones (n = 5, 1.6 ± 0.91%) compared with parental cells (set at 100%) and control 

clones (n = 5, 85 ± 9.5 %; p = 0.0079; Figure 18A - C). Remarkably, when the same 

assay was performed in U2OS RNASEH2A-KO and control clones, we observed 

a virtually identical result for Zfl2-2 (Figure 18D; n = 2 controls, 105 ± 3.5% vs. n 

= 2 KO, 14 ± 2.4%; P = 0.0012). 
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Figure 18. RNase H2 activity is required for LINE activity. A) Schematic retrotransposition 

of vectors Zfl2-2mneoI and JM101/L1.3. The purple box with a backward NEO label depicts the 

mneoI retrotransposition indicator cassette. B) Representative retrotransposition assays in parental 

HeLa cells, control (C) and RNASEH2A-KO (KO) clones. Cells were transfected with vectors 

containing an active human LINE-1 (WT-hL1, element L1.3), an RT-mutant human LINE-1 (RTm-

hL1, L1.3 D702A), or with an active zebrafish LINE-2 (WT-zL2, element Zfl2-2). C) Quantification 

of WT-hL1 (circles) and WT-zL2 (squares) retrotransposition in HeLa cells, normalized to the 

retrotransposition level in parental cells (set at 100%). Data points represent the mean of three 

technical replicates for individual clones. Lines indicate the mean of five biological replicates (C2-6 

and KO2-6) ± SEM (representative of three independent experiments). For WT-hL1, in control lines 
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(n = 5) retrotransposition levels averaged 83 ± 2.5%; in null lines (n = 5) retrotransposition levels 

averaged 7 ± 2.3%. Mann–Whitney test; **p < 0.001. D) Representative retrotransposition assays 

conducted in parental U2OS cells, a control clone (C1) and two RNASEH2A-KO clones (KO1 and 

KO2). Cells were transfected with an active human LINE-1 (WT-hL1, element L1.3), an RT-mutant 

human LINE-1 (RTm-hL1, D702A) or with an active zebrafish LINE-2 (WT-zL2, element Zfl2-2) 

vector. Right, quantification of WT-hL1 (dark grey bars) and WT-zL2 (light grey bars) 

retrotransposition in U2OS cells, with retrotransposition in parental cells for both elements set at 

100% for comparison. Mean ± SD for n = 3 technical replicates (representative of three independent 

experiments). Adapted from Benitez-Guijarro et al, (2018). 

In sum, all the data obtained strongly suggest that LINE elements lacking a 

functional RNase H domain depend on cellular RNase H2 activity for their 

efficient retrotransposition. Thus, and according to this model, RNase H2 could 

be consider as an integral part of the LINE retrotransposition machinery. 

Additionally, we further reasoned that retrotransposons containing a functional 

RNase H domain would not depend on cellular RNase H2 activity during their 

retrotransposition. Because LINE-1s containing functional RNase H domains are 

only found in lower eukaryotes and some plants, we next thought to explore 

whether mammalian ERVs could be used to solidify our model/hypothesis. 

Indeed, several active LTR retrotransposons from the mouse genome, such as 

MusD, are known to contain functional RNase H domains within their pol genes 

(Doolittle et al, 1989); these mobile elements also generate an RNA:cDNA 

intermediate during their retrotransposition cycle, although in the cytosol, and 

as LINE-1s, RNA degradation/removal from the intermediate hybrid is necessary 

to complete LTR retrotransposition. Therefore, we next exploited active mouse 

MusD LTR retrotransposons, previously identified and cloned by the lab of 

Thierry Heidmann in France (Ribet et al, 2004), to test their retrotransposition 

efficiency in RNase H2 KO models and controls. Specifically, we used an active 

MusD copy tagged with a NEO-based retrotransposition indicator cassette, 

termed neoTNF (construct pCMVMusD-6 neoTNF; Fig 19A; Ribet et al, 2004), 

whose rationale is the same used in the L1 assay. Using this engineered MusD 

construct, retrotransposition in cultured cells can be quantified using G418 

selection (see rationale in Figure 19). Consistent with our model/hypothesis, the 

level of MusD retrotransposition was similar between control and RNASEH2A-

KO clones, either using HeLa (Figure 19A and C) or U2OS cells (Figure 19B). 

These data suggest that retrotransposons containing a functional RNase H 

domain do not depend on cellular RNase H2 activity for their efficient 

mobilization. 
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Figure 19. RNase H2 activity is dispensable for LTR-retroelements. A) Schematic of a 

MusD LTR-retrotransposon tagged with the neoTNF cassette. The relative position of the gag, pro 

and pol genes is indicated. The purple box with a backward NEO label depicts the retrotransposition 

indicator cassette neoTNF. Upon transcription, the intron of the neoTNF cassette is removed by 

canonical cis and after translation and LTR retrotransposition, expression of NEO is activated from 

the de novo insertion, conferring neomycin (G418) resistance to cells. B) Above, representative 

results of LTR-retrotransposition assays in HeLa control (C1-6) and RNASEH2A KO (KO1-6) 

clones. Cells were transfected with a tagged active mouse MusD element (MusD) or with the toxicity 

control plasmid (pU6ineo). Below, quantification of MusD retrotransposition, normalized to the level 

in parental cells (set at 100%). Data points represent the mean of three technical replicates for 

individual clones. Lines indicate the mean of six biological replicates (C1-6 and KO1-6) ± SEM 

(representative of three independent experiments). t-test; ns, P > 0.05. C) Quantification of LTR-

retrotransposition assays in U2OS control (C1) and RNASEH2A-KO1 clones. Mean ± SD for n=3 

technical replicates (representative of 3 independent experiments). Adapted from Benitez-Guijarro et 

al, (2018). 
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To further test our model/hypothesis, we next tested whether mobilization of 

DNA transposons, which move by a cut-and-paste mechanism that does not 

involve reverse transcription, requires the activity of cellular RNase H2. We 

employed an active Tc1-like resurrected DNA transposon termed Sleeping Beauty 

(SB; Ivics et al, 1997) that transposes very efficiently in human cells. Using a SB 

transposition assay based on G418 selection (see rationale in Figure 20), no 

differences in transposition rates were observed when comparing RNASEH2A-KO 

and control clones, both in HeLa (Figure 20A and C) and U2OS cells (Figure 20A 

and B). Therefore, we conclude that neither LTR retrotransposons encoding RNase 

H activity, nor DNA transposons, depend on cellular RNase H2 activity for their 

efficient mobilization, and in a cell line independent manner. 

Figure 20. RNase H2 activity is dispensable for DNA-Transposon activity. A) Schematic 
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of plasmids pTneo and pSB100x, used in Sleeping Beauty transposition assay. The purple box with 

a NEO label depicts the neo expression cassette, flanked by Terminal Inverted Repeats (TIRs). 

pSB100x encodes an optimized version of the Transposase (TPase 100x) which is able to mobilize the 

neo expression cassette to a new genomic location by a cut and paste mechanism.  B) Quantification 

of SB assays in U2OS cells. Mean ± SD for n=2 technical replicates (representative of 3 independent 

experiments). C) Left, representative results for DNA-transposition assays (pT2neo + SB100x) or 

controls (only pT2neo) are shown. Right, quantification of SB transposition assays (pT2neo + 

SB100x samples), with the level in parental cells set at 100% for comparison. Mean ± SD for n = 3 

technical replicates (representative of three independent experiments). Adapted from Benitez-

Guijarro et al, (2018). 

1.3. Overexpression of RNase H2 increase L1 
retrotransposition. 

According to our model/hypothesis, cellular RNase H2 is required for LINE-

1 retrotransposition. Thus, we next tested the effects of overexpressing RNase H2 

on L1 retrotransposition, as our model would predict that overexpression of 

RNase H2 might increase the efficiency of L1 retrotransposition. RNase H2 is a 

heterotrimeric enzyme, and overexpression of the catalytic subunit alone does 

not significantly increase cellular activity (KR Astell, MAM Reijns, and AP 

Jackson, unpublished data). Therefore, we co-transfected HeLa cells, or U2OS 

cells, with three plasmids each expressing one of the RNase H2 subunits (tagged 

with a V5 epitope tag), along with a human LINE-1 vector where L1 was tagged 

with the mblastI indicator cassette (JJ101/L1.3). As controls, we co-transfected 

cells with a β-arrestin expression vector [(-ve), which doesn't significantly affect 

L1 retrotransposition (Bogerd et al, 2006)], or with an APOBEC3A overexpression 

vector [(+ ve), that strongly inhibits LINE-1 retrotransposition (Bogerd, 2006; 

Richardson et al, 2014)]. Cells were also co-transfected in parallel with the toxicity 

control vector pcDNA6.1, and the resulting number of colonies was used for 

normalization in the overexpression assays (to control for possible toxic side 

effects of cDNA overexpression). Notably, upon co-transfecting HeLa or U2OS 

cells with equal amounts of each overexpression plasmid for RNase H2 subunits 

(1:1:1 ratio) and the JJ101/L1.3 vector, we detected a significant increase in L1 

retrotransposition compared with the β-arrestin control (2.1-fold in HeLa and 

1.7-fold in U2OS, Figure 21). As expected (Bogerd et al, 2006), APOBEC3A 

overexpression reduced LINE-1 retrotransposition to around 10% of the controls 

(Figure 21). Further consistent with previous experiments, RT-mutant LINE-1 

allelic constructs were unable to retrotranspose under any of the conditions 

tested. Notably, the retrotransposition of EN-mutant L1s, was not affected by 

RNase H2 overexpression (Figure 21), further suggesting that cleavage by RNase 
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H2 of miss-incorporated ribonucleotides in genomic DNA does not provide an 

entry point for ENi-retrotransposition. 

Figure 21. RNase H2 overexpression increases LINE-1 retrotransposition in HeLa and 

U2OS cells. A, B) Panels (A) (HeLa cells) and (B) (U2OS cells) show representative results for 

retrotransposition and toxicity assays, underneath a schematic of retrotransposition vector 

JJ101/L1.3. Cells were co-transfected with JJ101/L1.3-based vectors [as indicated: WT-hL1 (L1.3), 

active human LINE-1; ENm-hL1 (D205A), EN-mutant; RTm-hL1 (D702A), RT-mutant] or with 

the toxicity control vector (CTRL, pcDNA 6.1), alongside an expression vector for β-arrestin as a 

negative control (-ve), the three RNase H2 subunits (RNase H2 at a 1:1:1 ratio), or a plasmid 

expressing APOBEC3A as a positive control (+ve) known to restrict LINE-1 retrotransposition. 

Right panel, quantification of retrotransposition assays, with the level in cells co-transfected with β-

arrestin set at 100% for comparison. Values were normalized for transfection efficiency and toxicity. 
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Mean ± SD for n = 3 technical replicates (representative of four independent experiments). Unpaired 

two-sided t-test; **p < 0.01; ***p < 0.001. Adapted from Benitez-Guijarro et al, (2018). 

While the above data is consistent with our proposed model/hypothesis, we 

noticed that the three RNase H2 subunits, which were tagged with a V5 epitope, 

were not expressed at the same level, as revealed by Western blot analyses 

(Figure 22A). Thus, we next modified the amounts of each plasmid co-

transfected, in order to normalize expression of the three RNase H2 subunits. 

Indeed, we found that a transfection ratio of 14:7:1 (for RNASEH2A, B, and C, 

respectively) resulted in similar expression levels for each of the subunits (Figure 

22A). Remarkably, by measuring retrotransposition at the 14:7:1 ratio, we 

confirmed that overexpression of RNase H2 increased the rate of LINE-1 

retrotransposition by about 1.7-fold in HeLa and by ~1.4-fold in U2OS cells 

(Figure 22B and C). 

Thus, we conclude that the reduction of LINE-1 retrotransposition in RNase 

H2 KO cells does not seem to be an indirect effect of its deficiency, and that 

overexpression data supports a direct role of cellular RNase H2 in facilitating 

LINE-1 retrotransposition. 
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Figure 22. RNase H2 overexpression facilitates L1 retrotransposition. A) Western blot 

analyses using an anti-V5 antibody in lysates of HeLa (left) or U2OS (right) cells transfected with 

the indicated plasmids. Cells were transfected with individual plasmids expressing single RNase H2 

subunits or co-transfected with plasmids expressing all three subunits using two different ratios 

(1:1:1 or 14:7:1). β-Actin was used as loading control. Black asterisks mark the presence of each 

individual subunit. UTF, untransfected. B, C) Schematic of the retrotransposition vector JJ101/L1.3. 

Underneath, representative results from retrotransposition and toxicity assays conducted in HeLa 

(B) or U2OS (C) cells. Cells were co-transfected with vector JJ101/L1.3 or with the toxicity control 

vector (CTRL, pcDNA6.1), alongside an expression vector for β-arrestin (used as a negative control, 

-ve) or for each of the three RNase H2 subunits at the indicated ratio (RNase H214:7:1). Labels 
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indicate if cells were transfected with an active human LINE-1 (WT-hL1, element L1.3), an EN-

mutant LINE-1 (ENm-hL1, D205A), an RT-mutant LINE-1 (RTm-hL1, D702A), or with the 

toxicity control plasmid (CTRL, pcDNA6.1). Right panels, L1-WT retrotransposition 

quantification, with the retrotransposition level in cells co-transfected with β-arrestin (-ve) set at 

100% for comparison. Values were normalized for transfection efficiency and toxicity. Mean ± SD 

for n = 3 technical replicates (representative of four independent experiments). Unpaired two-sided 

t-test; *p < 0.05. Adapted from Benitez-Guijarro et al, (2018). 

 

1.4. Complementation of RNase H2 KO cell lines with the 
RNASEH2A subunit, but not with a "separation of 
function" mutant version, recovers L1 
retrotransposition. 

As discussed in the Introduction, RNase H2 exhibits two main enzymatic 

activities: 1) cleavage of ribonucleotides embedded in double-stranded genomic 

DNA; and 2) hydrolysis of the RNA strand of RNA:DNA heteroduplexes. 

Therefore, this raises the question of which of these two activities is involved on 

LINE-1 retrotransposition? Notably, previous research in yeast identified two 

amino acids (P40 and Y210) that when mutated severely abrogated RNase H2 

activity against single ribonucleotides embedded in double-stranded DNAs, 

while retaining activity against RNA:DNA heteroduplexes (Chon et al, 2013). 

Thus, we took advantage of this "separation-of-function" (SoF) mutant to identify 

which of the two enzymatic activities is required during L1 retrotransposition 

(Figure 23A). 

First, we tested whether mutation of these two conserved aminoacids in 

human RNASEH2A would reproduce the phenotype observed in yeast (lack of 

activity in embedded ribonucleotides). Indeed, we observed that mutating these 

two conserved amino acids in human RNASEH2A (P40D/Y210A) resulted in 

yeast-like biochemical characteristics (Figure 23C-F, and Chon et al, 2013), as 

revealed using recombinant purified human RNase H2 protein subunits. The 

double mutant P40D/Y210A-RNASEH2A subunit, termed human RNase H2 SoF, 

had virtually no activity against embedded ribonucleotides (Figure 23C and D) 

but retained activity against RNA:DNA heteroduplexes (Figure 23E and F). 

However, at difference with yeast, we noticed that the activity against the RNA 

of RNA:DNA heteroduplexes was reduced compared with wild-type (WT) 

RNase H2; unexpectedly, we also found that the human SoF mutant produced 

longer RNA products compared with wild-type RNase H2 (Figure 23B), 

suggesting that it might exhibit an altered scission pattern on the RNA strand of 

heteroduplexes. The difference in scission was observed using higher enzyme 
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concentrations or longer incubation times (Figure 23B), suggesting that the 

altered scission pattern is not due to lower intrinsic activity of the SoF mutant. 

As an additional control, we also used a catalytic dead (CD) version of human 

RNASEH2A, after mutating two previously identified conserved residues 

(D34A/D169A); Reijns et al, 2011); as previously described (Reijns et al, 2011), we 

confirmed that recombinant CD RNase H2 lacked the two enzymatic activities of 

RNase H2 (activity on embedded ribonucleotides and on RNA:DNA 

heteroduplexes, see Figure 23). 
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Figure 23. Characterization of a human SoF and CD mutant RNASEH2A. A) Schematic of 

substrates used in RNase H activity assays. These assays either use an 18-bp RNA:DNA hybrid 

(left), or a short dsDNA containing a single-embedded ribonucleotide (DRD:DNA). RNASEH2A-

WT can cleave both with high efficiency (++++), whereas RNASEH2A-CD (with D34A and D169A 

mutations) cannot cleave (-). The separation of function mutant (SoF, with P40D and Y210A 

mutations) retains some activity against RNA:DNA heteroduplexes (++), but has virtually no 

activity against single-embedded ribonucleotides (-). B) RNase H2 SoF has reduced activity against 

RNA:DNA heteroduplexes and does not fully process the hybrid, even at high concentration and/or 

long incubation times. RNase H activity was measured using the 18-bp RNA:DNA substrate, 

separating products by denaturing PAGE after cleavage with RNase H2. WT, SoF and CD RNase 

H2 were used at 0.25 nM for 4 h (left) or 2.0 nM for 2 h (right). Note the different pattern of products 

generated for SoF and WT. C, D) RNase H activity assays against single-embedded ribonucleotides 

using recombinant purified proteins (WT-RNase H2 and SoF-RNase H2). Note that only WT- 

RNase H2 shows activity in this assay. Plotted, mean ± SEM for three independent experiments. E, 

F) RNase H activity assays against RNA:DNA heteroduplexes using recombinant purified proteins 

(WT-RNase H2 and SoF-RNase H2). Note that the pattern of products generated by SoF-RNase H2 

is different from the wild-type pattern. Plotted, mean ± SEM for three independent experiments. 

From Benitez-Guijarro et al, (2018). 

After characterizing human RNase H2 SoF and CD mutant proteins, we next 

exploited cDNA complementation of RNase H2 KO cells to determine which of 

the two activities of RNase H2 is involved on LINE-1 retrotransposition. To do 

that, we cloned a WT RNASEH2A cDNA, or any of the two cDNA mutants (SoF 

or CD), on retroviral vectors, and we next complemented one of the HeLa 

RNASEH2A KO clonal lines (KO1), generating complemented stable cell lines. 

As an additional control, we also generated a HeLa KO1 sub cell line expressing 

the empty vector (EV). Notably, western blot analyses confirmed expression of 

RNASEH2A and the consequent stabilization of RNASEH2B and C subunits in 

complemented cells, at levels indistinguishable from those observed in control 

cells or EV-complemented cells (Figure 24A).  

We next tested complementation of RNase H2 activity. Assays using genomic 

DNAs from complemented cells revealed that complementation of clone KO1 

with WT-RNASEH2A reduced the level of ribonucleotide incorporation into 

double-stranded DNA to a level similar to that detected in parental cells and 

controls (Figure 24B). In contrast, no reduction in ribonucleotide incorporation 

was observed in clonal lines complemented with SoF or CD RNASEH2A, or with 

EV (Figure 24B). Consistently, the same behavior was observed in assays using 

short synthetic substrates containing a single embedded ribonucleotide and cell 

lysates from complemented cells (Figure 24C, E and F). 

We next tested complementation of RNase H2 activity towards RNA:DNA 

heteroduplexes. Notably, we detected efficient complementation in cell lines 
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supplemented with wild-type RNASEH2A (+ WT), reaching levels similar to those 

observed in parental and control cells (C1), whereas cells supplemented with SoF 

showed <50% activity (Figure 24D, G and H), consistent with the activity observed 

using recombinant RNase H2 SoF (Figure 23). As expected, no efficient 

complementation was observed for cells supplemented with the CD mutant or 

with EV (Figure 24D, G and H). 
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Figure 24. Complementation of RNASEH2A-KO cells with wild-type, but not 

separation of function RNASEH2A, rescues RNase H activity against RNA:DNA 

heteroduplexes. A) Western blot analysis of RNase H2 expression in RNASEH2A-KO HeLa cells 

complemented with the indicated retroviral vector (EV, empty vector; WT, wild-type RNASEH2A; 

SoF, RNASEH2A-P40D/Y210A; CD, RNASEH2A-D34A/D169A, see main text for details). 

Tubulin was used as a loading control. B) Genomic DNAs were isolated from parental cells, a control 

clone (C1) and the four complemented cell lines (+EV, +WT, +SoF and +CD), RNase H2 treated, and 

resolved in alkaline gel electrophoresis. As expected, the high levels of genome-embedded 

ribonucleotides in RNASEH2A-KO cells are rescued only by complementation with wild-type 

RNASEH2A (+WT), not by SoF RNASEH2A (+SoF), CD RNASEH2A-A (+CD) or the empty 

vector (+EV). Smaller fragments indicate larger numbers of embedded ribonucleotides. C) 

DRD:DNA heteroduplex (18 bp; ribonucleotide-containing strand 3’-labelled) was incubated with 

increasing amounts of whole-cell lysates from the indicated cell line and separated by denaturing 

PAGE. RNase H activity against single-embedded ribonucleotides in RNASEH2A-KO cells is only 

rescued by wild-type RNASEH2A (KO1 + WT). The graph shows mean values ± SEM for three 

independent experiments. D) RNA:DNA heteroduplex (18 bp; ribonucleotide containing strand 3’-

labelled) was incubated with increasing amounts of whole-cell lysates from the indicated cell line and 

separated by denaturing PAGE. RNase H activity against RNA:DNA heteroduplexes in 

RNASEH2A-KO cells is rescued by wild-type (KO1 + WT), not by CD RNASEH2A (KO1 + CD) 

or the empty vector (KO1 + EV). Note reduced activity and the difference in cleavage pattern 

produced by SoF RNASEH2A(KO1 + SoF). Plotted, mean ± SEM for three independent 

experiments. E-H) Representative gels (used for quantifications in Figure 24F and G) with results 

from RNase H activity against single-embedded ribonucleotides (D and E) and activity against 

RNA:DNA heteroduplexes (F and G) assays conducted with lysates from the indicated cell lines. 

Because RNase H1 is expressed in all cell lines, activity measured against RNA:DNA heteroduplex 

substrate in RNASEH2A-KO cell lysates is not completely absent. In addition, other nucleases 

present in the cell lysate act (non-specifically) on the substrate, causing further background activity 

on both substrates. G). From Benitez-Guijarro et al, (2018). 

 
To note, RNase H1, which only has activity against RNA:DNA 

heteroduplexes, is also expressed in human cells, which might explain some of 

the residual activity against the RNA of RNA:DNA heteroduplexes detected in 

RNASEH2A-KO cells complemented with empty vector and RNASEH2A-CD. 

Remarkably, as observed with recombinant purified proteins, the altered RNA 

scission pattern of RNA:DNA hybrids was also detected in cell lysates from 

RNASEH2A-SoF complemented cells (Figure 24H). These data suggest that, 

although P40D/Y210A amino acid changes in human RNase H2 act as cleavage-

of-function mutations, SoF mutants exhibit RNase H activity against RNA from 

RNA:DNA heteroduplexes that is compromised both in vitro and in vivo. 

Next, we explored whether RNASEH2A complementation would rescue 

LINE-1 retrotransposition. To do that, retrotransposition assays were performed 
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on the complemented cell lines using mblastI tagged L1s (i.e., JJ101/L1.3 vector 

series), and we observed that complementation with RNASEH2A WT efficiently 

rescued human L1 retrotransposition (Figure 25A). To further confirm this, we 

complemented a second HeLa RNASEH2A-KO clone (KO2) with RNASEH2A 

WT and observed the same trend (Figure 25B), confirming that the reduction of 

retrotransposition in RNASEH2A-KO cells is due to lack of RNase H2 activity 

and not to off-target collateral effects of CRISPR/Cas9 (off-targets). In contrast, 

complementation with RNASEH2A-SoF was unable to rescue L1 

retrotransposition, yielding levels similar to those observed in cells 

complemented with EV or CD (Figure 25A). I speculate that the inability to 

rescue L1 retrotransposition in KO cells complemented with RNASEH2A SoF 

may be a consequence of the altered biochemical characteristics observed in 

recombinant RNASEH2A SoF, resulting in an inability to fully/efficiently 

degrade the RNA from LINE-1 RNA:DNA hybrids. Furthermore, I propose that 

the altered scission pattern of the SoF mutant may be due to its low affinity for 

the substrate, an effect that could be more pronounced by getting closer to the 3' 

end of the substrate. 

Figure 25. Complementation of RNASEH2A-KO cells with wild-type, but not 
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separation of function RNASEH2A, rescues LINE-1 retrotransposition. A) Only wild-type 

RNASEH2A rescues the LINE-1 retrotransposition defect found in RNASEH2A-KO cells. Left, 

representative retrotransposition and toxicity assays conducted in the four complemented lines. Cells 

were transfected with vectors containing an active human LINE-1 (WT-hL1,L1.3), an RT-mutant 

LINE-1 (RTm-hL1,D702A) or a toxicity control plasmid (CTRL, pcDNA 6.1). Right, quantification 

of L1-WT retrotransposition. For comparison, the retrotransposition level in KO1 cells 

complemented with the empty vector (EV) was set at 100%. Mean ± SD for n = 3 technical replicates 

(representative of six independent experiments). B) Wild-type RNASEH2A rescues the LINE-1 

retrotransposition defect in RNASEH2A-KO2 cells. Representative retrotransposition and toxicity 

assays conducted in RNASEH2A-KO2 cells and RNASEH2A-KO2 complemented with wild-type 

RNASEH2A (+WT). Cells were transfected with an active human LINE-1 (WT-hL1, element L1.3), 

an RT-mutant LINE-1 (RTm-hL1,D702A), or a toxicity control plasmid (CTRL, pcDNA6.1). Right 

panel, quantification of L1-WT retrotransposition. For comparison, the retrotransposition level in 

KO2 cells was set at 100%. Mean ± SD for n = 3 technical replicates (representative of three 

independent experiments). From Benitez-Guijarro et al, (2018). 

 

1.5. RNase H2 KO cells do not exhibit an increased 
mutation rate on retrotranscribed L1 DNAs. 

While several lines of evidence suggest that RNase H2 activity toward 

embedded ribonucleotides is not relevant for L1 retrotransposition, it remains a 

formal possibility. In fact, during human immunodeficiency virus type 1 (HIV-1) 

reverse transcription, the HIV-1 RT has been shown to miss-incorporate 

ribonucleotides on cDNAs with a high frequency, especially in macrophages 

(Kennedy et al, 2012). Previously, in a large-scale screening, it was shown that 

RNase H2 is important for HIV-1 infection (Genovesio et al, 2011), and might be 

involved in the removal of such incorrectly incorporated ribonucleotides. 

Although there are major differences between the mechanism of retroviral 

insertion and retrotransposition of LINE-1s, it is possible that ribonucleotides are 

incorrectly incorporated during L1 reverse transcription and/or second-strand 

synthesis, and that their removal by RNase H2-dependent RER might be important 

to achieve efficient retrotransposition. On the other hand, further research in yeast 

revealed that absence of RNase H2 lead to the introduction of incorrect 

ribonucleotides in genomic DNAs, resulting in high rates of 2-5 bp Top1-

dependent deletions (McElhinny et al, 2010; Kim et al, 2011). These mutations were 

more likely to occur in tandem dinucleotide repeats, particularly of the CA: TG 

and GA: TC type (Kim et al, 2011; Potenski et al, 2014). To note, similar dinucleotide 

repeats are also found in the retrotransposition reporters used in this study, at rates 

similar to those observed in the reporters used in the yeast studies. Thus, these 

mutations could in principle inactivate the antibiotic resistance provided by 
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reporters inserted by retrotransposition, which could explain the reduced 

integration of L1 observed in RNase H2 KO cells using the engineered L1 assay. 

Therefore, we decided to analyze whether mutation of dinucleotide repeats could 

occur during L1 reverse transcription, and how frequently. 

To explore editing of L1 cDNAs during retrotransposition, we took advantage 

of unique sequences within retrotransposition reporters, and using Sanger DNA 

sequencing, we compared the frequency of mutations in retrotranscribed 

reporters on parental, RNase H2 KO, and control HeLa clonal lines (see rationale 

in Figure 26A and B). To do that, we transfected cells with plasmid JM101/L1.3, 

containing a human RC-L1 tagged with the mneoI retrotransposition indicator 

cassette, and allowed cells to grow without G418 selection (Figure 26A and B). 

To note, lack of G418 selection would allow us to detect edited L1 cDNAs without 

biases. Two and five days after transfection, cells were collected, DNAs extracted, 

and these were analyzed by conventional PCR using primers flanking the intron 

of mneoI, allowing us to distinguish between products resulting from 

retrotranscription events (shorter amplification products) from products 

resulting from the amplification of the transfected vector (Figure 26 A and C). 

This was followed by cloning and sequencing of the amplification products, 

corresponding to reverse transcribed spliced mneoI reporters (i.e., de novo 

insertions of L1 or TPRT complexes). We compared two RNase H2 KO HeLa 

clones (KO1 and KO2) with parental cells, and the analyses of amplification 

products revealed a similar pattern of mutations (Figure 26D and E), and no 

increased mutation rate in RNASEH2A-KO cells compared with parental cells. 

Specifically, only nonsense mutations were identified; no deletions of 2-5 bp were 

detected in any of the clones analyzed. Therefore, we conclude that the reduction 

of LINE-1 retrotransposition in RNase H2 KO cells is not caused by 

hypermutation of L1 de novo cDNAs/insertions, which could occur due to the lack 

of RNase H2 activity capable of cleaving potentially miss-incorporated 

ribonucleotides during TPRT. 
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Figure 26. No increased mutation rate in de novo retrotranscribed LINE-1 sequences in 

RNase H2 null cells. A) Schematic of retrotransposition assay using plasmid JM101/L1.3. Red 

arrows indicate primers used in the PCR assay, flanking the engineered intron present in mneoI. 

Note the SwaI site in the engineered mneoI intron (dashed vertical line), which, when cut, prevents 

amplification of intron-containing DNAs (that is, the transfected vector). B) Time line of the 

mutation detection assay. C) PCR products separated by agarose gel electrophoresis. Products 

amplified using DNA isolated from WT, KO1 and KO2 cell lines 2 or 5 days after transfection, as 

indicated; genomic DNAs were digested with SwaI prior to PCR (see A). C (-), negative control 

without template DNA. M, marker (1-Kb ladder, molecular weight standard). Arrow indicates the 

expected PCR product; * indicates product resulting from the use of cryptic splice sites in the Neo 

coding sequence (Gilbert et al, 2002). D) Schematic of the spliced mneoI cassette, where the presence 

of tandem dinucleotide repeats is indicated using yellow boxes. The green box (labelled Alternative 

Intron) indicates the relative position of the cryptic intron. Red arrows indicate the relative position 

of primers used in PCR. E) Mutation rate is not increased in RNase H2 deficient cells (-) when 

compared to RNase H2 proficient control cells (+). From Benitez-Guijarro et al, (2018). 
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1.6. Overexpression of a separation-of-function (SoF) 
mutant RNASEH2A rescues L1 retrotransposition. 

Previously, using retroviral complementation, we tested the effect of 

overexpressing the SoF RNASEH2A mutant on L1 retrotransposition, and we 

detected very low complementation (Figure 25). However, we also noticed 

reduced activity against RNA:DNA hybrids on RNASEH2A-SoF complemented 

cells, and an altered pattern of cleaved RNA products (Figure 24). Thus, we 

explored whether transient complementation with RNASEH2A-SoF, together 

with RNASEH2B and RNASEH2C, could result in better complementation 

levels, as we reasoned that transient co-transfection of the three subunits could 

alleviate the reduced activity of RNASEH2A-SoF. Remarkably, the co-

transfection of L1 vectors with RNASEH2A-SoF (P40D/Y210A), RNASEH2B and 

RNASEH2C, increased L1 retrotransposition significantly when compared to β-

arrestin co-transfected controls (Figure 27A, P = 0.019). Indeed, under these 

experimental conditions, complementation of WT-RNASEH2A was very similar 

to that of SoF-RNASEH2A (Figure 27A, right panel). 

While the above data might look paradoxical, when we compared the 

enzymatic kinetics of WT-RNASEH2A and SoF-RNASEH2A against an 

RNA:DNA substrate (Figure 27B), we noticed that the SoF mutant exhibited a 

much-reduced substrate affinity when compared to WT (KSoFM  ~ 16 x KWTM), 

whereas its maximum substrate conversion rate (catalytic constant) is similar to 

that of WT RNase H2 (KSoFcat ~ 0.83 x KWTcat). Thus, the low substrate affinity of 

RNase H2 SoF provides an explanation for our observations. In fact, these results 

further support our proposed model/hypothesis suggesting that the function of 

RNase H2 against RNA:DNA hybrids is necessary for efficient LINE-1 

retrotransposition. 
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Figure 27. Cellular RNase H activity against RNA:DNA hybrids is important for L1 

retrotransposition. A) Increased L1 retrotransposition upon RNase H2 SoF overexpression. Left, 

representative retrotransposition and toxicity assays. HeLa cells were co-transfected with vectors 

containing an active LINE-1 (WT-hL1, L1.3), alongside an expression vector for β-arrestin as a 

negative control (-ve), the three RNase H2 subunits (RNase H2, at a 1:1:1 ratio; with RNASEH2A-

WT or SoF) or a plasmid expressing APOBEC3A, known to restrict LINE-1 retrotransposition, as a 

positive control (+ve). Right panel, quantification of this retrotransposition assay, with the level in 

cells co-transfected with β-arrestin set at 100% for comparison. Values were normalized for 

transfection efficiency and toxicity. Mean ± SD for n = 2 technical replicates (representative of three 

independent experiments). Unpaired two-sided t-test; *p < 0.05. B) RNase H2 SoF has reduced 

RNA:DNA heteroduplex substrate affinity. Initial substrate conversion rates (Vi) by 0.1 nM 

recombinant RNase H2 were measured at different 18-mer RNA:DNA substrate concentrations. 

Mean ± SEM for n = 3 independent experiments. Km and kcat ± SEM were calculated in GraphPad 

Prism 5.04, using non-linear regression. Change for SoF compared to WT indicated between brackets. 

From Benitez-Guijarro et al, (2018). 

1.7. Overexpression of RNase H1 in RNase H2 KO cells 
partially rescues L1 retrotransposition. 

According to our model/hypothesis, we assume that RNase H1 is expressed at 

normal levels in RNASEH2A-KO cells, similar to those of parental cells; because 

of the marked reduction on LINE-1 retrotransposition detected in RNASEH2A-KO 

cells, we further propose that it is unlikely that RNase H1 might play a major role 

on L1 retrotransposition. However, we noticed variability on L1 retrotransposition 

among the different RNASEH2A-KO lines tested, and retrotransposition was 

reduced between 4 to 15-fold depending on the KO line tested when compared to 

parental cells. Thus, it is formally possible that differences in RNase H1 

expression/activity could contribute to the variable level of L1 retrotransposition 



RESULTS  

1. RNase H2 and LINE-1 retrotransposition 

148 

detected in RNase H2 KO cells, which also suggest that RNase H1 could also 

influence L1 retrotransposition. 

To test this, we first tried complementing RNASEH2A-KO HeLa cells with 

RNase H1 cDNAs. Two independent HeLa RNASEH2A-KO clones (KO1 and 

KO2) were transduced with a retroviral vector expressing the nuclear isoform of 

human RNase H1. To confirm overexpression of RNase H1, we measured activity 

against RNA:DNA heteroduplex in lysates from these cells, showing a small but 

significant increase in enzymatic activity (Figure 28A). 
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Figure 28. Increased RNase H activity against RNA:DNA heteroduplexes in 

RNASEH2A-KO HeLa cells complemented with human RNase H1. A) RNase H activity 

against RNA:DNA heteroduplexes in RNASEH2A-KO cells (clones KO1 and KO2) is partially 

rescued by overexpression of human nuclear RNase H1 (KO1 +H1 and KO2 +H1 vs. KO1 + EV and 

KO2 + EV). An RNA:DNA heteroduplex (18 bp; ribonucleotide containing strand 3’-labelled) was 

incubated with whole-cell lysates and the speed of cleavage determined using a FRET-based assay. 

Mean values ± SEM for n = 6 independent experiments. B, C) RNase H activity assays conducted 

on RNASEH2A-KO cells (A, KO1; B, KO2) complemented with human nuclear RNASEH1 

(+RNASEH1) or with empty vector (+EV). RNase H activity was measured using the 18-bp 

RNA:DNA substrate, separating products by denaturing PAGE after incubation with lysates from 

the indicated cell lines using increasing amounts of total protein. Left panels, representative gels. 

Right panels, quantifications showing mean ± SEM of n=4 (KO1) or n=3 (KO2) independent 
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experiments. Mean for n=3 independent experiments. Two-way ANOVA with post-hoc Bonferroni 

multiple comparison test shows significant increase in activity against RNA:DNA heteroduplexes 

in KO+RNASEH1 compared to KO+EV cells. ***, p<0.001; ****, p<0.0001. From Benitez-Guijarro 

et al, (2018). 

Notably, RNASEH2A-KO1 and RNASEH2A-KO2 cells complemented with 

wild-type RNase H1 showed a 1.6- and 2.2-fold increase in RNA excision activity 

of RNA:DNA heteroduplexes compared with each corresponding EV (empty 

vector) control, respectively (Figure 28A). Further controls confirmed that the 

pattern of RNA degradation detected in RNase H1 complemented cells, using 

either KO1 or KO2, is similar to that detected in parental and control HeLa clonal 

lines (Figure 28B and C). 

Once complemented with the nuclear isoform cDNA of human RNaseH1, we 

next tested the efficiency of human RC-L1 retrotransposition, using mblastI 

tagged L1s (i.e., JJ101/L1.3 vector series), and using WT-RNASEH2A 

complemented cells as positive controls. Notably, we found that 

complementation with RNase H1 partially alleviated the L1 retrotransposition 

defect detected in RNASEH2A-KO clones, but not to the same extent as 

complementation with WT-RNASEH2A (Figure 29). Using KO1, the increase in 

L1 retrotransposition was 3.4-fold for WT-RNASEH2A complemented cells, 

versus 2.2-fold for RNase H1 complemented cells; similarly, for KO2, the 

increases on L1 retrotransposition were of 2.5- and 1.8-fold, for cells 

complemented with WT-RNASEH2A and RNase H1, respectively (Figure 29B 

and C). Controls revealed that similar numbers of foci were detected upon 

transfecting the clonability/toxicity pcDNA 6.1 plasmid (Figure 29B). Thus, we 

propose that failure to fully rescue retrotransposition upon RNase H1 

complementation could be explained by the relatively low increase in cellular 

RNase H activity against RNA:DNA heteroduplexes detected in RNase H1 

complemented KO-RNaseH2 cells. However, the ability of RNase H1 to partially 

rescue L1 retrotransposition is consistent with the possibility that both cellular 

RNase H enzymes might facilitate L1 retrotransposition, in a model in which 

both nucleases might act by degrading the RNA from L1-RNA:cDNA 

heteroduplexes formed during TPRT. In sum, we propose that RNase H2 

facilitates LINE-1 retrotransposition by removing the L1 RNA from RNA:cDNA 

hybrids after reverse transcribing the first L1 cDNA, allowing completion of the 

second L1 cDNA strand, and thus of a de novo insertion (Figure 29D), with a 

minor contribution of nuclear RNase H1. 
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Figure 29. Cellular RNase H activity against RNA:DNA hybrids is important for L1 

retrotransposition. A) RNase H activity against single-embedded ribonucleotides in RNASEH2A-

KO cells (clones KO1 and KO2) is not rescued by human RNase H1 (KO1 +H1 and KO2 +H1 vs. 

KO1 + EV and KO2 + EV). The efficiency of cleaving an 18-bp substrate was determined using a 

FRET-based assay. Mean values ± SEM for n = 3 independent experiments. B, C) Representative 

retrotransposition and toxicity assays (B) conducted in two RNASEH2-KO clones (KO1 and KO2) 

complemented with WT-RNASEH2A (+RNASEH2A) or with human nuclear RNase H1 

(+RNASEH1). Cells were transfected with vectors containing an active LINE-1 (WT-hL1, L1.3), an 

RT-mutant LINE-1 (RTm-hL1, D702A), or a toxicity control plasmid (CTRL, pcDNA6.1). 

Quantification of L1-WT retrotransposition (C). For comparison, the retrotransposition level in KO1 

or KO2 cells was set at 100%. Mean ± SD for n = 3 technical replicates (representative of three 

independent experiments). Unpaired two-sided t-test; **P < 0.01; ***p < 0.001 D) Proposed model 

for the role of RNase H2 during TPRT. Degradation of LINE-1 RNAs in RNA:cDNA hybrids by 

cellular RNase H2 allow completion of de novo LINE-1 insertions. From Benitez-Guijarro et al, 

(2018). 
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1.8. RNase H2 may interact with LINE-1 through PCNA. 

According to our proposed model (Figure 29D), RNase H2 facilitates LINE-1 

retrotransposition by removing the L1-RNA from L1-RNA:cDNA heteroduplexes. 

However, overexpression of RNase H1 in RNase H2 KO cells failed to fully rescue 

L1 retrotransposition. Since both RNase H2 and RNase H1 are active against 

RNA:DNA heteroduplexes, in the previous section we expected to achieve a 

complete rescue of L1 retrotransposition by overexpression of RNase H1. Such 

overexpression should have been able to complement the lack of RNase H2 if 

retrotransposition depends on RNase H activity directed against RNA:DNA 

hybrids; however, retrotransposition was only partially recovered. 

Notably, a functional PCNA-interacting protein (PIP) motif has been recently 

identified in L1-ORF2p (Taylor et al, 2013), between the EN and RT domains. 

Interestingly, the RNASEH2B subunit also contains a functional PIP motif (Chon 

et al, 2009; Bubeck et al, 2011). In this context we wondered whether RNase H2 

might be interacting with L1 through PCNA, thereby enabling the PIP interaction 

motif present in the RNASEH2B subunit to drive RNase H2 to L1 TPRT complexes. 

To test this hypothesis, we analyzed whether a L1-PIP mutant (JJ101/L1.3-PIP6, 

containing two miss-sense mutations in L1-ORF2p (YY414/5AA) that abolish 

interactions with PCNA, data not shown) could retrotranspose in RNase H2 KO 

cells (and controls) and at what rate. We reasoned that the L1-PIP mutant would 

retrotranspose at similar levels in parental and RNase H2 KO HeLa cells, as the 

interaction with RNase H2 through PCNA is impaired. In other words, because 

the L1-PIP mutant can´t interact with PCNA, and thus with RNase H2, the status 

of RNase H2 would not influence its ability to retrotranspose. In these experiments, 

as an additional internal control of mutant L1 retrotransposition, we tested the 

frequency of retrotransposition of an EN-mutated L1, using the allelic L1 plasmid 

JJ101/L1.3-D205A. Consistent with previous reports (Taylor et al, 2013), we found 

that the PIP-mutant L1 retrotransposed at a very low level in parental HeLa cells 

(<10% compared with the WT-L1 used (JJ1010/L1.3), Figure 30). Controls 

confirmed reduced retrotransposition of the EN-mutant L1 in parental HeLa cells 

(<5% compared with the WT-L1 used (JJ1010/L1.3), Figure 30). Further controls 

using overexpression of FLAG-tagged L1-ORF2p in HEK293T cells confirmed 

interaction of WT-L1 with PCNA, and lack of interaction when the PIP motif of L1 

was mutated (i.e., L1-PIP6 mutant, data not shown).  

Next, using HeLa RNase H2 KO cells, we confirmed reduced retrotransposition 

of WT-L1 (<50% when compared with parental HeLa, Figure 30). Remarkably, we 

found that the PIP-mutant L1 retrotranspose at similar levels in parental and 

RNase H2 KO cells (~4.5% vs ~5% in parental and KO1, respectively; Figure 30). 

Further controls revealed that a similar number of blast-resistant foci were 
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generated when parental and RNase H2 KO cells were transfected with the 

toxicity/control plasmid pcDNA6.1 (data not shown). While further research is 

needed, our data suggest that the PIP motif of L1-ORF2p is relevant to mediate a 

functional interaction with RNase H2, through PCNA. Indeed, this model (Figure 

29) also explains why RNase H1 can only partially complement the 

retrotransposition deficit of RNase H2 KO cells, as the lack of a functional PIP motif 

in RNase H1 would imply that its interaction with L1-RNPs during TPRT would 

occur by diffusion.  

 

Figure 30. PIP-mutant (JJ101/L1.3-PIP6) retrotransposed at similar levels in parental 

and RNase H2 KO cells. Representative retrotransposition results using a WT-L1 (JJ101/L1.3), an 

EN-mutant L1 (JJ101/L1.3-D205A), or a PIP-mutant L1 (JJ101/L1.3-YY414/5AA) on parental and 

RNase H2 KO cells. Note that because mobilization of mutant L1s is lower, we plated different 

number of cells in each assay. Assays were performed in 100 mm plates, using 6 · 104 cells with 

JJ101/L1.3, 3 · 105 cells with JJ101/L1.3-PIP6 and 3 · 105 cells for JJ101/L1.3-D205A. 
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1.9. RNASEH2A mutations characterized in AGS patients 
also reduce L1 retrotransposition. 

Collectively, our data using several L1 retrotransposition assays and different 

RNASEH2A-KO cell lines strongly suggest that RNase H2 is required for efficient 

L1 retrotransposition. By extrapolation, we propose that L1 retrotransposition is 

likely reduced in cells from AGS patients containing mutations in RNase H2, as 

these mutations are known to result in severely reduced RNase H2 enzymatic 

activity levels. Two RNASEH2A mutations, G37S and E225G, are frequently found 

in AGS patients. RNASEH2A-G37S, which causes perinatal lethality (Pokatayev et 

al, 2016), and RNASEH2A-E225G, are the only miss-sense mutations known to 

cause changes in the catalytic subunit of RNase H2 when found in homozygosis 

(Rice et al, 2013). On the other hand, common mutations in AGS patients have also 

been characterized in the RNASE2B (A177T) and RNASEH2C (R69W) subunits. 

 

In order to explore how RNase H2 mutations found in AGS patients would 

impact L1 retrotransposition, we initially generated recombinant RNase H2 

proteins containing mutations characterized in AGS patients. We generated 

recombinant RNase H2 heterotrimeric complexes containing the following 

mutations: G37S and E225G in RNASEH2A, A177T in RNASEH2B, and R69W in 

RNASEH2C (Figure 31A). Next, we tested their activity in vitro, and consistent 

with patient characterization, we found that RNASEH2A-G37S and RNASEH2A-

E225G lack activity on short RNA:DNA heteroduplexes (Figure 31A). In contrast, 

and as reported (Reijns et al, 2011), no major defects on the hydrolytic activity of 

RNA:DNA heteroduplexes was found for RNASEH2B-A177T, while the defect of 

RNASEH2C-R69W is small but significant (Figure 31A).  

 

To further characterize mutant RNASEH2A proteins, we also analyzed the 

pattern of RNA cleavage using RNA:DNA heteroduplexes; at difference with SoF-

RNASEH2A, we found that the pattern of RNA cleaving for both RNASEH2A 

mutant proteins, G37S or E225G, is very similar to that of WT-RNASEH2A (Figure 

31A). Indeed, we confirmed that the two mutant proteins characterized in AGS 

patients had significantly lower activity on RNA:DNA heteroduplexes, as revealed 

by in vitro assays using higher concentration of recombinant proteins (Figure 31A). 

Thus, according to the proposed model/hypothesis, I speculate that cells 

containing any of these two AGS mutant RNase H2 proteins would be impaired 

for L1 retrotransposition. To test this, we next complemented a HeLa RNASEH2A-

KO clonal line (KO2) with RNASEH2A cDNAs containing either the G37S or the 

E225G mutation, or with EV as a control. Cells complemented with WT-

RNASEH2A were used as an internal negative control. Western blot analyses 

revealed restoration of expression of each of the three RNASEH2 subunits when 

cells were complemented with either AGS-mutant RNASEH2A isoform (G37S or 
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E225G), at similar levels as those detected with WT-RNASEH2A complemented 

cells, and in contrast with EV-complemented cells (Figure 31C). Consistent with 

their characterized RNase H2 intrinsic activity, a small but significant increase in 

cellular RNase H2 activity was detected in cell lysates from cells complemented 

with AGS-mutant RNASEH2A isoforms (G37S or E225G) when using substrates 

containing embedded ribonucleotides, but not on RNA:DNA heteroduplexes 

(Figure 31D, compare right and left panel). As expected, no restoration of RNase 

H2 activity in either assay was found for EV-complemented cells, and cells 

complemented with WT-RNASEH2A showed fully restored RNase H2 activity 

levels in both assays, at levels indistinguishable from those detected in parental or 

control cells (Figure 31D and data not shown). 

 

Once characterized, we analyzed changes on L1 retrotransposition using 

mblastI tagged L1s (i.e., JJ101/L1.3 vector series) and cells complemented with AGS-

mutant RNASEH2A isoforms (G37S or E225G) or controls (EV and WT-

RNASEH2A). Controls revealed lack of L1 retrotransposition in cells transfected 

with RT-mutant L1s, and a similar number of resistant-foci in cells transfected with 

the clonability control pcDNA6.1 (Figure 31E and F). Interestingly, we observed 

partial rescue of LINE-1 retrotransposition in cells complemented with both AGS-

mutant RNASEH2A isoforms (G37S or E225G) (Figure 31E and F), although both 

AGS-mutant alleles showed significantly reduced retrotransposition when 

compared with cells complemented with WT-RNASEH2A (n= 3, p = 0.003 for G37S 

and p = 0.018 for E225G). Therefore, consistent with our model/hypothesis, we 

propose that AGS patients with RNase H2 mutations would have reduced levels 

of LINE-1 retrotransposition in their genomes. 
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Figure 31. Reduced L1 retrotransposition due to RNase H2 AGS mutations. A, B) 

Reduced enzyme activity for recombinant RNase H2 carrying AGS disease mutations. RNase H 

activity assays (against 18-mer RNA:DNA heteroduplex) using the indicated recombinant purified 

proteins. Wild type or mutant recombinant RNase H2 (RNASEH2A-P40D/Y210A, RNASEH2A-

G37S, RNASEH2A-E225G, RNASEH2B-A177T and RNASEH2C-R69W) were tested using the 

indicated protein concentration. As previously shown (Reijns et al, 2011), the A177T mutation had 

limited impact on enzyme activity, whereas the G37S, E225G and R69W mutations all caused a 
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substantial reduction in RNase H activity. Note that only RNase H2-SoF (RNASEH2A-

P40D/Y210A) generates an altered cleavage pattern on RNA:DNA hybrids. Shown are 

representative results from three independent experiments. C) Western blot analysis of RNase H2 

expression in RNASEH2A-KO HeLa cells (KO2) complemented with the indicated retroviral vector 

(EV, empty vector; WT, wild- type RNASEH2A; RNASEH2A-G37S; RNASEH2A-E225G). Actin 

was used as a loading control. D) Complementation of RNASEH2A-KO cells with RNASEH2A 

with AGS mutations (G37S and E225G) leads to a small but significant increase in RNase H activity. 

Mean values ± SEM for n = 3 independent experiments. Unpaired two-sided t-test; *p < 0.05; ns, p 

> 0.05. E, F) Cells expressing AGS mutant RNase H2 fail to support efficient L1 retrotransposition. 

(E) Representative retrotransposition and toxicity assays conducted in the four complemented lines. 

Cells were transfected with vectors containing an active human LINE-1 (WT-hL1, L1.3), an RT-

mutant LINE-1 (RTm-hL1, D702A) or a toxicity control plasmid (CTRL, pcDNA 6.1). (F) 

Quantification of L1-WT retrotransposition in the complemented lines. For comparison, the 

retrotransposition level in KO cells complemented with empty vector (EV) was set at 100%. Mean ± 

SD for n = 3 independent experiments (each experiment performed in technical duplicates). Unpaired 

two-sided t-test; *p < 0.05; **p < 0.01. From Benitez-Guijarro et al, (2018). 
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2. Study of the LINE-1 interactome in pluripotent (PCs) 
and differentiated (DCs) PA-1 cells. 

The second part of my Thesis aims to study whether the L1-interactome, that 

is the collection of host factors interacting with L1-encoded proteins, changes 

during cellular differentiation, as we now know that some aspects of L1 regulation 

(i.e., L1-silencing, see Garcia-Perez et al, 2010) are cell line dependent and/or can 

change depending on the ontogenic status of cells. Indeed, to further understand 

how L1-silencing operates in pluripotent cells (PCs), and to further understand 

why silencing is attenuated in differentiated cells (DCs), we decided to compare 

the LINE-1 interactome of isogenic PCs and DCs. Our working hypothesis suggest 

that factors associated with L1-silencing are by definition PC-specific cellular 

factors, and that some could interact with L1-encoded proteins (i.e., are part of the 

PC interactome and are absent from the DC interactome). In these experiments, we 

collaborated with the lab of Dr John LaCava (Rockefeller University, US), as his 

lab implemented innovative and robust methods to identify specific cellular 

factors associated with L1-encoded proteins in the context of retrotransposition 

intermediates (i.e., L1-RNPs). In other words, in this section of my Thesis, I 

implemented approaches developed by LaCava’s group to identify L1 interactors 

in isogenic human PCs and DCs (Taylor et al, 2013, 2018; III. INTRODUCTION, 6.1. 

Proteomic study of the LINE-1 interactome). Thus, the work described in this section 

of my Thesis was performed with the help and assistance of Dr. John LaCava’s 

team, and up front I would like to indicate that: i) Hua Jiang and Mehrnoosh 

Oghbaie helped with the purification of L1-RNPs and data analysis, respectively; 

ii) Kelly Molloy, from Dr. Chait’s laboratory (Rockefeller University, US), helped 

performing the mass spectrometry experiments; iii) John LaCava supervised and 

guided the proteomic experiments.  

In the proteomic experiments, we used human embryonic carcinoma cells 

(hECs) as a model of human pluripotency (PA-1 cells). As previously described, 

hECs are derived from human teratomas, which are benign germ cell tumors 

(Rossant & Papaioannou, 1984; Zeuthen et al, 1980; Przyborski et al, 2004). Notably, 

hECs have a transcription profile very similar to hESCs (Sperger et al, 2003), and 

as hESCs, some hEC lines retain their pluripotency but can differentiate into the 

three main germ layers (ecto, meso and endoderm) (Przyborski et al, 2004; 

Andrews et al, 2005). Thus, hECs represent an amenable model to study early 

human embryogenesis processes, especially for studies requiring a large amount 

of biological material (LaCava et al, 2015). As hESCs, pluripotent PA-1 cells 

naturally express L1 RNAs and L1-RNPs, consistent with the hypomethylation 
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status of their genomes. Previous research in our lab has fully characterized PA-1 

cells as a pluripotency model, exhibiting the following advantageous features: (i) 

PA-1 cells are easy to culture using regular tissue culture media, even in large 

quantities, and can be easily manipulated genetically; (ii) PA-1 cells have a 

transcription profile very similar to hESCs; (iii) PA-1 cells have a stable diploid 

genome, with a single balanced translocation; (iv) PA-1 have a stable pluripotent 

cell phenotype in culture; (v) PA-1 cells have an hypomethylated genome; (vi) PA-

1 cells overexpress endogenous L1-RNAs and L1-RNPs; (vii) PA-1 cells 

accumulate insertions of endogenous L1s; (viii) PA-1 cells epigenetically silence de 

novo L1 insertions (Garcia-Perez et al, 2010); and (ix) PA-1 cells can be easily 

differentiated into DCs in vitro, mostly to ectodermal cells (Garcia-Perez et al, 2010). 

In summary, PA-1 cells are an ideal model to study L1-silencing from a proteomic 

and mechanistic angle. 

Previous studies using cultured human transformed cell lines have 

demonstrated that the affinity capture of L1-ORF1p and/or L1-ORF2p also co-

purify L1-RNPs specific interactors (III. INTRODUCTION, 6.1. Proteomic study of 

the LINE-1 interactome). Thus, we used PA-1 cells (in PC and DC states) to purify 

L1-RNPs (i.e., retrotransposition intermediates) and their interactors. To purify L1-

RNPs, we tried to affinity capture both L1-encoded proteins, L1-ORF2p and L1-

ORF1p. To achieve this goal, we considered two different strategies: 1) capturing 

ectopic L1-RNPs from RC-L1s using expression vectors containing epitope tags in 

L1-ORF1p and L1-ORF2p (using T7 and FLAG, respectively); and 2) capturing 

naturally expressed endogenous L1-RNPs. Of course, each approach has its own 

advantages and limitations, and the majority of studies so far have mainly used 

ectopically expressed active L1s in proteomic studies, likely because these studies 

used transformed cell lines with relatively low and variable endogenous 

expression levels of L1-RNPs.  

2.1. Capture of ectopic L1-RNPs in PCs and DCs. 

Following the successful proteomic approach previously used in transformed 

cell lines, we initially focused in capturing ectopic L1-RNPs using PC and DC PA-

1 cells. To do that, we transfected pluripotent PA-1 cells (PC) with a vector 

expressing a human RC-L1 that contains a triple-FLAG epitope in the C-terminus 

of L1-ORF2p and a T7-epitope in the C-terminus of L1-ORF1p (Figure 32); in these 

experiments, we used a well characterized human RC-L1, L1.3 (Sassaman et al, 

1997; GeneBank L19088.1), which retrotranspose at high frequencies in cultured 

human cells (i.e., it is a “hot” RC-L1), creating vector pJM101/L1.3-ORF1-T7/ORF2-

3xFLAG (Figure 32). As a negative control for the capturing of L1-ORF2p, we used 
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an allelic vector lacking the triple-FLAG epitope in L1-ORF2p, vector pDK101 

(Figure 32). Epitope tagged RC-L1s were cloned in pCEP4 (Invitrogen), an 

episomal replicating plasmid that can be selected in human cells, as the backbone 

contains a selectable marker for hygromycin (Figure 32). 

 

Figure 32. Schematic of vectors pJM101/L1.3 – ORF1-T7 / ORF2-3xFLAG and pDK101. 

Both vectors contain a copy of the “hot” human RC-L1 L1.3, where the C-term of L1-ORF1 was 

tagged with a T7 epitope. pJM101/L1.3 – ORF1-T7 / ORF2-3xFLAG also contains a triple FLAG 

epitope in the C-term of L1-ORF2p, absent in pDK101. To note, a retrotransposition indicator 

cassette, mneoI, is cloned in the 3´UTR of L1.3. The vector backbone contains a hygromycin 

resistance cassette as well as OriP and EBNA-1, allowing its selection in cultured cells as a non-

integrating episome. 

Using HeLa cells, we demonstrated that the inclusion of epitope tags doesn’t 

interfere with L1 retrotransposition, and both constructs retrotransposed at similar 

levels as the parental L1 (vector JM101/L1.3) in cultured cells. PC PA-1 cells were 

transfected with both plasmids and selected with hygromycin during 14 days, in 

order to obtain a homogeneous population of transfected cells. In parallel, an 

aliquot of transfected PA-1 cells was cultured under differentiation conditions, to 

obtain isogenic DCs, using conditions previously known to induce fast and robust 

cellular differentiation (replace FBS with KnockOut Serum replacement and 

adding retinoic acid (all-trans) at 1 μM concentration; Garcia-Perez et al, 2010). 

Transfected PCs and DCs were cultured and expanded using 500 cm2 tissue culture 

plates, in order to obtain sufficient cellular material to produce cell beads (in the 

order of several grams of cells, see VI. MATERIALS AND METHODS, 16. Cell 

collection and freezing to prepare cell beads). After expansion and collection, pelleted 
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cells were directly frozen in LN2, and employing cryomilling, BBs were grinded to 

form cell powder, which was subsequently aliquoted and stored at -80°C (see VI. 

MATERIALS AND METHODS, points 15-17 for a description of the followed 

process). 

 

Next, we optimized the amount of cell powder/antibody (which was coupled 

with magnetic beads) to affinity capture L1-RNPs and their interactors. To note, as 

my main goal was using the affinity capture procedure and liquid 

chromatography coupled to mass spectrometry (LC-MS/MS) protocol previously 

optimized by LaCava’s team using transformed cell lines (LaCava et al, 2015; 

Taylor et al, 2013), I first determined the amount of overexpressed L1-encoded 

proteins in PCs and DCs. In fact, a prerequisite to use the method established by 

LaCava’s team on transformed cell lines was that a similar yield of L1-ORF1p 

and/or L1-ORF2p was achieved in PCs and DCs. Previously, LaCava’s team used 

HEK293TLD cells, which incorporate the Tet-On inducible expression system, to 

stably express 3xFLAG tagged L1-ORF2p from a bicistronic L1 construct, and 

using either a codon optimized human “hot” RC-L1 (known as ORFeus-Hs 

(L1RP)(An et al, 2011); plasmid pLD401) or the native human “hot” RC-L1 (L1RP; 

plasmid pMT302; note that both systems were previously described in Dai et al, 

2012 and Taylor et al, 2013). Thus, I used pLD401 and pMT302 on HEK293TLD cells 

as a reference sample to compare my PC and DC samples. On preliminary 

experiments, we affinity captured L1-ORF2p from transfected PCs and DCs, 

employing an anti-FLAG antibody coupled to magnetic dynabeads, to get a 

preliminary view of the yield from our transfected PC and DC samples in 

comparison with pLD401-HEK293TLD samples (Figure 33A). Unfortunately, we 

were unable to detect L1-ORF2p in the lysate, pellet or elution from the affinity 

capture, either using PC or DC samples. To verify that the loaded material for DC 

and PC was similar, and to further test the reliability of the immunocapture 

protocol, the membrane was stripped and probed with an anti-PCNA antibody, as 

PCNA is a well-known interactor of human L1-ORF2p (Taylor et al, 2013). While 

PCNA was detected in both the pellet and flow through samples using PC and DC, 

suggesting that we successfully captured 3xFLAG-L1-ORF2p expressed in PA-1 

cells, no L1-ORF2p nor L1-ORF1p were detected. This experiment was performed 

twice, obtaining the same results, suggesting that the expression levels of ectopic 

L1s in transfected PCs and DCs were very low, clearly below their detection limit. 

To rule out that the extraction conditions used could affect our capability to 

capture L1-encoded proteins, as we could lose L1-ORF1p and/or L1-ORF2p during 

the extraction, we explored expression of L1 proteins in whole cell extracts from 

PCs and DCs using Western-blotting (Figure 33B). To note, we used anti-FLAG 

antibodies to explore L1-ORF2p expression and a commercial anti-L1-ORF1p 

antibody to explore L1-ORF1p expression. However, we couldn't detect 

endogenous/ectopic expressed L1-ORF1p, nor ectopically expressed 3x-FLAG-
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tagged L1-ORF2p, either in PA-1 PC or DC samples (Figure 33B). Increasing the 

ratio of cell powder and magnetic dynabeads coupled to FLAG antibody did not 

dramatically change our capability to detect L1-ORF2p (not shown); however, we 

observed a faint band corresponding to L1-ORF1p (Figure 33B, a combination of 

ectopic and endogenous L1-ORF1p, as the antibody used could detect both L1-

ORF1p types). In sum, and while our data suggest that we could successfully 

capture ectopically expressed L1-ORF2p from PCs and DCs, as well as some 

interactors (i.e., PCNA), our overall expression levels are significantly lower than 

those achieved when using HEK293T cells.  

 
Figure 33. L1-ORF1 and L1-ORF2 detection from PC and DC transfected cells. Proteins 

were affinity captured with anti-FLAG dynabeads from total protein extracts. A) Representative 

results from affinity capture experiments performed with anti-FLAG coupled dynabeads from PC 

and DC cells. The scale of the extractions was of 200 μl Extraction buffer per every 50 mg of cell 

powder (1:4 w/v), and using 5 μl of anti-FLAG coupled dynabeads. Western blot was developed with 

an exposure time of 140 seconds. Both the affinity capture and Western blot were performed as 

described in VI. MATERIALS AND METHODS. P, pellet; S, supernatant; FT, flow through; E, 

elution. B) Western blot using total protein extracts from PA-1 DC, PA-1 PC (tagged, pJM101/L1.3 

-ORF1-T7/ORF2p-3xFLAG; untagged, pDK101), HEK293TLD LD401 and MT302. Total protein 

extracts were obtained by extracting 50 mg of cell powder in SDS buffer (2% SDS, 40 mM Tris pH 

8) (1:4 w/v), standard sonication (5 times x 2 sec (2 A)) and clarification of the extract. BCA 

quantification was performed and 25 μg of protein were loaded. Western blot was developed with an 

exposure time of 30 seconds. 

On a complementary approach, we affinity captured L1-ORF1p instead of 3x-

FLAG-L1-ORF2p, using anti-L1-ORF1p coupled dynabeads (mORF1p, mouse 

anti-human L1-ORF1p); to do that, we used PC and DC PA-1-derived samples, 

either using naïve untransfected cells or the previously described transfected PA-

1 samples (i.e., cells expressing ectopic 3xFLAG-L1-ORF2p and/or T7-L1-ORF1p); 
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as a positive control, we used MT302-HEK293TLD cells (Figure 34). 

Figure 34. Affinity capture using anti-human_L1ORF1p magnetic dynabeads 

(mORF1p). The scale of the extractions was of 200 μl Extraction buffer per every 50 mg of cell 

powder (1:4 w/v), and 5 μl of anti-human_L1hORF1p coupled dynabeads. P, pellet; S, supernatant; 

FT, flow through; E, elution; UTF, untransfected; tagged, cells transfected with pJM101/L1.3-ORF1-

T7/ORF2p-3xFLAG; untagged, cells transfected with pDK101; MT302, TetON HEK293TLD cells 

transfected with MT302 vector (native L1 carrying a 3xFLAG tag in the C-term of L1-ORF2p). 

Notably, when capturing L1-ORF1p, we were able to detect L1-ORF1p in the 

elutions from transfected PA-1, both as PC or DC, and even on untransfected PA-

1 cells (i.e., capture of endogenously expressed L1-ORF1p). However, the L1-

ORF1p signal observed in transfected cells likely corresponds to the combination 

of endogenous and ectopic (vector-derived) expressed L1-ORF1p. Indeed, 

comparing the L1-ORF1p signal from the elution of untransfected PA-1 with that 

obtained using transfected material, we observed that only half of the L1-ORF1p 

signal obtained for the elutions of PA-1 DC tagged, PA-1 PC tagged and PA-1 PC 

untagged was derived from ectopic expressed L1-ORF1p. In sum, and while 

transfected cells might contain slightly more than twice L1-ORF1p compared to 

untransfected PA-1 cells, our expression levels are much lower than those achieved 

using MT302-HEK293TLD cells (Figure 34).  

In conclusion, using transfection and long-term selection of episomal plasmids 

to overexpress proteins of interest in PC and DC PA-1 cells (i.e., tagged L1-ORF1p 

or L1-ORF2p), our expression analyses indicate that expression levels achieved are 

not high enough to implement previous protocols optimized by LaCava's group 

using transformed human cells (that is, using HEK293T).  
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2.1.1. Generation of inducible TetOn Advanced (Clontech) PA-1 cell 

lines to overexpress LINE-1 proteins. 

To increase ectopic LINE-1 expression levels in PCs/DCs, we next decided to 

generate a Tet-On system using PA-1 cells, allowing to overexpress proteins of 

interest after doxycycline induction; exploiting the Tet-On method in PA-1 cells 

would create a system similar to those previously used with success using 

HEK293T cells by the LaCava lab (described in Dai et al, 2012; Taylor et al, 2013). 

Briefly, the pTet-On Advanced system is used to generate stable Tet-On Advanced 

PA-1 cell lines that contain a doxycycline-inducible gene expression system. In 

doing that, transfection with a vector containing the protein complex of interest 

under the control of a Tet-sensitive element (TRE-Tight or TRE2) into the generated 

PA-1 Tet-On cell lines, would allow rtTA-Advanced to bind TRE and activate the 

transcription/translation of the protein complex of interest, using doxycycline to 

induce and in a dose-dependent manner (Figure 35). In principle, and if the system 

behaves as in HEK293T cells, it would allow to overexpress L1 encoded proteins 

in PA-1 cells in sufficient amount and in an inducible manner, which ultimately 

would allow us to implement previous proteomic protocols optimized by 

LaCava's group to study the L1-interactome.  

Figure 35. Schematic of gene regulation in the Tet-On Advanced System. We generated 

two groups of PA-1 Tet-On cell lines, after transfecting with plasmid pLD208 (carrying rtTA-

Advanced and a NEO resistance gene) or with plasmid pLD215 (carrying the rtTA-Advanced and a 

BLAST resistance gene). Once the rtTA-Advanced regulator is integrated in the genome of cells, the 
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rtTA-Advanced protein is constitutively expressed. Next, when rtTA-Advanced cell lines are 

transfected with a vector encoding a gene of interest under the transcriptional control of a TRE-Tight 

element [in our case a full-length human L1 with epitope-tagged ORFs, and either natural (pLD401) 

or codon optimized (pMT302)] protein overexpression can be induced with doxycycline (DOX). Dox 

binds the rtTA-Advanced regulator, which allows activating gene expression of genes located 

downstream of TRE-Tight promoters. Once DOX is removed from the culture media, rtTA no longer 

can bind promoters, stopping expression of the gene of interest (i.e., L1 encoded proteins). 

Using pluripotent PA-1 cells, we generated two independent groups of Tet-On 

cell lines, using vectors conferring neo or blast-resistance to cells [plasmids LD208 

(rtTA-Advanced and neo resistance gene) and LD215 (rtTA-Advanced and blast 

resistance gene)]. To generate these cell lines, I collaborated with Dr. Paolo Mita 

(NYU Langone, NY, EEUU), as he had experience with this same system, and 

following the procedure described in VI. MATERIALS AND METHODS. Upon 

plasmid transfection and antibiotic selection, we generated several clonal cell lines 

which were subsequently characterized in detail, to demonstrate that they could 

support L1 retrotransposition/silencing, and that they could be used to 

overexpress proteins of interest upon transfection and Dox addition. 

As described in the introduction, our interest in using embryonic carcinoma cell 

lines like PA-1 (as well as others described in Garcia-Perez et al, 2010) is double, as 

in one hand these are pluripotent cells mimicking a cellular niche where 

endogenous L1s retrotranspose in the human population (early embryogenesis), 

but also because pluripotent cells are capable of silencing new L1 insertions. While 

we know some aspects of the L1-silencing response operating in PCs, we don't 

know which host factors mediated L1-silencing nor how the mechanism of 

silencing work at a mechanistic level. Because I aim to test whether proteomic 

approaches could be used to dissect the mechanism of L1-silencing, an important 

prerequisite of the PA-1 Tet-On cell lines generated is that L1-silencing occur as in 

naïve cells. Thus, we first tested L1-silencing in the clonal PA-1 Tet-On cell lines 

generated, following the assay originally described in Garcia-Perez et al, 2010 

(Figure 36). To do that, naïve PA-1 cells or the PA-1 Tet-On cell lines were 

transfected with a plasmid containing a “hot” RC-L1 (LRE3; Brouha et al, 2003) 

tagged with an EGFPmI retrotransposition indicator cassette (Ostertag, 2000), 

which express the fluorescent marker EGFP only after a round of L1 

retrotransposition (plasmid 99-UB-LRE3, Figure 36); 8 days after transfection, an 

aliquot of transfected cells is treated with 500nM Trichostatin A (TSA, a histone 

deacetylase inhibitor), and 18h after the treatment the percentage of cells 

expressing EGFP is determined using cytometry (i.e., FACS). Because in 

pluripotent cells de novo L1 insertions are strongly silenced by histone 

modifications shortly after their insertion, very little EGFP is produced from 
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retrotransposition events. However, TSA can rapidly revert silencing of new L1 

insertions, increasing the amount of EGFP expressed from retrotransposition 

events, and allowing us to measure the efficiency of L1-silencing by simply 

comparing the percentage of EGFP expression in untreated and TSA-treated 

populations. Notably, as bona fide pluripotent cells, we observed that L1-silencing 

is robust in the panel of PA-1 Tet-On cell lines generated (6 lines tested, see Figure 

36), and that the overall efficiency of L1 retrotransposition is similar to that 

detected in naïve PA-1 cells (compare overall EGFP-expression percentages in 

TSA-treated cells, Figure 36). Indeed, and while we detect variability in the 

strength of L1-silencing, L1-silencing was as efficient as in naïve cells in all but one 

clonal line (Clon 46, Figure 36). As additional controls, we also used HeLa cells to 

explore L1-silencing. However, as differentiated-like cultured cells, no L1-

silencing was observed in HeLa cells, and TSA had a very minor effect on the 

percentage of EGFP-expressing cells detected (Figure 36). We also demonstrated 

that an allelic L1 containing two missense mutations in the RNA binding domain 

of L1-ORF1p (RR261/62AA, construct 99-UB-JM111 (Moran et al, 1996; Coufal et al, 

2009) failed to retrotranspose in all cell lines tested (not shown). In sum, most of 

the PA-1 Tet-On cell lines generated retained their capacity to silence new L1 

insertions (as described in Garcia-Perez et al, 2010).  
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Figure 36. Testing L1 silencing in the panel of PA-1 Tet-On cell lines generated. A) 

Schematic of plasmid 99-UB-LRE3 and outline of the L1-silencing assay (see main text for details). 

B) The graph depicts the percentage of EGFP-expressing cells detected in retrotransposition assays 

using naïve PA-1 cells, the new 6 PA-1 Tet-On cell lines, and HeLa cells as a negative control; black 

bars, percentage of EGFP-expressing cells in vehicle-treated cultures; red bars, percentage of EGFP-

expressing cells in TSA-treated cultures (during 18 h); the graph shows data from triplicate assays 

(technical), and the SD of the assay is also indicated. C) Each graph depicts L1-silencing results in 

the indicated cell line, using the nomenclature described in panel B; the strength of L1-silencong is 

also indicated (i.e., fold change differences among vehicle and TSA-treated cells). BSD, clones 

transfected with the pLD215 vector (conferring resistance to blast); NEO, clones transfected with the 

pLD208 vector (conferring resistance to neo/G418). 

Once validated for L1-silencing, we next tested how well protein induction 

would work in these new cell lines. To do that, we specifically explored whether 

the new PA-1 Tet-On clonal lines would overexpress L1-ORF1p upon transfecting 

with a TRE-Tight driven L1 expression vector and upon doxycycline addition, 

with the ultimate goal of selecting the clonal line with the highest overexpression 

of L1-ORF1p. Briefly, PA-1 Tet-On clonal lines were transfected, in duplicate, with 
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plasmid pMT302 (contains a native human “hot” RC-L1 with a 3xFLAG-epitope 

in the C-terminus of L1-ORF2p under the transcriptional control of a TRE-Tight 

promoter), and 24h later transfected cells were selected with puromycin during 4 

days (pMT302 contains a puromycin resistance cassette in the backbone). After 

selection, doxycycline was added to one of the replicates during 24-48 hours (two 

concentrations were used, 1 and 2 g/ml), allowing overexpression of L1-encoded 

proteins. Western blot was used to measure L1-ORF1p overexpression in 

doxycycline (+) or untreated controls (-). Remarkably, we observed increased 

expression of L1-ORF1p upon Dox addition in most PA-1 Tet-On clonal lines 

tested (Figure 37A). While we observed variability in the strength of L1-ORF1p 

induction and expression using PA-1 lines, we also noticed that the levels of 

expression achieved are much lower than when using HEK293TLD cells, which 

were used as a positive control in parallel (Figure 37A). We suspect that the 

presence of large T antigen from the SV40 virus in HEK293T cells, which helps to 

maintain a high plasmid copy number (Lin et al, 2014), might be responsible for 

the large difference with PA-1 cells. However, PA-1 cells do not express this viral 

antigen, which also induces undesirable changes in cells, such as loss of genomic 

stability. Alternatively, it is possible that not enough rtTA-Advanced regulator 

might be expressed in our panel of PA-1 Tet-On clonal lines. Thus, we next 

explored expression levels of the rtTA-Advanced regulator in our panel of PA-1 

Tet-On clonal lines, using Western blot. Pellets from PA-1 Tet-On clonal cell lines 

were analyzed using a modified Western blot, termed Wes (Protein Simple), 

together with an anti-rtTA antibody. We noticed variable expression levels of the 

rtTA-Advanced regulator, independent of whether clonal lines were generated 

using pLD215 (confers resistance to blast) or pLD208 (confers resistance to NEO) 

(Figure 37B), but we noticed that expression levels of the rtTA-Advanced regulator 

were much lower than those detected in HEK293TLD cells, used in parallel as a 

control (Figure 37B). To note, and as expected, we observed a very good 

correlation between expression of the rtTA-Advanced regulator and expression of 

L1-ORF1p upon Dox addition (see Clon 3, Figure 37A and B), suggesting that the 

Tet-On system operates well pluripotent human PA-1 cells (i.e., expression levels 

of the rtTA-Advanced regulator are proportional to the level of induction that can 

be obtained upon Dox addition). While we don't know why the rtTA-Advanced 

regulator cannot be expressed at a high level in PA-1 cells, previous reports 

suggested that rtTA is toxic for most cell lines (Morimoto & Kopan, 2009), which 

is an inherent limitation of the Tet-On system (Benabdellah et al, 2011). In 

conclusion, and while the Tet-On system operates correctly in pluripotent PA-1 

cells, the overall overexpression level of L1-ORF1p is not enough to implement 

previous proteomic protocols optimized by LaCava's group. 
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Figure 37. PA-1 Tet-On cell lines induce expression of L1-ORF1p upon doxycycline 

addition. A) Representative results from a doxycycline induction assay (details described in the 

text). Clonal cell lines were cultured in 6-well plates and L1-protein expression induced with 

doxycycline during 24 h [using 1 μg/ml for HEK293TLD and 1 or 2 μg/ml for PA-1 Tet-On clones). 

L1-ORF1p expression was subsequently analyzed using Western blot. B) Wes (Protein Simple) 

using PA-1 Tet-On clonal cell extracts. PA-1 WT and HEK293TLD were used as controls. Expression 

of the rtTA-Advanced regulator is much lower than when using HEK293TLD. 

2.2. Capture of endogenous L1-RNPs using PC and DC 
PA-1 cells. 

Because expression of ectopic L1-encoded proteins in hECs proved challenging, 

we next explored and alternative experimental design, where we took advantage 

of the natural overexpression of endogenous L1-RNPs typical of hECs. As 

previously reported, several hECs (such as PA-1, NTera2D1, 833KE and 2102Ep 

cells) are characterized for naturally overexpressing endogenous L1 RNAs and L1-

RNPs (Hohjoh & Singer, 1997; Kulpa & Moran, 2005; Martin, 1991; Garcia-Perez et 

al, 2010). Remarkably, we demonstrated that L1-RNPs are also present at a high 

level during early differentiation of PA-1 cells (not shown but see Figure 34 as an 

example), making the comparison between PC and DC interactomes a valid 

alternative to establish the mechanism of L1-silencing. Indeed, we found that L1-

ORF1p expression is similar in PCs and in DCs, at least 7-14 days after the initiation 

of cellular differentiation using RA (not shown). Furthermore, we have 

demonstrated that a fraction of endogenously expressed L1-RNPs in PA-1 cells are 

derived from RC-L1s, as revealed by the characterization of de novo insertions 

using Next Generation DNA Sequencing (NGS) methods (unpublished data from 

the lab). 
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In the previous section (2.1. Capture of ectopic L1-RNPs in PCs and DCs), we 

optimized a protocol to affinity capture L1-RNPs using anti-human_L1-ORF1p 

antibody coupled magnetic dynabeads (mORF1p), and we demonstrated that 

endogenous L1-RNPs can be captured from naïve pluripotent PA-1 cells (Figure 

34). However, the yield of endogenous L1-ORF1p from PA-1 PC cells was still 

several times lower than that obtained using HEK293TLD cells expressing pMT302. 

Thus, we further optimized L1-ORF1p affinity capture, in order to obtain a yield 

high enough to perform the planned LC-MS/MS proteomic analyses. To do that, 

we applied the same experimental procedure described above, starting with the 

large culturing of PC and DC PA-1 cells, to obtain enough cells to produce BBs, 

which subsequently were cryomilled to obtain the starting material for the affinity 

capture experiments.  

2.2.1. Optimization of endogenous L1-ORF1p affinity capture. 

We started by testing several ratios of PA-1 PC or DC cell powder/anti-human-

L1-ORF1p antibody (mORF1p) coupled magnetic dynabeads, in order to find the 

ratio which gives a similar L1-ORF1p yield to that obtained using HEK293TLD cells 

expressing pMT302. Upon traditional Western blot and Wes (Protein Simple) 

system analyses, we found that PC PA-1 approximately express 10-times less L1-

ORF1p compared to HEK293TLD-pMT302 (Figure 38). Captured complexes were 

also analyzed running a 4-12% Bis-Tris Sypro stained gel, allowing to visualize 

affinity captured proteins and their interactors. While we readily detected 

captured L1-ORF1p in the Sypro-stained gel, we also observed an intense band 

over ~50 kDa in PC and DC PA-1, but not in HEK203TLD cells expressing pMT302 

(Figure 38). 
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Figure 38. Optimization of capturing using mORF1p beads/PA-1 cell powder. A) A 

screening employing different volumes of mORF1p beads and 50 mg of PA-1 PC/DC cell powder. 

Each elution was collected in 20 μl of 2% SDS, 40 mM Tris pH 8 buffer. HEK293TLD pMT302 was 

processed in parallel as a control (50 mg of cell powder and 5 μl of mORF1p beads). The equivalent 

to 25 mg of cell powder (both for PA-1 and HEK293TLD) was loaded in the Western-blot. The material 

(considered in mg or cell powder) loaded in Sypro-stained gel is indicated in the figure. BSA, bovine 

serum albumin was loaded as a control. B) Same screening than in A) but elution was performed in 

15 μl of buffer. Only 3 μl of elution (equivalent to 10 mg of cell powder from PA-1 PC or DC) were 

loaded for Wes (Protein simple). HEK293TLD pMT302 was processed in parallel as a control (50 

mg of cell powder and 5 μl of mORF1p beads) and the elution volume equivalent to 1.5 μg of cell 

powder was loaded in the Wes run. The material (considered in mg or cell powder) loaded in the 

Sypro-stained gel is indicated in the figure. Note: For Wes we have verified that L1-ORF1p runs 

higher than expected (data not shown). 

In order to confirm whether the ~50 kDa band was specific for PA-1 cells, either 

as a contaminant unspecific protein or as a L1-ORF1p specific interactor, we next 

employed magnetic dynabeads coupled to a different anti-human_L1-ORF1p 

antibody, using HEK293TLD as a control (Figure 39). In the first experiments 

(Figure 38), the anti-human_L1-ORF1p antibody coupled magnetic dynabeads 

used was prepared using a commercially available mouse monoclonal anti-

human_L1-ORF1p antibody (mORF1p) (clone 4H1 - Sigma-Aldrich, Cat. 

MABC1152). Next, as a second capture antibody, we used an in-house generated 

llama-derived anti-human_L1-ORF1p nanobody (LORF1p, llama anti-ORF1p, 

from Dr. M. Rout laboratory, The Rockefeller University, US). Llama nanobodies 



RESULTS  
2. Study of the LINE-1 interactome in pluripotent (PCs) and differentiated (DCs) PA-1 cells. 

172 

are fragments of standard antibodies consisting only of a single monomeric 

variable domain from the heavy chain of the standard antibodies (VHH), having a 

lower molecular weight (12-15 kDa) and being found in camelids (Figure 

39)(Harmsen & De Haard, 2007). Thus, we compared the efficiency of affinity 

capture using dynabeads coupled to mORF1p or to LORF1p, using HEK293TLD 

untransfected or pMT302 transfected cells as a source of L1-ORF1p. Remarkably, 

we observed a similar pattern of bands using either antibody, and the unknown 

protein of ~50 kDa was present when using any of these two antibodies, although 

was detected only when using untransfected HEK293TLD cells (Figure 39). 

However, the ~50 kDa signal was less intense in the elutions from nanobodies 

(LORF1p). We speculate that when L1-ORF1p expression is not as high as in 

HEK293TLD pMT302 overexpressing cells, an unidentified protein of ~50 kDa is 

captured by anti-ORF1p antibodies (Figure 39). Thus, we decided to use both types 

of antibodies to study the LINE-1 interactome in PA-1 cells. 

 

Figure 39. Comparison of anti-ORF1p magnetic dynabeads. Left, schematic of a 

conventional antibody (left side) and of a camelid nanobody (right side). Right, representative affinity 

capture results using mORF1 or LORF1 beads. The scale was 50 mg of cell powder and 10 ul of 

beads, for HEK293TLD expressing pMT302 or untransfected (UTF). The elution volume equivalent 

to 25 mg was loaded on a 4-12% Bis-Tris gel. As expected, L1-ORF1p is efficiently captured when 

using HEK293TLD pMT302; however, we also detected captured L1-ORF1p in UTF cells, although  

at a much lower level. The ~50 kDa band was predominantly observed when using UTF HEK293TLD, 

using either mORF1 or LORF1 beads. 

Next, we continued the optimization of the capturing, testing different ratios of 

cell powder (mg)/ anti-human_L1-ORF1p magnetic dynabeads; to do that, we used 

both coupled antibodies, that is the mouse monoclonal (mORF1p) and the 

nanobody (LORF1p), and we used PA-1 PC and HEK293TLD-pMT302 cells, in 

order to identify the combination providing the higher yield of L1-ORF1p (Figure 

40). Notably, we determined that the ratio which gives the highest yield of L1-

ORF1p is 10 μl of coupled magnetic dynabeads per 50 mg of PA-1 PC powder, for 
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both mouse monoclonal (mORF1p) and the nanobody (LORF1p) (Figure 40). 

The volume of extraction buffer (20 mM HEPES, pH 7.4, 1% Tritonx-100, 500 mM 

NaCl) used per mg of cell powder was stablished as ¼ (w/v) (the standard volume 

routinely used by LaCava’s team); similarly, the sonication conditions were 

determined in relation to the amount of starting material, choosing an energy of 

8.5 J for every 25 mg of cell powder used. To establish the sonication energy, 

several sonication programs were tested, and the resulting cell pellets after 

clarification of the extract were analyzed, selecting the condition yielding the 

clearest extract and with the smallest pellet. To note, the temperature of extracts 

during the sonication test was monitored, ensuring that it didn't increase. 

Next, we determined the amount of starting material (mgs of cell powder) to 

carry out L1-ORF1p affinity capture and LC-MS/MS with a high enough yield to 

obtain a signal intensity similar to that obtained when using pMT302-HEK293TLD 

overexpressing cells. The results obtained were key to conduct the final capture 

experiments, despite using only triplicates of each sample and no negative controls 

to detect false positives. In conclusion, the affinity capture of L1-ORF1p and its 

interactors in PCs was performed using 100 mg of PA-1 PC cell powder (and 100 

mg of HEK293TLD overexpressing pMT302 in order to compare the intensities), 

20 μl of mouse monoclonal anti-human_L1-ORF1p antibody coupled magnetic 

dynabeads (mORF1p), and the elution was carried out in 18 μl NuPAGE LDS 

Sample Buffer (4X)(ThermoFisher), which were finally loaded in Gel-plugs 

prepared as described Taylor et al, (2018), followed by LC-MS/MS analyses. Mass 

spectrometry analyses were carried out by experienced researchers at Rockefeller 

University (Dr. Kelly Molloy from Dr. Chait's Lab, a mass spectrometry specialized 

lab).  

To establish the scale of the affinity captures required to analyze endogenous 

L1-ORF1p and is interactors in PC and DC PA-1 cells by mass spectrometry, we 

used the resulting intensity of the top 50 hits obtained, which were overlapped 

with the list of factors previously detected by LaCava’s team using pMT302-

HEK293TLD overexpressing cells (as described in Taylor et al, 2018). By scaling up 

immunoprecipitations with 100 mg of PA-1 PC powder and comparing the results 

with those obtained using 100 mg of powder from pMT302-HEK293TLD cells, the 

analyses of detected protein intensities determined that affinity captures must be 

performed at a scale of 400 mg per replicate, in order to get a high enough intensity. 

Additionally, for subsequent experiments we used the S-TrapTM Micro Ultra-High 

Recovery Protocol to prepare mass spectrometry samples (protein sample 

preparation method for mass spectrometry that provides high peptide recovery 

and shorter processing time), rather than using gel plugs. Indeed, this was the only 
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difference with previous proteomic analyses using pMT302-HEK293TLD 

overexpressing cells. 

As a negative control when using the mouse monoclonal anti-human_L1-

ORF1p antibody coupled magnetic dynabeads (mORF1p), we used dynabeads 

coupled with mouse IgG (mIgG), as both antibodies share the same constant 

region. When using llama-derived anti-human_L1-ORF1p nanobody coupled 

magnetic dynabeads (LORF1p), we used another in-house generated nanobody, 

directed against the EGFP protein (LG94-10), as both share the structure (but not 

the target) of the nanobody. We prepared and tested several batches of each type 

of magnetic dynabeads (mORF1p, mIgG, LORF1p and LG94-10 beads), as we 

required as much as 400 μl of each dynabead type. To note, as when using mouse 

monoclonal anti-human_L1-ORF1p antibody coupled magnetic dynabeads 

(mORF1p), we performed a screening to identify the best ratio of LORF1 beads 

and cell powder, using the same protocol employed with mORF1p beads (Figure 

40).  

Figure 40. Optimization of LORF1p beads/PA-1 cell powder ratio. A screening 

employing different volumes of LORF1p beads for 50 mg of PA-1 PC/DC and HEK293TLD 

pMT302 cell powder was carried out. Each elution was performed in 20 μl of 2% SDS, 40 mM Tris 

pH 8 buffer. The equivalent to 25 mg of cell powder (both for PA-1 and HEK293TLD) was loaded on 

the Western-blot. The material (considered in mg of cell powder) loaded in the Sypro-stained gel is 

indicated in the figure. BSA, bovine serum albumin, loaded as a control. 
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Notably, in the screening using llama-derived anti-human_L1-ORF1p 

nanobody coupled magnetic dynabeads (LORF1p), we reproducibly detected the 

same ~50 kDa band. Thus, we decided to identify the nature of the ~50 kDa 

protein/s by LC-MS/MS; to do that, we repeated the affinity capture using the 

antibodies described in the figure, loading the equivalent to 100 mg of cell powder 

por PA-1 PC. Notably, we found that the ~50 kDa band corresponded to vimentin 

(shown in Figure 41). However, further assays are required to determine whether 

this is an unspecific contaminant protein or whether vimentin can indeed interact 

with L1-ORF1p in PA-1 cells (and untransfected HEK293T cells). 

 

Figure 41. Identification of recurrent bands in L1-ORF1p affinity captures. Two affinity 

captures using 20 μl of LORF1 and LG94-10 on PC PA-1 (100 mg of cell powder each), and one 

affinity capture using mORF1 on HEK293TLD-pMT302 (25 mg, 5 μl of beads) were performed. 

Highlighted bands were cut and processed for identification by LC-MS/MS. 
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2.3. Capturing L1-RNPs and their interactors on PC and 
DC PA-1 cells. 

After optimizing the affinity capture conditions to increase the yield of L1-

ORF1p to levels required for LC-MS/MS analyses, we next established the 

interactome of endogenously expressed L1-RNPs using PC and DC PA-1 (i.e., 

capturing L1-ORF1p and its interactors to study the composition of the L1 

interactome in PCs and DCs). Specifically, we used mouse monoclonal anti-

human_L1-ORF1p antibody coupled magnetic dynabeads (mORF1p) to capture 

L1-ORF1p and interactors from PC and DC PA-1 cells, and we used llama-derived 

anti-human_L1-ORF1p nanobody coupled dynabeads (LORF1p) to capture L1-

ORF1p and interactors from PC PA-1 cells as an internal control (see below).   

 

We designed experiments considering previously described optimization 

variables (sonication, extraction buffer, material weight/antibody coupled 

dynabeads ratio) (Figure 42); additionally, to increase protein yield, we used 500 

mg of cell powder in each replicate. Because the volume when using 500 mg of cell 

powder was too large to process, each replicate was split into two separate tubes, 

each with 250 mg, although elutions were collected on a single tube (i.e., the 

elutions from 2x 250mg captures were combined). As described above, we used 

the S-TrapTM Micro Ultra-High Recovery Protocol to prepare samples, to increase 

peptide recovery (Figure 42). 

Figure 42. Schematic of the optimized affinity capture protocol of L1-ORF1p and 

interactors using mouse monoclonal antibody (mORF1p) or llama derived nanobody 

magnetic beads (LORF1p). The protocol is described in detail in section VI. MATERIALS AND 

METHODS, 19.  
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2.3.1. Capture of L1-ORF1p and interactors from PC PA-1 using 

affinity capture and mouse monoclonal anti-human_L1-ORF1p 

antibody coupled magnetic dynabeads (mORF1p). 

The interactome of L1-RNPs in pluripotent PA-1 cells (PCs) was established 

using the optimized affinity capture protocol and dynabeads coupled to mouse 

anti-human_L1-ORF1p antibody (mORF1p). In parallel, as a negative control, we 

used the same optimized affinity capture protocol as well as mouse IgG coupled 

magnetic dynabeads (mIgG). Using this rationale, we could identify specific 

interactors of L1-ORF1p in PC PA-1, by simply comparing co-immunoprecipitated 

proteins using the anti-human_L1-ORF1p antibody with those captured with 

mIgG. To obtain consistent and robust data, we performed 4 biological replicates 

of both Case (mORF1p) and Control (mIgG), each using 500 mg of PC PA-1 cell 

powder (4 grams of PC PA-1 in total). Elution was carried out directly at room 

temperature for 10 min in a buffer containing 2.5% SDS, 4M urea and 50 mM 

glycine. A small fraction of the elution from each biological replicate, 

corresponding to ~75 mg, was used to perform a Western blot (25 mg), and to run 

a 4-12% Bis-Tris, Sypro stained gel (200 mg obtained from combining 50 mg from 

each biological replicate were load), in order to characterize the elutions. The 

remaining elution (equivalent to 425 mg) was prepared by S-TrapTM Micro Ultra-

High Recovery Protocol for LC-MS/MS (VI. MATERIALS AND METHODS, 21. 

Sample preparation and liquid chromatography coupled to Mass spectrometry). As a 

control of protein yield, in parallel we captured L1-ORF1p from HEK293TLD 

overexpressing pMT302 cells, which we used in Western blot and in Sypro-stained 

gel analyses. In fact, we confirmed that PC PA-1 has ~10-times less L1-ORF1p than 

pMT302-HEK293TLD overexpressing cells (Figure 43).  

 



RESULTS  
2. Study of the LINE-1 interactome in pluripotent (PCs) and differentiated (DCs) PA-1 cells. 

178 

 
Figure 43. Capturing L1-RNPs from PC PA-1 cells using mouse anti-human_L1-ORF1p 

beads (mORF1p) and mIgG as a negative control. Shown are representative results from the 

four biological replicates, analyzed by Western blot (left side) and by 4-12% Bis-Tris, Sypro stained 

(left side), and using elutions (the relative amount of material loaded is indicated in the figure). The 

protocol used is described in full detail in section VI. MATERIALS AND METHODS. 

 

While analyzing the Sypro-stained gel, we noticed that the L1-ORF1p (~40 kDa) 

band was faint; however, Western blot analyses revealed that the intensity of L1-

ORF1p was similar to that detected when using HEK293TLD overexpressing 

pMT302 cells. We speculate that the elution buffer/conditions used likely failed to 

elute all captured L1-ORF1p from the dynabeads; however, it seems that L1-

ORF1p interactors were successfully eluted, as many proteins with a wide range 

of molecular weights were detected in the Sypro-stained gel (Figure 43).  
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After preparing samples using the S-TrapTM Micro Ultra-High Recovery 

Protocol, LC-MS/MS mass spectrometry was used to identify the nature of L1-

interactors in PC PA-1, in collaboration with Drs Kelly Molloy (expert in LC-

MS/MS) and Mehrnoosh Oghbaie (Bioinformatician expert in LaCava’s team) (VI. 

MATERIALS AND METHODS, 22. Mass spectrometry data analysis). To visualize 

data, we used volcano plots (Figure 44), allowing us to distinguish L1-ORF1p 

interactors in isogenic PC and DC PA-1 cells (see below). To note, mouse IgG was 

used to remove non-specific interactors in the final list of identified L1 interactors. 

Interestingly, we identified well-known L1-ORF1p specific interactors, which were 

described in previous studies using transformed cell lines and ectopically 

expressed L1s. In fact, a total of 10 specific significant interactors on PC PA-1 

(corresponding to 7.5 % of specific interactors) were previously found in prior 

studies (Table 4; Goodier et al, 2013; Taylor et al, 2013; Moldovan & Moran, 2015; 

Taylor et al, 2018). Additionally, we found 2 factors that were previously described 

as endogenous L1-ORF1p interactors in hESCs in Vuong et al, 2019. Thus, we found 

a relative low number of significant bona fide L1-ORF1p interactors in PC PA-1 cells 

(n=12, including well-known L1 regulators such as MOV10, PABPC1, HSP90AB1, 

TUBB, TUBB4B, ZCCHC3, LARP1, IGF2BP3, KIF5B, and YBX1) providing 

consistency and reliability to our results. Remarkably, most of the detected L1-

interactors in PCs were novel [121 specific interactors on PC PA-1 (corresponding 

to 90 % of specific interactors)], and only 28 were described as not significant L1-

interactors in Taylor et al, 2013. Among the large number of novel factors, several 

ZNF (Zinc finger proteins) appear to interact with L1-RNPs in PCs (see below). 

Thus, these data suggest that the L1-interactome is not a constant entity. It is 

tempting to speculate that L1 regulation might be equally variable among cell 

lines.    
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Figure 44. L1-ORF1p specific interactors found in PC PA-1 cells, detected with the 

mouse monoclonal anti-human_L1-ORF1p antibody (mORF1p). A Volcano plot indicates 

PC specific PA-1 interactors (see Method 2, VI. MATERIALS AND METHODS, 22.. Mass 

spectrometry data analysis to learn how the plot was generated). In the volcano plot, the name of the 

main interacting proteins of L1-ORF1p in pluripotent PA-1 cells (PC) is indicated. Highlighted in 

the upper right quadrant are significant L1-ORF1p interacting factors [-log10 of p-adjusted value < 

0.05 (p-adjusted value from Benjamini Hochberg method applied to t-test p-value); and logfold > 1 

(log2fold change of LFQ intensity between cases and controls)]. Highlighted in purple are factors 
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with different phosphorylation; L1-ORF1p is highlighted in red; highlighted in yellow are known L1 

interactors (i.e., factors found in previous studies (Taylor et al, 2013 and 2018). 

Table 4. Factors identified in PC PA-1 using mORF1p beads that have been found in 

previous studies. Asterisks indicate that the factor was significant in that condition. "Yes" indicates 

that the protein was identified in the study, but did not reach the significance threshold established 

by authors.  
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2.3.2. Capture of L1-ORF1p and interactors from PC PA-1 using 

affinity capture and llama-derived anti-human_L1-ORF1p antibody 

coupled magnetic dynabeads (LORF1p). 

As described above, the analysis of the L1-ORF1p interactome on pluripotent 

PA-1 cells using a mouse monoclonal antibody (mORF1p) uncovered a 

significant number of novel L1-interactors. To corroborate these data, and to 

further explore whether the composition of the L1-ORF1p interactome is 

influenced by the cellular background, we next analyzed the L1-ORF1p 

interactome using the llama-derived anti-human_L1-ORF1p antibody coupled 

magnetic dynabeads (LORF1p). To note, these two antibodies are very different 

in size (nanobody ~13-15 kDa vs mouse monoclonal antibody ~150 kDa), a factor 

that could influence the efficiency and kinetic of capturing L1-RNPs, which could 

at the same time influence the composition of the L1-ORF1p interactome in 

cultured cells. 

While the closest to an “apple vs apple comparison” would be the ideal 

situation, we decided to change some aspects of the elution process when using 

the llama-derived anti-human_L1-ORF1p antibody. As discussed above, we 

noticed difficulties in eluting all captured L1-ORF1p from beads when using the 

mouse monoclonal antibody. Thus, we optimized the elution of captured L1-

ORF1p from beads, by testing different buffers and elution conditions. To do that, 

we used pMT302- HEK293TLD derived material at a constant ratio of 10 μl of buffer 

for every 25 mg of pMT302-HEK293TLD cell powder, analyzing the following 

buffers and conditions: 1) NuPAGE LDS Sample Buffer (4X)(ThermoFisher) at 70 

°C for 5 minutes with mixing; 2) 2% SDS/40mM Tris, pH8, at 70 °C for 5 minutes 

with mixing; 3) 2% SDS/40mM Tris, pH8, at room temperature (RT) for 10 minutes, 

with mixing 4) 5% SDS/8M urea/100 mM glycine) at room temperature for 10 

minutes; and 5) 2.5% SDS / 4M urea / 50 mM glycine at room temperature (RT) for 

10 minutes, which were the conditions used above [i.e., conditions used to 

characterize the L1-ORF1p interactome of PC PA-1 cells using anti-human_L1-

ORF1p mouse monoclonal coupled magnetic dynabeads (mORF1p)]. The results 

of these analyses indicated that in general all conditions tested resulted in similar 

elution efficiencies (Figure 45); we also noticed that NuPAGE LDS Buffer was not 

compatible with S-TrapTM, and this condition was not further considered. 

However, among the tested conditions, the highest efficiency was achieved when 

using 2% SDS 40 mM Tris pH 8 at 70 ºC for 5 min, and we decided to use these 

elution conditions from now on (Figure 45). 
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Figure 45. Elution conditions tested using pMT302-HEK293TLD material. Shown are 

results from Western blot (top) and 4-12% Bis-Tris Sypro stained gel (bottom) analyses of L1-ORF1p 

elutions. LDS, NuPAGE LDS Sample Buffer (4X) (ThermoFisher). See main text for further details. 

After the optimization of the elution process, we next captured the L1-ORF1p 

interactome using the llama-derived anti-human_L1-ORF1p nanobody coupled 

magnetic dynabeads (LORF1p) and PC PA-1 cells. We used the same procedure 

and conditions described above when using the mouse monoclonal antibody for 

capturing, except for using new elution conditions (use of 2% SDS 40 mM Tris pH 

8 at 70 ºC for 5 min instead of 2.5% SDS / 4M urea / 50 mM glycine at room 

temperature (RT) for 10 minutes). As above, we performed 4 independent 

replicates for each nanobody (LORF1p, and the negative control). As a negative 

control, we used the LG94-10 nanobody coupled magnetic dynabeads (against 

EGFP, not expressed by PA-1 cells), and the amount of material used was of 4 

grams of PC PA-1 cells (500 mg per capture) and 400 μl of each type of magnetic 

bead (50 μl per capture). To analyze the capture of the L1-ORF1p interactome using 

the nanobody in PC PA-1, we used an elution volume equivalent to 75 mg from 

each replicate, which were subsequently analyzed by Western blot and by 4-12% 

Bis-Tris, Sypro stained gel electrophoresis (Figure 46).  
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Figure 46. Capturing L1-RNPs from PC PA-1 cells using the llama-derived anti-

human_L1-ORF1p nanobody beads (LORF1p). Schematic of the experiment. Below are shown 

results from Western blot (left side) and 4-12% Bis-Tris Sypro stained gel electrophoresis (right side) 

analyses of the elutions (amount of material loaded is indicated in the figure). Nanobody beads from 

LG94-10 (anti-EGFP) were used in parallel as a negative control. Protocol described in detail in VI. 

MATERIALS AND METHODS. 

Compared with the results obtained using the mouse monoclonal and the 

former elution conditions, we observed a clear increase in the elution efficiency of 

L1-ORF1p from beads, although relatively lower levels of L1-interactors were 

observed when using nanobody beads (compare Figures 43 and 46). However, as 

above, we next processed the L1-ORF1p elutions (volume equivalent to ~425 mg 

per replicate) using the S-TrapTM Micro Ultra-High Recovery Protocol; after 

processing, samples were analyzed by LC-MS/MS (with the help of Dr Kelly 

Molloy), and the data generated was processed and analyzed as above (with the 

help of by Dr Mehrnoosh Oghbaie), to ultimately identify L1-interactors in PC PA-

1 cells. Remarkably, after removing non-specific interactors using data from 

LG94-10 control captures, we identified a significant number of L1-ORF1p 

specific interactors, which are shown in the volcano plot included in Figure 47. As 
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when using the mouse monoclonal antibody, we noticed that some L1-ORF1p 

interactors have been described previously in proteomic studies using ectopically 

expressed L1s and transformed cell lines [8 out 65 factors (12.3% of the factors) 

were previously found in previous studies: MOV10, PABPC1, ZCCHC3, TUBB4B, 

FAM120A, MATR3, DDX5, and MARS see Table 5; (Goodier et al, 2013; Taylor et 

al, 2013; Moldovan a& Moran, 2015; Taylor et al, 2018)]. However, as when using 

the mouse monoclonal, we identified a high number of novel L1-interactors when 

using the nanobody for capturing L1-ORF1p, never found in previous studies [57 

out 65 (87.7% of the factors) correspond to novel L1-interactors factors absent in 

Goodier et al, 2013 and Taylor et al, 2013, where 16 were found but were not 

significant; Moldovan and Moran, 2015; Taylor et al, 2018].  
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Figure 47. L1-ORF1p specific interactors found in PC PA-1 cells, detected with the llama 

anti-human_L1-ORF1p nanobody (LORF1p). The volcano plot indicates PC specific PA-1 

interactors (see Method 2 (VI. MATERIALS AND METHODS, 22. Mass spectrometry data 

analysis). In the plot, the name of the main L1-ORF1p interacting proteins in pluripotent PA-1 cells 

(PC) is indicated. Highlighted in the upper right quadrant are significant L1-ORF1p interacting 

factors [-log10 of p-adjusted value < 0.05 (p-adjusted value from Benjamini Hochberg method applied 

to t-test p-value); and logfold > 1 (log2fold change of LFQ intensity between cases and controls)]. 

Highlighted in purple are factors with diferent phosphorylation, L1-ORF1p is highlighted in red, and 

highlighted in yellow are known L1-interactors (i.e., factors found in previous studies (Taylor et al, 

2013, 2018). 
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Table 5. Factors identified in PC PA-1 using LORF1p beads that have been founf in 

previous studies. Asterisks indicate that the factor was significant in that condition. "Yes" indicates 

that the protein was identified in the study, but did not reach the significance threshold established 

by authors. 
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Although using different antibodies and elution conditions, we next analyzed 

the overlap between the PC PA-1 interactomes inferred using the mouse 

monoclonal or the nanobody against human_L1-ORF1p. Notably, these analyses 

revealed that 21 out 65 (32%) factors identified were found in both L1-ORF1p 

interactomes (nanobody and mouse monoclonal), including well known L1-

interactors such as MOV10 (Goodier et al, 2013; Taylor et al, 2013; Moldovan and 

Moran, 2015; Taylor et al, 2018), PABPC1 (Goodier et al, 2013, ; Taylor et al, 2013; 

Taylor et al, 2018), ZCCHC3 (Taylor et al, 2013; Taylor et al, 2018) and TUBB4B 

(Taylor et al, 2018). Thus, these data indicate that our proteomic analyses are 

reliable and robust. Surprisingly, we also found that a significant number of L1-

ORF1p interactors were unique to the nanobody or to the mouse monoclonal 

dataset [(44 of 65 (67.7%) factors were unique to the nanobody dataset; 113 of 134 

(84.3%) were unique to the mouse monoclonal antibody dataset]. While inherent 

characteristics of mouse monoclonal IgG antibodies and llama nanobodies might 

explain the marked differences found between both L1-interactomes, their size is 

perhaps the main differential characteristic. The differences observed among the 

PC PA-1 interactomes will be further discussed in section VIII. DISCUSSION.  

2.3.3. Capture of L1-ORF1p and interactors from DC PA-1 using 

affinity capture and mouse monoclonal anti-human_L1-ORF1p 

antibody coupled magnetic dynabeads (mORF1p). 

As described above, we characterized the interactome of L1-ORF1p on 

pluripotent human cells, using two different antibodies. As previously discussed, 

a main goal of this Thesis is to analyze whether proteomic approaches could be 

used to dissect the mechanism of L1-silencing, which operates only in pluripotent 

cells. Following this rationale, we next characterized the interactome of L1-ORF1p 

but on differentiated isogenic human cells (DCs). To identify PC-specific 

interactors, we would ultimately compare the L1-interactome of PC and DCs, and 

of previous studies; thus, to avoid comparative biases, we decide to use the mouse 

monoclonal anti-human_L1-ORF1p antibody to determine the L1-interactome of 

DC PA-1s, simply because all previous proteomic L1 studies have exploited 

conventional antibodies rather than nanobodies.  

While L1 expression is attenuated/silenced in differentiated cells, we should 

notice that we exploited Retinoic Acid (RA, all trans) (Gudas & Wagner, 2011) to 

induce strong, robust and quick differentiation of PA-1 cells, as previously 

described (Garcia-Perez et al, 2010). As described, our lab previously demonstrated 

that L1-silencing is rapidly attenuated when PA-1 cells are differentiated, 

independently of the method used to differentiate hECs. Indeed, we established 
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that a reproducible and robust method to differentiate PA-1 cells is to culture cells 

during 14 days without Fetal Bovine Serum (FBS) but in the presence of 20% 

KnockOut™ Serum Replacement (ThermoFisher) and 1M RA (all-trans, Sigma), 

termed DM for Differentiation Media; these were the differentiation conditions 

used in this Thesis (see VI. MATERIALS AND METHODS). Consistently, we also 

determined that the expression of several pluripotent markers (OCT4, SOX2, etc) 

is severely downregulated as early as 7 days after initiation of differentiation using 

DM (data not shown but see Garcia-Perez et al, 2010).  

 

 

 

 

 



RESULTS  
2. Study of the LINE-1 interactome in pluripotent (PCs) and differentiated (DCs) PA-1 cells. 

190 

 

Figure 48. PA-1 differentiation analyses. PA-1 cells were differentiated during 14 days, using 

the conditions described in Garcia-Perez et al, 2010. Two differentiation conditions were employed: 

DC (RA), containing 10 % of Knockout Serum Replacement (KOSR) and 1 μM of Retinoic Acid 

(RA, all trans) (and no fetal bovine serum (FBS)); and DC (no RA), containing 20 % of KOSR, no 

Retinoic Acid (RA) and no FBS. PA-1 cells cultured with standard PA-1 media (see MATERIALS 

AND METHODS) were cultured with 10% FBS as a pluripotent control (PC (FBS)). A) In the 

upper section of the figure, a schematic of the LINE-1 sequence indicating the location of the regions 

amplified to identify the L1-RNA are shown. Two regions located in the 5'UTR and L1-ORF2p of 

the L1 sequence were amplified, termed primer sets N-51 and N-22, respectively. The lower graphs 
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show the expression levels detected for PC (FBS), DC (non-RA) and DC (RA). B) Results from 

microarray expression analyses. The heat map shows the genes whose expression change the most 

when comparing PCs and DCs, either up or downregulated. Each line is a gene, and the columns 

from left to right show the following comparisons: columns 1 and 2, DM (RA) vs PC (FBS) 

(duplicates); columns 3 and 4, DM (no RA) vs PC (FBS); and columns 5 and 6, PC (FBS) vs PC 

(FBS) as a control, with no significant changes detected. C) L1-RNPs were isolated by sucrose 

cushion (Kulpa and Moran, 2006) and L1-ORF1p expression was analyzed by Western blot using 

β-actin as a loading control. D) GO analysis shows the top downregulated pathways upon 

differentiation (pathways downregulated in DC conditions). 

Consistently, using whole genome transcriptomic analyses, we confirmed that 

PA-1 cells are fully differentiated 14 days after initiation of differentiation using 

DM (mostly towards ectodermal linages, see Figure 48B); similarly, Gene 

Ontology (GO) analyses revealed that relevant pathways such as Development and 

Cell Differentiation, were significantly upregulated in DC PA-1 (Figure 48D). 

Remarkably, we found that expression of endogenous L1 RNAs (Figure 48A) and 

L1-RNPs (Figure 48C) is similar between PC and DC. Consistent with canonical 

embryonic differentiation, we found that the methylation status of the promoter of 

endogenous L1Hs elements increase as PA-1 cells differentiate using DM (Figure 

49); however, the increase in DNA methylation observed was modest, and even 14 

days after the initiation of cellular differentiation using DM, we could detect fully 

unmethylated L1Hs promoters (Figure 49). While these data might look 

paradoxical, it´s worth noting that we analyzed very early differentiation times, 

and we speculate that as cells continue to differentiate, it is likely that the extent of 

L1-promoter methylation would increase to levels that would result in reduced 

RNA expression levels. However, the endogenous expression of L1-RNPs in DCs 

allowed us to characterize the L1-ORF1p interactome of isogenic DCs, using the 

same proteomic approach and the optimized protocols established using PC PA-

1s. 

 

 



RESULTS  
2. Study of the LINE-1 interactome in pluripotent (PCs) and differentiated (DCs) PA-1 cells. 

192 

Figure 49. PA-1 differentiation analyses. We determined the methylation levels of the CpG 

islands located in the 5'UTR promoter of L1. Note how methylation increases with differentiation. 

Upper panel, schematic of the L1 sequence indicating the location of the 20 CpG motifs found in the 

L1 promoter. The methylation status of 10 sequences showing the highest homology with human RC-

L1s are plotted in the different conditions tested. Black and white circles denote methylated and 

unmethylated CpG residues in the L1 promoter, respectively. Bellow, the graph shows the % of 

methylation in each of the 20 CpG motifs found in the L1 promoter and in each condition (PC PA-1 

(FBS), DC PA-1 (non-RA), DC PA-1 (RA)). 
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Thus, we next conducted proteomic analyses of DC PA-1 cells, using anti-

human_L1-ORF1p antibody coupled magnetic dynabeads (mORF1p) and the 

protocol used when exploring the L1-interactome of PC PA-1. However, we first 

determined the scale of PA-1 DC (amount of mg per replicate) necessary to obtain 

a L1-ORF1p yield equivalent to that obtained in PC PA-1. These analyses revealed 

that the same amount of material used for PA-1 PCs gave a similar yield when 

using DC PA-1s, consistent with PCs and DCs expressing similar levels of L1 

RNAs and L1-RNPs (Figure 48A and C). To replicate the experiment under the 

same experimental conditions used with PCs, 4 grams of DC PA-1s (500 mg per 

capture) were required; however, likely because differentiated PA-1 cells are larger 

in size than pluripotent cells, we only had 3 grams of DC PA-1 available to conduct 

all the proteomic analyses planned. In fact, while culturing PC and DC PA-1 in 500 

cm2 tissue culture plates, we noticed that to obtain the same amount of DC PA-1s, 

we used three times the materials used when culturing PC PA-1s. To obtain 1g of 

PC PA-1s, we routinely used five 500 cm2 plates; in contrast, to obtain 1g of DC 

PA-1s, we required around ten 500 cm2 plates. Thus, to characterize the 

interactome of L1-ORF1p on DC PA-1s, we performed 4 biological replicates for 

the Case (mORF1p) and only 2 for the Control (mIgG), each using 500 mg of PA-

1 DC cell powder (Figure 50). To analyze the L1-interactome of DC PA-1s, we used 

the same experimental conditions used with PC PA-1s, except for elution [to elute, 

we used the conditions most effective to release L1-ORF1p from beads, see Figure 

45; that is 2% SDS 40 mM Tris pH 8 at 70 ºC for 5 min (Figure 50)]. While using 

slightly different elution conditions could create some caveats to compare the L1-

interactome of PCs and DCs, it is worth noting that all the elution conditions tested 

were similar in their capability to extract L1-ORF1p (and interactors) from beads 

(Figure 45). 
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Figure 50. Capturing L1-RNPs from DC PA-1 DC using mouse anti-human_L1-ORF1p 

beads (mORF1p). Schematic of the experiment. Below are shown results from Western blot (left 

side) and 4-12% Bis-Tris Sypro stained gel electrophoresis (right side) analyses of the elutions 

(amount of material loaded is indicated in the figure). Mouse IgG coupled beads were used in parallel 

as a negative control. Protocol described in detail in VI. MATERIALS AND METHODS.  

Upon completion of the capture protocol, we next used the equivalent of 50 mg 

of elution from each replicate in order to analyze the capture of L1-

ORF1p/interactors on DC PA-1s by Western blot (25 mg from each replicate) and 

by Sypro-stained gel electrophoresis (25 mg of each replicate, combined in 100 mg). 

However, on this occasion we only used the equivalent of 100 mg of cell powder 

(instead of 200 mg) to load the Sypro-stained gel. Notably, we successfully released 

L1-ORF1p and interactors from beads on DC PA-1 captures, as revealed by Sypro-

stained gel electrophoresis (Figure 50, right panel). Thus, the remaining elution, 

~450 mg, were processed by S-Trap and subjected to LC-MS/MS, using the 

conditions described above. Upon bioinformatic analyses, we establish a list of L1-

ORF1p specific interactors, using IgG as a negative control. Remarkably, while we 
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noticed significant differences in the composition of the L1-interactome when 

compared to PCs (either comparing to the mouse monoclonal dataset or 

comparing to the nanobody dataset), we also identified several proteins that were 

detected in previous proteomic L1 studies (Taylor et al, 2013; 2018) (highlighted in 

yellow in Figure 51). In fact, we noticed that 10 of 81 (12.3%) DC L1-interactors 

were found in previous proteomic analyses using ectopically expressed L1s and 

transformed cell lines (Goodier et al, 2013; Taylor et al, 2013; Moldovan & Moran, 

2015; Taylor et al, 2018). Similarly, we also found that 18 of 81 (22.2%) and 9 of 81 

(11.1%) L1-interactors were also found in the L1-interactome of isogenic PC PA-1s, 

analyzed with the mouse monoclonal and the llama nanobody, respectively (Table 

6). A detailed comparison of DC- and PC-PA-1 L1-interactomes will be described 

in the following pages. However, it is worth noting that our analyses using 

isogenic models revealed that the L1-interactome is highly dynamic during 

cellular differentiation, and we speculate that L1 regulation would be different 

when PCs and DCs are compared. Indeed, L1-silencing is a perfect example of how 

the ontogenic status of cells (i.e., their pluripotency) influence how cells react to 

new L1 retrotransposition events. 
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Figure 51. L1-ORF1p specific interactors found in DC PA-1 cells, detected with the 

mouse monoclonal anti-human_L1-ORF1p antibody (mORF1p). The volcano plot indicates 

DC specific PA-1 interactors (see Method 2 (VI. MATERIALS AND METHODS, 22. Mass 

spectrometry data analysis). In the plot, the name of the main L1-ORF1p interacting proteins in 

differentiated PA-1 cells (DC) is indicated. Highlighted in the upper right quadrant are significant 

DC L1-ORF1p interacting factors [-log10 of p-adjusted value < 0.05 (p-adjusted value from Benjamini 

Hochberg method applied to t-test p-value); and logfold > 1 (log2fold change of LFQ intensity between 

cases and controls)]. Highlighted in purple are factors with different phosphorylation, L1-ORF1p is 

highlighted in red, and highlighted in yellow are known L1-interactors (i.e., factors found in previous 

studies, Taylor et al, 2013; 2018).  
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Table 6. Factors identified in DC PA-1 using mORF1p beads that have been found in 

previous studies. Asterisks indicate that the factor was significant in that condition. "Yes" indicates 

that the protein was identified in the study, but did not reach the significance threshold established 

by authors. 
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2.4. Comparison of L1-ORF1p interactomes from isogenic 
PCs and DCs. 

As described above, beside studying how dynamic the L1-interactome is (or 

not), and how this might influence L1 regulation, a main goal of my Thesis was to 

explore whether advanced proteomic approaches could be used to dissect the 

mechanism of L1-silencing. Thus, we next analyzed in detail the composition of 

the L1-ORF1p interactome from isogenic PCs and DCs, focusing on host factors 

that are present in PC but absent in DCs, as we previously demonstrated that L1-

silencing is attenuated in DCs.  

However, we started these analyses by first comparing the interactors 

identified in PCs; specifically, we compared L1-ORF1p interactors identified using 

mORF1p and LORF1p to capture L1-RNPs. To compare these groups, we 

generated a scatter plot that combined both interactomes (Figure 52). As briefly 

described above, we noticed that a decent number of interactors were successfully 

co-immunoprecipitated by both antibodies [21 out of 134 for mORF1p (15.7%) 

and 21 out of 65 for LORF1p (32.3%) (Table 7). However, we also found a 

relatively large number of unique interactors (from a total of 178 significant 

interactors identified employing both antibodies, 63.5% were unique to mORF1p, 

and 24.7% were unique to LORF1p). Among them, it is worth noting that a large 

number of zinc finger proteins (ZNFs) were found in the mORF1p interactome 

but were absent in the LORF1p interactome. In fact, ZNFs were identified as PC-

specific L1-ORF1p interactors in the mORF1p interactome (33 factors, 

corresponding to 24.6% of the factors identified from mORF1p) and in the 

LORF1p interactome (3 factors, corresponding to 4.6% of factors identified from 

LORF1p). Intriguingly, we found a large enrichment of ZNFs in the mORF1p 

interactome (11-fold higher in the mORF1p interactome); notably, these ZNFs 

were either unique to the mORF1p dataset (30 out 33 ZNFs were only found in 

this dataset, corresponding to a 90.9% of all factors), or were share with the 

LORF1p interactome (3 ZNFs were also found in LORF1p. Thus, we speculate 

that each antibody might capture L1-ORF1p and L1-RNPs in specific cellular 

contexts (VIII. DISCUSSION). 
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Table 7. PA-1 PC L1-interactors identified using mORF1 and LORF1 beads. Asterisks 

indicate that the factor was significant in that condition. "Yes" indicates that the protein was 

identified in the study, but did not reach the significance threshold established by authors. 
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Figure 52. Scatter plot of PC interactors detected with monoclonal antibody 

(mORF1p) vs nanobody (LORF1p). Proteins are represented according to their Avg. LFQ 

intensity (VI. MATERIALS AND METHODS, 22. Mass spectrometry data analysis). Upper right 

quadrant, proteins which showed statistical significance in both mORF1p and LORF1p; left 

quadrant, proteins unique and significant in the interactome captured with mORF1p; bottom right 

quadrant, proteins unique and significant in the interactome captured with LORF1p. Highlighted 

in black are significant factors (t-test); red, human_L1-ORF1p; yellow, factors found in previous 

studies. 
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Following the same rationale, we next compared the L1-ORF1p interactome of 

isogenic DCs and PCs, both captured with mORF1p (Figure 53). Notably, we 

found a relatively small group of specific L1-interactors that were shared between 

PCs and DCs (ZCCHC3, ZNF326, VIM, NES and DHX30) (5 factors representing 

3.7%, 7.7% and 6.1% of factors identified as significant in PC-mORF1p, PC-

LORF1p, and DC-mORF1p, respectively). Among these, one factor (ZCCHC3) 

was found in previous proteomic studies using ectopically expressed L1s and 

transformed cell lines (Taylor et al, 2013; Taylor et al, 2018). Additionally, 9 specific 

L1-interactors were found in PC-mORF1p and DC-mORF1p (representing 6.7% 

and 11.1% of factors identified as significant in PC-mORF1p and DC-mORF1p, 

respectively) from which one of them (YBX1) had been previously identified in 

Goodier et al, 2013 and Taylor et al, 2013. Similarly, 4 factors were common to PC-

LORF1p and DC-mORF1p (Table 8); these include bona fide L1-RNP interactors 

such as MOV10, and PABPC1 and the other 2 were also found in previous studies 

(MATR3, Goodier et al, 2013, Taylor et al, 2013; Moldovan & Moran, 2015; Taylor 

et al, 2018; and DDX5, Goodier et al, 2013, Taylor et al, 2013; Moldovan & Moran, 

2015; Taylor et al, 2018). Interestingly, we also found a relatively large group of 

specific L1-interactors that were unique to PCs or DCs [(100 (74.6%), 40 (61.5%), 

and 59 (72.8%) factors identified in PC-mORF1p, PC- LORF1p, and DC- 

mORF1p, respectively, were unique to each dataset)]. Remarkably, many of these 

factors are unique to our study, and have never been identified in previous studies.  
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Table 8. L1-interactors found in PA-1 pluripotent (PC) and differentiated (DC) cells. 

"Yes" indicates that the protein was identified in the study and asterisks indicate that the factor was 

significant in that condition. “No” means that the protein was not identified in that condition. 
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Figure 53. L1-ORF1p interactors detected in PC and DC samples using the mouse anti-

ORF1p monoclonal antibody (mORF1p). Proteins are represented according to their Avg. LFQ 

intensity (VI. MATERIALS AND METHODS, 22. Mass spectrometry data analysis). Upper right 

quadrant, proteins which showed statistical significance in both PA-1 PC and PA-1 DC; left 

quadrant, proteins unique and significant in the PA-1 PC interactome; bottom right quadrant, 

proteins unique and significant in the PA-1 DC interactome. Highlighted in black are significant 

factors (t-test); red, human_L1-ORF1p; yellow, factors found in previous studies; purple, factors 

differentially phosphorylated. 
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2.5. A list of PC-specific L1-ORF1p interactors potentially 
associated with L1-regulation in PCs. 

Our working hypothesis to dissect the mechanism of L1-silencing indicates that 

the host factor/s involved would be pluripotent-specific and could recognize TPRT 

intermediates, specifically the Y-like structure (RNA:cDNA heteroduplex attached 

to genomic DNA) generated during the initial steps of L1 retrotransposition. 

Furthermore, we suggest that these host factors could first interact with L1 during 

translation and/or during the assembly of L1-RNPs. Here, we aim to use our 

proteomic datasets to identify factors interacting with L1-ORF1p that could be 

involved in L1-silencing or in L1-regulation in PCs, analyzing host factors 

identified as unique to PC PA-1s and using different criteria to prioritize possible 

candidates that would be subsequently analyzed in the context of L1-silencing and 

retrotransposition.  

Briefly, to determine whether a host factor is significantly enriched in PC PA-

1s or in DC PA-1s (see VI. MATERIALS AND METHODS, 22. Mass spectrometry data 

analysis), data from both PC interactomes [PC PA-1 (mORF1p) and PC PA-1 

(LORF1p)] were compared with the DC PA-1 (mORF1p) interactome, 

generating a list of factors mostly present in PC PA-1 cells. On a complementary 

approach, we applied the same analysis to identify factors showing differential 

phosphorylation between PA-1 PCs and DCs. While other post-translational 

modifications (PTM) could be analyzed, we restricted our analyses to 

phosphorylation, as we could robustly explored this PTM in our proteomic 

datasets. Thus, while it is possible that other PTMs could influence L1-silencing, 

the proteomic approach used in this Thesis prohibited us from exploring 

additional PTMs with robustness and reliability. 

Next, we determined whether any of our factors has been previously identified 

in other LINE-1 interactome studies. To do that, we used R Studio scripts and 

libraries such as dplyr (Hadley et al, 2018) and its merge and join functions, to 

compare factors based on their uniprotID in the list obtained and the lists extracted 

from previous proteomic studies (mentioned in III. INTRODUCTION). However, 

this approach yielded hardly any coincidence. 

Additional filtering criteria were also explored; we performed a search for 

potential matches between the proteins in our list and the interactome of 

RNA/DNA hybrids, generated in a study by Cristini et al, (2018). Notably, some of 

our PC-specific factors (SAFB2, Class I; HDAC2, HNRNPU, YBX1, LARP1, Class 

II; DNAJA3, RBM39, HSP90AB1, Class III) were found to be among those 

described as first, second or third-order interactors of RNA/DNA hybrids. 
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In sum, the use of these filtering criteria was used to generate a first list of host 

factors specific to PCs or differentially expressed/phosphorylated among PCs and 

DCs (a list with 30 host factors) (Table 9). 

Furthermore, since our lab generated RNAseq datasets from PC and DC PA-1s, 

we also analyzed expression levels of our candidates. These analyses revealed that 

6 out of 24 factors (SAFB2, ZNF219, ZNF483, LIN28A, RBM39, TRIM28) were 

expressed at a higher level in PCs, and that 3 of 24 factors (MCM7, SPTBN1, 

KRT18) had higher expression levels in DCs. 
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Next, I extracted any information available for these 30 factors, using Pubmed, 

GeneCards and UniProt databases. Using this information, we annotated known 

functions (when available), their cellular localization, and the context in which 

they are expressed. These analyses allowed us to rank our factors according to the 

number of evidences supporting a possible role in relation to the mechanism of L1-

silencing. As a result, we selected 14 factors as top L1-silencing candidates, which 

are summarized in the following table (Table 10). 
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Below, I will briefly describe each of the 14 L1-silencing candidates: 

1) Q7Z7L9 (ZSCAN2) – Zinc finger and SCAN domain-containing protein 2. 

The ZSCAN2 gene belongs to the Krüeppel C2H2 type family of proteins, and as 

other members, contains a KRAB (Krüeppel-associated box) domain and several 

copies of a characteristic zinc finger protein motif. It is associated with the Fanconi 

Anemia pathway of DNA repair and studies in mice revealed that it is expressed 

during embryonic development. Moreover, it was found as a retrotransposition 

activator in Mita et al, 2020. Additionally, it is expressed in adult mice testes, where 

it might be involved in gene regulation processes of germ cells. Selected to be 

specific to PA-1 PC (-8.67 logfold), significant and unique in PA-1 PC mORF1. 

Molecular function: DNA binding; DNA-binding transcription factor activity; 

metal ion binding. 

 

2) Q96EY1 (DNAJA3) – DNAJ homolog subfamily A member 3. 

DNAJA3 belongs to the DNAJ/Hsp40 family of proteins and it has multiple 

functions; it is involved in protein folding, mediates signal transduction (for 

proliferation, survival and apoptosis processes), and acts as a tumor suppressor. 

May modulate the transcriptional activity of INF gamma. It is expressed in 

mitochondria and involved in synapsis of neurons. Selected due to its PA-1 PC 

specificity (-8.33 logfold), being unique and significant in the affinity capture 

performed with LORF1p and mORF1p beads, and for being a Class III interactor 

of RNA/DNA hybrids. 

Molecular function: ATP binding; GTPase regulator activity; Hsp70 protein 

binding; IkappaB kinase complex binding; interferon-gamma receptor binding; 

metal ion binding; NF-kappaB binding; protein-containing complex binding; 

protein kinase binding; transcription factor binding; unfolded protein binding. 
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3) P28799 (GRN_HUMAN) – Progranulin. 

Related to lysosomal function and might act as a cytokine. In fact, it is a secreted 

protein acting as a growth factor (inflammation, wound healing and cell 

proliferation). Notably, it modulates inflammation in neurons, increasing their 

survival, growth and integrity. Interacts with the HIV-1 Tat protein and inhibits 

transcription from the HIV-1 promoter. Selected for being found mainly in PA-1 

PCs (-8.09 logfold), being significant in PA-1 PC mORF1p, and although it was 

found in PA-1 DCs, it didn’t reach statistical significance.  

Molecular function: chaperone binding; cytokine activity; growth factor activity; 

RNA binding. 

 

4) Q14151 (SAFB2_HUMAN) - Scaffold attachment factor B2. 

SAFB2 binds to the S/MAR region of DNA (scaffold/matrix attachment region), 

represses estrogen receptor alpha and regulates cell cycle, apoptosis, 

differentiation, and regulates immune system genes. Contains RNA-binding 

motifs. Selected due to being specific and unique to PA-1 PC (-8.04 logfold), being 

present in the interactomes obtained with mORF1p and LORF1, and being 

significant in mORF1p. Interacts with RNA/DNA hybrids, being a Class I 

interactor. In Cristini et al, (2018) it was observed how SAFB2 knockdown 

decreased the overall amount of RNA/DNA hybrids. Remarkably, it was identified 

in Vuong et al, (2019) as an interactor of L1-ORF1p in hESCs, another pluripotent 

cell line with active L1-silencing (unpublished observations) and as a 

retrotransposition activator in Mita et al, 2020. Consistently, RNAseq analyses 

revealed that it is expressed at a higher level in PA-1 PCs when compared to PA-1 

DCs (data not shown). 

Molecular function: identical protein binding; RNA binding; sequence-specific 

DNA binding. 
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5) Q9P2Y4 (ZNF219_HUMAN) – Zinc finger protein 219. 

ZNF219 is a member of the Krüeppel-type family of proteins. Acts as a 

transcriptional repressor of HMGN1 (high mobility group nucleosome binding 

domain 1 protein), and associates with transcriptionally active chromatin. 

Regulates expression of SNCA, a protein involved in synaptic activity, and it is 

involved in chondrocyte differentiation. Selected for being PA-1 PC specific (-7.35 

logfold) and it was found in mORF1 and LORF1 datasets in a significant 

manner. Presents differential phosphorylation and it seems to be significantly 

phosphorylated in PA-1 PC. According to RNAseq analyses, it is predominantly 

expressed in PA-1 PC (significant). In addition, ZNF219 was identified as a 

retrotransposition activator in Mita et al, 2020. 

Molecular function: DNA binding; DNA-binding transcription factor activity; 

DNA-binding transcription repressor activity, RNA polymerase II-specific; 

histamine receptor activity; metal ion binding; RNA polymerase II cis-regulatory 

region sequence-specific DNA binding 

 

6) Q8TF39 (ZN483_HUMAN) - Zinc finger protein 483. 

As other members of this family, ZN483 is a zinc finger protein with KRAB and 

SCAN domains. May be involved in transcriptional regulation and it is expressed 

in brain, among other tissues. Selected as significant in PA-1 PC (logfold -7.05), 

both in mORF1p and LORF1 datasets, and it wasn't found in PA-1 DCs. 

Moreover, it is expressed at a higher level in PA-1 PCs when compared to PA-1 

DCs. 

Molecular function: DNA binding; DNA-binding transcription factor activity; 

metal ion binding. 
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7) Q14587 (ZNF268_HUMAN) – Zinc Finger Protein 268. 

As the first candidate (i.e., ZSCAN2), ZNF268 belongs to the Krüeppel C2H2 

family of zinc finger proteins, and is involved in the development of ovarian 

cancer. It is part of the TNF-alpha-induced NF-kappa-B signaling pathway. 

Selected for being found mainly in PA-1 PCs (-5.65 logfold); it was found in the 

PA-1 PC mORF1p dataset (significant) and in the PA-1 DC dataset (also captured 

with mORF1p), but it didn't reach statistical significance. Identified in Vuong et 

al, (2019) as an interactor of L1-ORF1p in hESCs. 

Molecular function: DNA binding; DNA-binding transcription factor activity; 

metal ion binding. 

 

8) Q8IYB9 (ZNF595_HUMAN) – Zinc finger protein 595. 

ZNF595 is another member from the Krüeppel C2H2 family of zinc finger proteins. 

It potentially acts as a transcription factor regulating different cellular and 

developmental processes. Mainly found in PA-1 PCs (-4.81 logfold), where it was 

found in the PC PA-1 mORF1p dataset (significant); it was also found in the DC 

PA-1 mORF1p dataset, but it didn't reach statistical significance. 

Molecular function: DNA binding; metal ion binding. 

 

9) Q5T4S7 (UBR4_HUMAN) – E3 ubiquitin-protein ligase UBR4. 

UBR4 encodes for a protein that interacts with RB1 (retinoblastoma-associated 

protein), and RB1 is involved in the formation and maintenance of 

heterochromatin, by stabilizing histone methylation, recruiting histone 

methyltransferases leading to epigenetic transcriptional repression. UBR4 bring 

histone methyltransferases and histone deacetylases to genomic DNA, promoting 

epigenetic transcriptional silencing. Found only in the PC PA-1 mORF1 dataset 

(-4.63 logfold), as a statistically significant interactor. 

Molecular function: calmodulin binding; ubiquitin-protein transferase activity; 

zinc ion binding. 
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10) Q8N184 (ZNF567_HUMAN) – Zinc finger protein 567. 

ZNF567 might potentially act as a transcriptional regulator, and it is expressed in 

testis and endometrium. Selected because it was found mainly in PC PA-1 (-4.2 

logfold), on the mORF1 dataset and as a significant interactor; it was also found 

in the DC PA-1 mORF1 dataset, but as a not significant factor. 

Molecular function: calmodulin binding; ubiquitin-protein transferase activity; 

zinc ion binding 

 

11) Q92769 (HDAC2_HUMAN) - Histone deacetylase 2. 

HDAC2 is responsible for the deacetylation of lysine residues in the N-terminal 

region of histones H2A, H2B, H3 and H4, inducing epigenetic silencing. It can form 

silencing complexes when associated with different proteins, including YY1, and 

can regulate cell cycle progression and developmental processes. Notably, it is 

highly expressed in testis and endometrium, among other tissues. In this case, 

there is no significant difference between PA-1 PC and DC mORF1p datasets (-

3.36 logfold), and it is not a statistically significant L1 interactor; in contrast, it was 

found as a statistically significant L1-ORF1p interactor in the 4 biological replicates 

of PC PA-1 LORF1p captures. Beside forming silencing complexes and 

promoting epigenetic silencing by promoting histone deacetylation, it was selected 

because it interacts with RNA/DNA hybrids, and it was classified as a Class II 

interactor; it shows differential phosphorylation and it is significantly 

phosphorylated in PC PA-1. 

Molecular function: chromatin binding; deacetylase activity; enzyme binding; heat 

shock protein binding; histone deacetylase activity; histone deacetylase binding; 

NAD-dependent histone deacetylase activity (H3-K14 specific); NF-kappaB 

binding; promoter-specific chromatin binding; protein deacetylase activity; RNA 

binding; RNA polymerase II repressing transcription factor binding; sequence-

specific DNA binding; transcription factor binding 
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12) P33993 (MCM7_HUMAN) – DNA replication licensing factor. 

MCM7 is part of the minichromosome maintenance protein complex (MCM), 

acting as a putative helicase required for DNA replication. Selected because it was 

found as a statistically significant L1-interactor in the PA-1 PC vs DC comparison 

(logfold -2.283, see Table 10); furthermore, MCM7 was captured using the LORF1 

nanobody in PC PA-1. Notably, MCM7 was classified as a strong activator of L1 

retrotransposition in a recent genome wide CRISPR/Cas9 screening (Liu et al, 

2018). Furthermore, according to RNAseq analysis, MCM7 expression is higher in 

PC PA-1s when compared with DC PA-1s. 

Molecular function: ATP binding; DNA helicase activity; DNA replication origin 

binding; single-stranded DNA binding 

 

13) Q9NZC9 (SMAL1/SMARCAL1) – SWI/SNF-related matrix-associated actin-

dependent regulator of chromatin subfamily A-like protein 1. 

SMARCAL1 is an ATP-dependent annealing helicase involved in stably 

reannealing unwound DNA during replication, performing the reverse function 

of conventional helicases. It is a member of the SWI/SNF family of proteins, known 

to regulate the transcription of some genes by altering the chromatin structure 

around them. It is highly expressed in the ovary and testicles. Selected for being 

significant in the PC PA-1 mORF1p dataset; it shows differential 

phosphorylation. 

Molecular function: annealing helicase activity; ATP binding; DNA-dependent 

ATPase activity; helicase activity 

 

14) P67809 (YBX1) - Y-box-binding protein 1. 

DNA and RNA binding protein involved in several biological processes, such as 

repression of translation, splicing, DNA repair, transcription regulation, and RNA 

stabilization. It is highly expressed in testes. Selected because it was found as a 

significant L1-ORF1p interactor in the PC PA-1 mORF1p dataset, because it was 

classified as a Class II interactor of RNA/DNA hybrids (Liu et al, 2018), and because 

it was previously found in two previous proteomic studies (Taylor et al, 2013; 

Goodier et al, 2013). It shows differential phosphorylation between PA-1 PCs and 

DCs.  
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Molecular function: C5-methylcytidine-containing RNA binding; chromatin 

binding; DNA binding; DNA-binding transcription activator activity, RNA 

polymerase II-specific; DNA-binding transcription factor activity; DNA-binding 

transcription factor activity, RNA polymerase II-specific; double-stranded DNA 

binding; GTPase binding; miRNA binding; RNA binding; RNA polymerase II cis-

regulatory region sequence-specific DNA binding; single-stranded DNA binding 
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1. Section I: RNase H2 role in LINE-1 retrotransposition 

As explained in the previous sections, the study of the relation among LINE-

1 and RNase H2 was proposed for two reasons: 

1) RNase H2 had previously been suggested to control LINE-1 

retrotransposition (Volkman & Stetson, 2014), in a manner similar to other 

genes involved in AGS disease. Results obtained in previous studies pointed to 

RNase H2 as another factor that could restrict L1 mobility, as observed with other 

genes involved in AGS (TREX1, Stetson et al, 2008; Thomas et al, 2017; SAMHD1, 

Zhao et al, 2013; ADAR1, Orecchini et al, 2017); 

 2) Our interest in discovering possible factors interacting with the TPRT 

intermediates, specifically the LINE-1 mRNA:cDNA hybrid, where some RNase 

H activity might be involved (Piskareva & Schmatchenko, 2006); 

Therefore, considering the function of RNase H2 against RNA:DNA hybrids 

in the cell, we decided to use cell lines lacking RNase H2 to test whether RNase 

H2 activity could affect LINE-1 retrotransposition. However, the first 

retrotransposition assays carried out in RNase H2 KO cells (VII. RESULTS, 1.1. 

L1 retrotransposition is compromised in RNase H2 knock out (KO) mutant cell lines, 

Figures 14-17) revealed that LINE-1 retrotransposition was not augmented; on 

the contrary, L1 retrotransposition was severely reduced in RNase H2 KO cells 

(i.e., exactly the opposite of what was proposed). In addition, even when RNase 

H2 Knock Out (KO) cells massively miss-incorporate ribonucleotides in genomic 

DNA, inducing DNA damage, ENdonuclease-Independent (ENi) L1 

retrotransposition doesn't occur at a high frequency in these DNA damaged sites 

(Figures 13 and 14). 

Based on this observation, we considered the possibility that RNase H2 

exerted a positive, rather than a restrictive function on LINE-1 mobilization, and 

we proposed new experiments to interrogate the possible role of RNase H2 on 

retrotransposition.  

In the experiments performed, we demonstrated how other retrotransposons 

lacking an RNase H domain also rely on cellular RNase H2 activity to mobilize, 

whereas retrotransposons encoding for a domain with RNase H activity do not 

seem to require cellular RNase H2 to efficiently retrotranspose (VII. RESULTS, 

1.2. RNase H2 facilitates the mobilization of non-LTR retroelements but is not required 

for LTR retrotransposons and DNA transposons, Figures 18-20). Moreover, 

overexpression of RNase H2 in wild type cells leaded to an increase in L1 

retrotransposition (VII. RESULTS, 1.3. Overexpression of RNase H2 increase L1 
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retrotransposition, Figures 21 and 22). However, considering that RNase H2 

presents activity toward embedded ribonucleotides, we wondered whether the 

observed reduction in retrotransposition could be due to an increase in the 

mutation rate of the reporter cassette from the engineered L1 caused by the lack 

of embedded ribonucleotide RNase H2 removal activity (VII. RESULTS, 1.5. 

RNase H2 KO cells do not exhibit an increased mutation rate on retrotranscribed L1 

DNAs, Figure 26). We analyzed the sequence of retrotranscribed L1 sequences, 

from both parental and RNase H2 KO HeLa cells, and didn’t observe significant 

differences in the mutation rate observed. Our results prove that the lack of 

cellular RNase H2 activity doesn't increase the mutation rate at dinucleotide 

repeats present in L1-retrotranscribed sequences, at least on HeLa cells. 

In 2018, while we were preparing to publish our results, Choi et al,  published 

a paper suggesting that RNase H2 might act as a LINE-1 restriction factor, using 

shRNAs to reduce RNase H2 expression. However, in our study we used 

multiple independent CRISPR/Cas9-edited null clones for RNase H2, employing 

three different cell lines and several LINE retrotransposition reporters, providing 

comprehensive evidence to support a role for RNase H2 on LINE-1 

retrotransposition. Furthermore, our results were consistent with other recently 

published, suggesting that RNase H2 is indeed necessary for L1 

retrotransposition  (Bartsch et al, 2017).  

In addition, further experiments where we observed complementation of the 

RNase H2 deficiency by overexpression of RNase H1 or an increased in L1 

retrotransposition upon overexpression of the RNase H2 separation-of-function 

(SoF) mutant support the hypothesis that RNase H2 activity is indeed required 

for LINE-1 mobilization (VII. RESULTS, 1.4. Complementation of RNase H2 KO cell 

lines with the RNASEH2A subunit, but not with a "separation of function" mutant 

version, recovers L1 retrotransposition, Figures 23-25; 1.6. Overexpression of a 

separation-of-function (SoF) mutant RNASEH2A rescues L1 retrotransposition, Figure 

27; 1.7. Overexpression of RNase H1 in RNase H2 KO cells partially rescues L1 

retrotransposition, Figures 28 and 29). However, we noticed that RNase H2 SoF 

mutant produced longer RNA products compared with wild-type RNase H2 

(Figure 23B), suggesting that it might exhibit an altered scission pattern on the 

RNA strand of heteroduplexes. Thus, RNase H2-SoF mutant failure to fully 

restore L1 retrotransposition suggest that efficient L1 retrotransposition requires 

the complete removal of the L1-RNA from L1-mRNA:L1-cDNA hybrids. 

These results lead us to propose a model where RNase H2 would degrade the 

RNA from the L1-mRNA:L1-cDNA hybrid produced during TPRT, allowing 

efficient and productive LINE-1 retrotransposition (Figure 29D).  
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This model makes even more sense in light of a recent study in which a 

PCNA-interacting protein motif, the PIP motif, was identified in L1-ORF2p 

(Taylor et al, 2013), and the interaction between L1-ORF2p and PCNA was shown 

to be required for efficient retrotransposition. Given that the RNASEH2B subunit 

also contains a functional PIP domain that allows RNase H2 to interact with 

PCNA (Chon et al, 2009; Bubeck et al, 2011) and according with our results (VII. 

RESULTS, 1.8. RNase H2 may interact with LINE-1 through PCNA, Figure 30) we 

speculate that PCNA might act as an anchor protein connecting L1-ORF2p to 

RNase H2 during retrotransposition, as PCNA directs RNase H2 activity to 

replication and repair foci (Bubeck et al, 2011; Kind et al, 2014). On the contrary, 

neither the mobilization of a DNA-Transposon nor the mobilization of an LTR-

retrotransposon that contains an active RNase H domain (mouse MusD 

elements) is influenced by cellular RNase H2 activity. However, RNase H1 lacks 

a PIP-domain and we speculate that L1-ORF2p doesn’t interact directly with 

RNase H1; therefore, nuclear RNase H1 could process LINE-1 RNA:cDNA 

hybrids, but by a simple diffusion mechanism. This hypothesis is consistent with: 

i) LINE-1 retrotransposition is not fully inhibited on RNase H2 KO cells 

(retrotransposition levels oscillate between 5-20% depending on the cellular 

background and L1 reporter used) and ii) complementation of RNase H2 null 

cells with RNase H1 cannot fully rescue the L1 retrotransposition deficit. It 

remains to be determined whether the interaction between PCNA and RNase H2 

is actually required to promote retrotransposition. 

Our model, in which cellular RNase H activity promotes LINE-1 

retrotransposition by degrading the RNA of L1-mRNA:L1-cDNA hybrids 

generated during TPRT (Figure 29D), would explain how LINE-1 elements can 

function without an RNase H domain (Malik et al, 1999; Olivares et al, 2002). We 

provide several lines of evidence supporting this model:  

i. reduction of LINE-1 retrotransposition in cells lacking RNase H2;  

ii. rescue of this defect by complementation with wild-type RNASEH2A; 

iii. overexpression of RNase H1 resulting in partial recovery of 

retrotransposition through its RNA:DNA hybrid hydrolyzing activity; 

iv. increased retrotransposition following overexpression of both wild-type 

and separation-of-function RNase H2A. 

Overall, we demonstrated that RNase H activity against RNA:DNA hybrids, 

mainly provided by cellular RNase H2, is important for efficient and 

productive LINE-1 retrotransposition. This implies that RNase H2 is involved 
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in the degradation of the LINE-1 mRNA from the L1-mRNA:L1-cDNA hybrid 

and such degradation enables the synthesis of the second strand and ultimately 

its insertion into the genome.  

Additionally, we favor a model in which a role for the conserved PIP domain 

found in most vertebrate LINEs (Taylor et al, 2013) is to ensure a functional 

association with RNase H2, which would degrade the RNA of RNA:DNA hybrids 

generated during retrotransposition. Consistent with this model, except a few 

examples found in lower eukaryotes and plants, LINEs lack RNase H activity, and 

rely on cellular RNase H to complete a round of retrotransposition (Malik et al, 

1999; Olivares et al, 2002). However, beside degradation, displacement of the RNA 

from RNA:DNA hybrids during second strand cDNA synthesis would also allow 

completion of integration during LINE retrotransposition. However, strand 

displacement activity during nucleic acid polymerization is highly unusual among 

RTs/polymerases (Lanciault & Champoux, 2004; Kelleher & Champoux, 1998). 

Interestingly, R2Bm, a site-specific LINE element from the silkworm Bombyx mori, 

lack RNase H activity and PIP motifs, but code for a highly processive Reverse 

Transcriptase that can displace RNA annealed to ssDNA without losing 

processivity (Kurzynska-Kokorniak et al, 2007). In sum, the multiple mechanisms 

exploited by LINEs to degrade/displace RNAs from RNA:DNA hybrids generated 

during retrotransposition indicate that this is a key aspect to ensure their 

integration. 

Given the role of RNase H2 in AGS, and our proposed model, our results 

suggest that L1 RNA:DNA hybrids accumulated in patient´s cell could influence 

the pathophysiology of AGS. As mutations in genes encoding RNase H2 are a 

frequent cause of AGS (Crow & Rehwinkel, 2009), our findings are relevant with 

respect to the possible sources of the immunostimulatory nucleic acids thought 

to cause autoinflammation. Two sources for such cytoplasmic nucleic acids have 

been proposed: DNA damage or retroelements (Crow & Manel, 2015). In 

particular, active LINE-1s are expressed and highly active in the central nervous 

system (Muotri et al, 2005; Coufal et al, 2009) and strong experimental evidence 

suggests that TREX1, SAMHD1 and ADAR1 act as LINE-1 restriction factors, 

since its absence leads to an increase in LINE-1 retrotransposition (Stetson et al, 

2008; Zhao et al, 2013; Orecchini et al, 2017; Thomas et al, 2017). In contrast and 

according to our model, those AGS patients carrying homozygous inactivating 

mutations in RNase H2, wouldn’t be characterized for accommodating higher L1 

retrotransposition levels in their genomes. 
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Although in a previous study they were unable to detect an elevated L1 

retrotransposition in the hippocampus of an AGS patient with mutations in 

SAMHD1 (Upton et al, 2015), more recent work using TREX1-deficient neuronal 

cells generated from human embryonic stem cells has implicated the 

accumulation of LINE-1-derived single-stranded DNAs (ssDNAs) in type I IFN 

production and neurotoxicity (Thomas et al, 2017), consistent with the role of 

active LINE-1s in the pathophysiology of AGS (Garcia Pérez & Alarcón-

Riquelme, 2017). This work reinforces the hypothesis that by-products of active 

retrotransposition, beyond the accumulation of LINE-1 insertions per se, might 

be relevant for the pathology of AGS patients (Upton et al, 2015), with TREX1 

routinely degrading single-stranded LINE-1s (ssDNA) from retrotransposition 

intermediates (Stetson et al, 2008; Garcia Pérez & Alarcón-Riquelme, 2017; 

Thomas et al, 2017).  

Recently, an increase in DNA damage and a cGAS-STING-dependent 

increase in interferon-stimulated genes (ISG) expression was demonstrated in 

mouse embryonic fibroblasts (MEFs) lacking RNase H2 (Mackenzie et al, 2016), 

and a novel mechanism linking genomic instability to inflammation has been 

established, with micronuclei providing a source of cytoplasmic DNA capable of 

activating cGAS (Mackenzie et al, 2017). However, the direct relevance of this to 

AGS has yet to be determined. In this study, neither DNA damage nor the ISG 

response was mitigated by RNase H1 overexpression (Mackenzie et al, 2016), in 

contrast to the partial rescue of the retrotransposition defect observed in RNase 

H2-lacking HeLa cells overexpressing RNase H1 (Figure 28 and 29). Thus, it is 

formally possible that genomic instability is the underlying cause of 

autoinflammation in AGS associated with RNase H2 mutations. 

Despite the above data, since we have observed that RNase H2 activity is 

required for LINE-1 retrotransposition and as cells with AGS-causing mutations 

in RNase H2 would have reduced levels of productive retrotransposition (VII. 

RESULTS. 1.9. RNASEH2A mutations characterized in AGS patients also reduce L1 

retrotransposition, Figure 31), it would be possible that the accumulation of LINE-1 

mRNA:cDNA hybrids in the nucleus could be a source of immunostimulatory 

nucleic acids. However, it is currently unclear how such hybrids, that are 

covalently bound to the genome, would ultimately access the cytoplasm and 

activate recognition receptors. An additional question is whether physiological 

levels of retrotransposition byproducts are sufficient to elicit the observed 

inflammatory response.  

 

However, alternative explanations are of course possible; there is increasing 

evidence that DNA double-strand break repair may be RNA-mediated (Keskin et 
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al, 2014; Ohle et al, 2016; Michelini et al, 2017). Thus, an intriguing possibility would 

be that RNA:DNA hybrids may play a more active role in the LINE-1 

retrotransposition process, for example, by recruiting the DNA repair machinery 

and RNase H2. In addition, RNase H2 deficiency may also result in larger genomic 

rearrangements (Reijns et al, 2012) that could affect LINE-1 retrotransposition. 

Although we cannot rule out that this type of genomic instability interferes with 

retrotransposition, or even that non-productive retrotransposition contributes to 

the increased genomic rearrangements in RNase H2 null cells, it seems unlikely 

that this is the reason for the reduced LINE- 1 retrotransposition that we observed, 

particularly because RNase H2 overexpression results in a higher rate of 

retrotransposition. Further work is still needed to determine the relative 

importance of retroelement activity and genomic instability in AGS.  

 

In conclusion, this Thesis contributes to the mechanistic understanding of 

LINE-1 retrotransposition, as we demonstrate that cellular RNase H2 plays an 

important role in LINE retrotransposition, explaining how LINE elements lacking 

an RNase H domain can retrotranspose effectively in cells. Furthermore, our data 

add a new layer of complexity to the understanding of AGS pathophysiology, as 

we demonstrate that not all AGS proteins are LINE restriction factors, as 

previously observed and suggested. 
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2. Section II: Study of the LINE-1 interactome 

As described in sections III. and IV. (see III. INTRODUCTION and IV. 

HYPOTHESIS, Theoretical background supporting the hypothesis), it is now well 

established that LINE-1s can mobilize in our pluripotent genome, specifically 

during early stages of human embryonic development, resulting in the 

accumulation of new and heritable L1 insertions (III. INTRODUCTION, 3. LINE-1 

retrotransposition in pluripotent cells) (Van den Hurk et al, 2007; Garcia-Perez et al, 

2007, 2010; Klawitter et al, 2016; Kano et al, 2009; Wissing et al, 2012). Due to their 

mutagenic potential in our heritable genome, and to prevent the accumulation of 

high rates of LINE-1 insertions, cells have evolved different mechanisms to 

inhibit their propagation. A major mechanism used to regulate LINE-1 

retrotransposition involves silencing their expression, through methylation of L1 

promoters (III. INTRODUCTION, 4.1.1. DNA methylation of the L1 promoter) (Thayer 

et al, 1993; Bourc’his & Bestor, 2004; Coufal et al, 2009). Indeed, silencing L1 

expression would also prevent the mobilization of non-autonomous SINE 

retrotransposons such as Alu and SVA. However, during early stages of human 

embryonic development, the genome of totipotent embryo cells is 

hypomethylated in a genome wide manner, including L1 promoters, and this is 

in fact exploited by LINE-1 to accumulate de novo insertions that can be 

transmitted to the next generation, ensuring their evolutionary success over 

evolution (Zeng & Chen, 2019; Garcia-Perez et al, 2016). In addition, it has been 

observed that during LINE-1 mobilization, specifically during the early steps of 

the TPRT process (III. INTRODUCTION, 2.2. The LINE-1 retrotransposition 

mechanism), a Y-like structure consisting of a cDNA:RNA hybrid that is covalently 

bound to the genome is generated, and its formation on CpG islands prevents 

methylation of the underlying DNA sequence (Lin & Scott, 2012; Ginno et al, 2013). 

Because pluripotent cells can´t exploit DNA methylation to control L1 

expression/retrotransposition, alternative mechanisms might operate in these cells 

to regulate retrotransposition. In this context, a novel epigenetic mechanism that 

silence de novo LINE-1 insertions in a sequence-independent manner, most likely 

directed against TPRT intermediates (Y-like structure), was found to act 

exclusively in pluripotent human cells (PCs). Chromatin modifying factors, such 

as histone deacetylases, are involved in maintaining L1 silencing in pluripotent 

cells (PCs) (Garcia-perez et al, 2007; Garcia-Perez et al, 2010; Wissing et al, 2012) 

(4.1.2. Histone deacetylation as a possible L1 restriction mechanism). However, we 

know very little of L1-silencing in PCs, and it is currently unknown how PCs 

could recognize de novo L1 insertions, or what the silencing mechanism is. An 

important aspect of L1-silencing is its attenuation in differentiated cells (DCs), 
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and knowing that this mechanism is not active as cells differentiate can provide 

key mechanistic clues (Garcia-Perez et al, 2010). 

Previous studies of the L1 interactome provided a broad view of host factors 

that interact with L1-RNPs. However, most studies used transformed cell lines 

overexpressing engineered L1s with epitope-tagged L1 proteins (L1-ORF1p and 

L1-ORF2p) (Goodier et al, 2013; Mandal et al, 2013; Taylor et al, 2013; Moldovan & 

Moran, 2015; Taylor et al, 2018).  The same is true for the few genome wide Loss 

of Function studies that found dozens of host factors that act to promote or repress 

L1 retrotransposition (Liu et al, 2018; Mita et al, 2020). In fact, the use of transformed 

cell lines implies that any impact on L1 biology might be relevant only to cellular 

niches similar to that found in human cancers, and to some level to somatic cells. 

Although information obtained using transformed cell lines and L1 

overexpression vectors has proven to be very useful to uncover L1 biology 

processes, it is very likely that the composition of the L1 interactome and the 

regulation of L1 in physiological cell models might be fundamentally different. 

So far, only one L1 interactome study has been conducted using physiologically 

relevant pluripotent human cells, using human embryonic stem cells (hESCs) 

(Vuong et al, 2019). This is the first study that has analyzed the L1 interactome in 

pluripotent non-transformed cell lines, and that used cells mimicking a cellular 

niche where endogenous L1s are expressed and retrotranspose in humans. 

However, a major limitation of this study is that advanced proteomic techniques 

(i.e., as cryomilling, I-DIRT, etc) were not employed, and most of the identified 

factors were found in the control capture (IgG control coupled beads) and in the 

L1-ORF1p captures. Thus, the overall relevance of this study is very limited. 

A clear conclusion from previous L1 interactome studies is that, although 

several factors that regulate retrotransposition were found, there was little overlap 

among identified factors (see III. INTRODUCTION, 6.1. Proteomic study of the LINE-

1 interactome, Table 3). Indeed, the cell type used to perform such studies seems 

to influence the nature of the L1 interactomes detected (Vuong et al, 2019). Data 

in our laboratory has demonstrated that endogenous active L1s are expressed in 

PA-1 cells, as revealed by Reverse Transcriptase activity assays (endogenous 

LEAP, not shown) and by the characterization of de novo L1 insertions accumulated 

in these cells (data not shown). Therefore, in this work I decided to compare the 

interactome of isogenic pluripotent PA-1 (PCs PA-1) and differentiated PA-1 

cells (DCs PA-1), a comparison potentially leading to the identification of 

interactors involved in LINE-1 silencing and regulation. An important aspect of 

this work is the use of advanced proteomic methods, and to do that we 

collaborated with the lab of Dr. John LaCava (Rockefeller University, US), to study 
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the L1 interactome in pluripotent and differentiated PA-1 cells by capturing L1-

RNPs and their interactors in the ectopic and endogenous contexts. Each approach 

has advantages and limitations, expecting to obtain potentially different results; 

under endogenous conditions, the captured LINE-1 proteins could belong to fossil 

or incomplete copies still able to be expressed but remaining inactive (Lander et al, 

2001). On the other hand, the overexpression of ectopic L1-encoded proteins can 

activate restriction pathways that would change the composition of the L1-

interactome, and overexpression of L1 encoded proteins can create unspecific 

interactions. 

On a first approach we therefore attempted to capture the LINE-1 interactome 

in PA-1 cells ectopically expressing a human RC-L1, using 3xFLAG-tagged L1-

ORF2p expression vectors to compare the interactomes obtained under ectopic 

conditions with those of previous studies and with the endogenous LINE-1 

interactome. However, the implemented mass spectrometry approaches to 

characterize L1-RNPs and interactors developed and optimized by Dr LaCava’s 

group (LaCava et al, 2015; LaCava et al, 2016) required significant amounts of 

endogenously expressed L1 proteins. Thus, as described in section 2.1 of VII. 

RESULTS, transfected PA-1 cells expressed L1-ORF2p-3xFLAG significantly 

below the expression levels of HEK293TLD cells overexpressing pMT302 (Dai et al, 

2012; Taylor et al, 2013), not being possible to obtain a high enough yield when 

capturing L1-RNPs employing dynabeads coupled to an anti-FLAG antibody, 

prohibiting us from implementing protocols optimized using HEK293TLD cells 

(VII. RESULTS, 2.1. Capture of ectopic L1-RNPs in PCs and DCs, Figures 32-34). 

To solve this limitation, we next decided to generate PA-1 Tet-On cell lines by 

integrating the rtTA-Advanced element (analogous to the tet element from 

HEK293TLD) (VII. RESULTS, 2.1.1. Generation of inducible TetOn Advanced (Clontech) 

PA-1 cell lines to overexpress LINE-1 proteins, Figures 35-37), in order to create 

inducible cell lines to increase the expression levels of LINE-1 encoded proteins. 

As described in section 2.1.1. of VII. RESULTS, we successfully generated a small 

panel of PA-1 Tet-On cell lines, but when testing the expression levels of the rtTA-

Advanced protein, most PA-1 Tet-On cell lines expressed very low levels of the 

rtTA-Advanced protein, and rtTA expression levels were much lower than those 

expressed by HEK293TLD (Figure 37). Because rtTA-Advanced protein expression 

levels are directly related with the achievable levels of inducible expression, none 

of the cell lines tested overexpressed enough L1 encoded proteins. We speculate 

that PA-1 cells silenced rtTA-Advanced expression, and even if cells retained 

resistance to blasticidin or neomycin (conferred by the vectors encoding the rtTA-

Advanced), the PA-1-derived cell lines were unable to induce expression of L1 
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encoded proteins to levels that would allow implementing the optimized 

proteomic protocols established by the LaCava lab.  

In consequence, as the proteomic analyses planned required a minimum level 

of L1 expression not achieved by engineered systems, we decided to characterize 

the interactome of endogenous L1s, capturing endogenously expressed L1-RNPs 

(VI. RESULTS, 2.2. Capture of endogenous L1-RNPs using PC and DC PA-1 cells). To 

do that, we first optimized the affinity capture process to identify co-

immunoprecipitated interactors by mass spectrometry (VI. RESULTS, 2.2.1. 

Optimization of endogenous L1-ORF1p affinity capture, Figures 38-41), and we then 

studied the LINE-1 interactome of endogenous elements in PC and DC PA-1 cells 

(VI. RESULTS, 2.3. Capturing L1-RNPs and their interactors on PA-1 PC and DC). 

A key aspect of the proteomic approaches employed (Figure 42) is the 

maintenance of L1-RNPs’ native interactors, so that we could be able to detect 

interactions formed in vivo from those that occurred post-lysis, to distinguish 

between real interactors and putative contaminants (Domanski et al, 2012). During 

the optimization process, we performed western-blot of L1-ORF1p from the 

affinity captures and concluded that at least 500 mg of cells would be required for 

proteomic experiments, to make sure that the obtained material had detectable 

levels of L1 proteins and their co-purified interactors (VI. RESULTS, 2.3. Capturing 

L1-RNPs and their interactors on PC and DC PA-1 cells, see Sypro-stained gels from 

Figures 43, 46 and 49).  

After optimization, we next purified endogenously expressed L1-RNPs in PCs 

using affinity capture with antibodies directed against L1-ORF1p (VI. RESULTS, 

2.3. Capturing L1-RNPs and their interactors on PC and DC PA-1 cells), and using two 

independent antibodies: a mouse monoclonal anti-ORF1p antibody (mORF1p), 

and a llama-derived anti-ORF1p nanobody (LORF1p), both as coupled magnetic 

dynabeads. However, the interactome of isogenic PA-1 DCs was characterized 

using only the mouse monoclonal anti-ORF1p beads (mORF1p). To obtain the 

desired yield from PC and DC PA-1 cells, we used a large amount of material (4 gr 

of cells per experiment); as negative controls of affinity captures, we used 

dynabeads coupled to mouse Ig G or to an EGFP nanobody (LG94-10 nanobody) 

in experiments using the mouse monoclonal anti-ORF1p antibody (mORF1p) or 

the llama-derived anti-ORF1p nanobody (LORF1p), respectively.  

Upon bioinformatic analyses, we generated a list of L1-interactors that were 

specific to PCs or DCs; additionally, we compared the factors identified in PCs 

using the two antibodies. As expected, both in PCs and DCs, we found several bona 

fide L1-interactors that were found in previous studies (Goodier et al, 2013; Mandal 
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et al, 2013; Taylor et al, 2013; Moldovan & Moran, 2015; Taylor et al, 2018), 

demonstrating the reliability of our proteomic approach. Our results revealed that 

7.9% and 12.3% of the L1-interactors identified in PC and DC PA-1 cells, 

respectively, were found in previous proteomic studies, even if they used 

ectopically expressed L1s and transformed cell lines (see VII. RESULTS, sections 

2.3.1., 2.3.2., and 2.3.3, Tables 4, 5 and 6). Well-known L1-interactors, such as 

MOV10, PABPC1, ZCCHC3 or TUBB4B, were identified in PC PA-1s using both 

the monoclonal antibody (mORF1p) and the nanobody (LORF1p) against L1-

ORF1p. Other factors, such as MATR3, or DDX5, were identified both in PC PA-1s 

using the nanobody and in DC PA-1s using the monoclonal antibody against L1-

ORF1p (see VII. RESULTS, 2.4. Comparison of L1-ORF1p interactomes from isogenic 

PCs and DCs, Tables 7 and 8). Surprisingly, there is little overlap with factors 

previously found in the study conducted by Vuong et al, 2019 using hESCs.  

However, the methodology used, as well as the method used to analyze data, 

could be responsible for these differences; in fact, in any comparison, we only 

considered factors identified as significant, while Vuong et al, 2019 didn’t include 

significance in their analyses, making it difficult to directly compare with their 

data. 

However, we also found factors that have not been described to date as L1 

interactors. Indeed, a major finding from our proteomic experiments is that most 

interactors found, in PCs and DCs, are novel interactors. The interactome of L1-

ORF1p in PC PA-1 cells revealed that most L1-interactors (92 %, 164 from a total 

of 178 significant interactors identified in PC PA-1 cells) haven’t been found in 

previous L1 proteomic studies, conducted with ectopically expressed L1s and 

transformed cell lines. Similarly, the interactome of L1-ORF1p on isogenic DC PA-

1 cells also revealed that most L1-interactors (87.6 %, 71 from 81 significant 

interactors identified in DC PA-1 cells) are also novel within L1 proteomic 

studies. There are several reasons that could explain our results: i) the proteomic 

techniques employed (i.e., cryomilling, rapid affinity capture; see VI. MATERIALS 

AND METHODS) allow the preservation of native intermolecular interactions, 

allowing us to detect weak interactors that would be detached using more 

aggressive physical/chemical techniques; and ii) the use of transformed cells 

overexpressing engineered L1 constructs in previous studies may lead to a 

stoichiometric imbalance in protein complexes, promiscuous interactions or viral 

restriction pathway activation. Thus, because in our approach we are detecting the 

interactome of endogenous L1-ORF1p/L1-RNPs in pluripotent human cells, and 

using advanced proteomic methods, uncovering novel interactors might not be 

that surprising.  
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To characterize the L1 interactome of PCs in detail, we compared factors 

identified with the monoclonal antibody and with the nanobody against L1-

ORF1p, and, surprisingly, we found that both interactomes had many unique 

factors which had never been described before. From a total of 178 significant 

interactors identified employing both antibodies, 63.5% were only captured by 

the monoclonal antibody (mORF1p), and 24.7% only by the nanobody 

(LORF1p) (see VII. RESULTS, 2.4. Comparison of L1-ORF1p interactomes from 

isogenic PCs and DCs, Table 7, Figure 52). Moreover, among the newly described 

PC PA-1 interactors, we identified many new Zinc Finger Proteins (ZNFs), 

equivalent to a 18.5% (33 out of 178) of all the significant factors identified in PC 

PA-1s, 30 of them detected only using the monoclonal antibody (mORF1p). While 

inherent characteristics of mouse monoclonal IgG antibodies and llama 

nanobodies might explain the marked differences found between both L1-

interactomes, their size is perhaps the main differential characteristic. We 

speculate that, due to their lower size, nanobodies might be able to better interact 

with large macromolecular complexes, as L1-ORF1p could be literally hidden 

behind a large constellation of proteins and/or RNAs, avoiding the access of large 

size antibodies (i.e., mouse monoclonal). According to this possibility, when 

comparing with mouse monoclonal interactors, I anticipate that a large number of 

nanobody interactors might directly interact with L1-ORF1p, rather than through 

RNA and/other proteins; similarly, it is possible that the cellular localization of 

large macromolecular L1-RNPs presumably identified with nanobodies might be 

different from those identified using conventional antibodies, which are mostly 

found as large aggregates in the cytoplasm. Notably, Gene Ontology (GO) analyses 

of the unique factors identified by each of the antibodies (monoclonal or 

nanobody), revealed that 62% and 72% of the LORF1 and mORF1 associated 

factors, respectively, were associated to nuclear functions. However, Biological 

process and Molecular function categories provided little information, as the 

function of most of the factors identified are currently unknown (Figures 54 and 

55). Thus, pluripotent human PA-1 cells express a constellation of L1-RNPs, 

differing in the composition of L1-ORF1p interactomes, as revealed by our affinity 

capture experiments using mouse monoclonal (mORF1p) and llama-derived 

nanobodies (LORF1p) anti-human_L1-ORF1p. While more research is needed to 

further clarify why the composition of the L1-ORF1p-interactome is influenced by 

the antibody used in captures, these analyses uncovered a novel aspect of L1-

biology, which indicates that the composition of L1-RNPs is highly variable even 

within the same cell type. 

 



DISCUSSION  
2. Section II: Study of the LINE-1 interactome 

233 

Regarding the many zinc finger proteins associated to the PC PA-1 L1-

interactome, it is worth noting that all (a total of 33) belong to the C2H2 type. These 

proteins are known to interact with DNA, playing an important role in processes 

such as embryonic development, cell proliferation and differentiation, cell cycle 

regulation and apoptosis. However, little is known about their role in interacting 

with RNA and/or other proteins (Fedotova et al, 2017; Brayer et al, 2008; Brayer & 

Segal, 2008; Swamynathan, 2010). For this reason, this finding may suggest that the 

interaction of numerous zinc finger proteins with LINE-1 mRNA or LINE-1 proteins, 

might play a regulatory role. On the other hand, 22 of the 33 identified ZNFs also 

belong to the Krüeppel-associated box (KRAB) zinc finger family of proteins. As 

discussed in the introduction (III. INTRODUCTION, 4.1. Epigenetic control of L1 

expression: regulation at the chromatin level), it has been previously demonstrated that 

LINE-1 expression is epigenetically regulated by KRAB proteins: KAP1 (TRIM28) 

(KRAB-associated protein 1) mediates heterochromatin formation and is recruited at 

LINE-1s by zinc finger proteins containing KRAB motifs (KRAB-ZNFs). However, 

according to the proposed model (Ecco et al, 2017; Imbeault et al, 2017), KRAB-ZNFs 

would bind to DNA via their zinc fingers and recruit KAP1, which would assemble 

a repressor complex. Could the identified ZNFs belong to such silencing mechanism? 

The identified ZNFs would be interacting with L1-ORF1p or associated interactors, 

or perhaps even with L1-mRNA, which doesn’t coincide with the current model. 

Whether the ZNFs interacting with L1-RNPs on PCs act using the currently known 

silencing mechanism mediated by KAP1 needs to be established. Alternatively, these 

ZNFs that interact with L1-RNPs in the cytoplasm of PCs might regulate L1 

expression/retrotransposition by a new and currently unknown mechanism/s. 

However, I speculate that these ZNFs could be recruited prior to the generation of 

the new insertion by direct interaction with L1 proteins, influencing L1 integration 

and/or L1-silencing when L1-RNPs access the nucleus during retrotransposition. 

Indeed, and while the interaction of ZNFs with L1-RNPs in the cytosol might looks 

paradoxical, we recently demonstrated that the interaction of L1-RNPs with PCNA, 

which regulates TPRT in the nucleus, actually occurs in the cytoplasm (data not 

shown). Thus, and while ultimately the regulation of L1 by ZNFs might occur in the 
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nucleus, they could first interact in the cytoplasm, likely during/shortly after L1-RNP 

assembly.  

Figure 54. GO analysis of mORF1p and LORF1p detected L1-interactomes from PC 

PA-1. ORA enrichment method from WebGestalt was employed. Each Biological Process, Cellular 

Component and Molecular Function category is represented by a red, blue and green bar, 

respectively. The height of the bar represents the number of factors in the list and also in the category. 
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Figure 55. Subcellular localization of PC PA-1 interactors. Scatter plot of PC 

interactors detected with monoclonal antibody (mORF1p) vs nanobody (LORF1p). Proteins are 

represented according to their Avg. LFQ intensity (VI. MATERIALS AND METHODS, 22. Mass 

spectrometry data analysis). Upper right quadrant proteins which showed statistical significance in 

both mORF1p and LORF1p; left quadrant, proteins unique and significant in the interactome 

captured with mORF1p; bottom right quadrant, proteins unique and significant in the interactome 

captured with LORF1p. Highlighted in black are significant factors (t-test); red, human_L1-
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ORF1p; yellow, factors found in previous studies. Color code indicates the main subcellular location 

[CC] associated with mORF1p or LORF1p unique factors. 

To further identify differences on L1-regulation among isogenic PC and DC 

PA-1s, we next compared their L1-interactomes; these analyses revealed that a 

large number of L1-interactors are specific to either PCs or DCs (65.8% and 24.9% 

of the total identified interactors (n=237) are found only in PCs and DCs, 

respectively), further stressing how LINE-1s are differentially regulated in 

pluripotent and differentiated cells. Thus, the characterization of host factors 

interacting with endogenously expressed L1-RNPs using pluripotent and 

differentiated cells revealed that the L1 interactome is quite dynamic, and on 

average >85% of pluripotent-specific L1-interactors change with differentiation 

(156 out of 178 PC PA-1 specific interactors) (see VII. RESULTS, 2.4. Comparison of 

L1-ORF1p interactomes from isogenic PCs and DCs, Table 8, Figure 53). 

 

Subsequently, we analyzed in detail L1-interactors found in PC PA-1s that were 

absent in DC PA-1s. I speculate that the host factors linked to L1 silencing will most 

likely appear as PC-interactors, and these would be reduced or absent in the list of 

DC L1-interactors. We used the compiled information to establish a list of host 

factors linked to L1-silencing in PCs. Following the selection procedure mentioned 

in Results and Methods (see VII. RESULTS, 2.5. A list of PC-specific L1-ORF1p 

interactors potentially associated with L1-silencing in PCs, Table 9), I first selected 30 

PC PA-1 L1-ORF1p associated interactors. Remarkably, several of the selected 

interactors were involved in related paths, according to STRING clustering 

analyses, and some were functionally related (Figure 56). In fact, STRING analyses 

identified pathways such as “KRAB-ZNF/KAP Complex” (ZNF595, ZNF12, 

ZNF483, ZNF268, TRIM28; annotated in Reactome Pathways), “Viral 

carcinogenesis” (HDAC2, DNAJA3, UBR4; manually curated metabolic and 

signaling pathway imported from KEGG) and different pathways related with 

mRNA stability and formation of spliceosomal complexes, where YBX1 and 

HNRNPU were included.  In addition, I performed a search for each of the factors 

in the BioPlex Explorer human interactome database  (Huttlin et al, 2015, 2017, 

2021), to confirm interactions. However, there was only real evidence for 

interactions between ZNF219 and HDAC2 in this database. Other interactors were 

connected by different studies, not specific about the interactome or conducted in 

other organisms different from Homo sapiens (too many studies to be listed – but 

the link to the STRING search is provided in Figure 56). Thus, further research into 

the role of these factors and the pathways in which they are involved is needed to 

draw conclusions. 
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Figure 56. Pathways shared among the 30 factors selected according to STRING. 

Description in the main text. Link to search: https://version-11-0b.string-

db.org/cgi/network?networkId=blRnAEgKmaSA).  

From the 30 previously selected factors, following the criteria described in VII. 

RESULTS, section 2.5. to rank factors, we generated a list of potential LINE-1 

interactors that may be involved in L1-silencing. Most of the 14 factors selected 

were specific to PC interactomes and could also interact with RNA:DNA hybrids 

(see VII. RESULTS, 2.5. A list of PC-specific L1-ORF1p interactors potentially associated 

with L1-silencing in PCs, Table 10).  

https://version-11-0b.string-db.org/cgi/network?networkId=blRnAEgKmaSA
https://version-11-0b.string-db.org/cgi/network?networkId=blRnAEgKmaSA
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In ongoing and future work, we plan to validate the interaction of these 

candidates with endogenous L1-ORF1p, by co-IP/western blotting. Moreover, in 

these experiments we plan to study if the interactions are RNA dependent (using 

RNase A/T1) and/or nucleic acid dependent (using Benzonase (Sigma)); similarly, 

confocal microscopy will be used to further analyze their co-localization. 

Engineered RC-L1s containing epitope tags in L1-ORF1p and L1-ORF2p will be 

also used to analyze whether the interaction occur with L1-ORF1p, L1-ORF2p or 

both (i.e., the context of an L1-RNP).  

To explore the functional role of these factors in L1 regulation and L1-silencing, 

we are currently using Gain and Loss of function approaches (GOF and LOF) in 

DCs and PCs, respectively. In ongoing LOF experiments, we are generating 

CRISPR-KO PC models, while in GOF experiments we plan to OverExpress (OE) 

candidate cDNAs in DCs (both transient and stably). Next, using established 

assays, we will determine whether L1-silencing is attenuated in any of the PC KO 

models generated; a key control in these experiments is to ensure that the 

generated KO models retain their pluripotent status, as L1-silencing is attenuated 

in DCs, using methods established in the lab. On a complementary approach, we 

will determine whether L1-silencing can be established in DCs upon 

overexpressing candidate interactors; although less likely, an important control in 

these experiments will be to test whether OE of cDNAs increase the pluripotent 

status of DCs.  

In sum, the combination of these assays will allow us to interrogate whether 

any of the 14 candidate factors selected are involved in L1 silencing in PCs, either 

in the initiation or maintenance of silencing as originally described (Garcia-Perez 

et al, 2010). Indeed, to further determine whether any of the selected factors is 

involved in initiation and/or maintenance of L1-silencing, we plan to use pk-5 and 

pc-39 cells, which are two pluripotent PA-1 clonal lines that contain a silenced L1-

EGFP insertion (described in Garcia-Perez et al, 2010); due to active maintenance 

of L1-silencing, EGFP is poorly expressed from the retrotransposed L1-EGFP 

present in the genome of pk-5 and pc-39 cells, although expression can be induced 

in 100% of the cells after treating with IHDACs for less than 18h. Thus, we will use 

the same CRISPR/Cas9 tools to inactivate expression of candidate genes on 

pluripotent pk-5 and pc-39 cell lines; if any of the candidate genes is involved in 

the maintenance of L1-silencing, we expect to detect expression of EGFP from the 

L1-EGFP insertion present in pk-5 and pc-39 cells in nearly all cells (using IHDACs 

as positive controls in these assays). However, if any of the factor is involved in 

the initiation of L1-silencing, we expect no changes on EGFP expression from the 
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L1-EGFP insertion present in pk-5 and pc-39 cells. To complement these 

experiments, we will use the PA-1 PC KO models to determine the kinetics of L1-

retrotransposition/silencing, using an RC-L1 tagged with the EGFP 

retrotransposition indicator cassette (i.e., mEGFPI cassette) and IHDAC treatment; 

if the candidate is involved in initiation of L1-silencing, we expect to detect robust 

EGFP expression from early time points, using IHDAC treated cells as control; 

differentiated PA-1 PC KO cells will be used as an additional positive control, as 

no silencing is observed in DCs and EGFP expression can be detected at early time 

points as described (Garcia-Perez et al, 2010); however, if the host factor is involved 

in maintenance of L1-silencing, we expect to detect a delay in EGFP expression, 

again using IHDAC treated cells and differentiated PA-1 PC KO cells as controls. 

Importantly, the same experimental design can be used on PA-1 DC stable OE 

models, allowing us to unambiguously determine whether any of the selected 

candidates is involved in initiation or maintenance of L1-silencing. 

To corroborate that any of the factors tested is indeed involved in L1-silencing, 

initiation or maintenance, we will use the PA-1 PC KO and the PA-1 DC stable OE 

models to generate a small pool of subclonal lines containing a de novo L1 insertion 

tagged with EGFP (i.e., using L1s tagged with the mEGFPI cassette). Using the PA-

1 PC KO models, if any factor is involved in the initiation or maintenance of L1-

silencing, we expect that EGFP will be robustly expressed from the integration site 

present in the sub-clonal lines; naïve PA-1 cells will be used in parallel, where we 

determined that >90% of the subclonal lines with de novo L1 insertions don't 

express EGFP, due to L1-silencing (see Garcia-Perez et a., 2010). On the contrary, 

using the PA-1 DC stable OE models, if any factor is involved in the initiation of 

L1-silencing (and likely maintenance), we expect lack of EGFP expression from the 

integration site present in the sub-clonal lines. 

In summary, by using assays and methods already optimized in the lab, we aim 

to identify whether any of the PC-specific factors selected are involved in the 

initiation or maintenance of L1 silencing. Follow-up experiments will analyze 

further mechanistic details of L1-silencing, depending on the nature of the 

identified factor. 
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The main conclusions of this Thesis are: 

1.1. Cellular RNase H2 activity is strictly required for the mobilization of LINE 

elements lacking a functional RNase H domain (human L1Hs and zebrafish Zfl2 2), in 

a cell line independent manner, being dispensable for the mobilization of active LTR-

retrotransposons that code their own RNase H domain, or for DNA-Transposons. 

1.2.  RNASEH2A inactivating mutations characterized in Aicardi Goutières Syndrome 

patients would prevent L1 retrotransposition, at least using complementation assays 

with RNase H2 KO cells and in vitro retrotransposition assays. In Aicardi Goutières 

Syndrome patients, lack of RNase H2 activity might result in the accumulation of 

abortive DNA:RNA LINE-1 hybrids, which could activate the immune system in 

response to the accumulation of these L1-derived endogenous nucleic acids.  

1.3. RNase H2 facilitates LINE-1 retrotransposition by potentially removing the RNA 

from L1-RNA:cDNA hybrids, acting on “Y-like” structures generated during initial 

steps of the retrotransposition process. 

2.1. Pluripotent human PA-1 cells express a constellation of L1-RNPs, differing in the 

composition of L1-ORF1p interactomes, as revealed by affinity capture experiments 

using anti-human_L1-ORF1p mouse monoclonal antibodies and llama-derived 

nanobodies. 

2.2. The interactome of L1-ORF1p on human pluripotent PA-1 cells revealed that most 

L1-interactors (92 %, 164 from a total of 178 significant interactors identified in PC PA-

1 cells) haven’t been found in previous L1 proteomic studies, conducted with 

ectopically expressed L1s and transformed cell lines (HEK293T and HeLa). 

2.3. The characterization of host factors interacting with endogenously expressed L1-

RNPs using pluripotent and differentiated cells revealed that the L1 interactome is 

quite dynamic, and on average >85% of pluripotent-specific L1-interactors change 

with differentiation (156 out of 178 PC PA-1 specific interactors). 

2.4. LINE-1 retrotransposition intermediates (i.e., L1-RNPs) interact with a large 

number of ZNF proteins specifically in pluripotent cells.  
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Other minor conclusions: 

- RNase H2 Knock Out (KO) cells massively miss-incorporate ribonucleotides in 

genomic DNA, inducing DNA damage. However, ENdonuclease-Independent 

(ENi) L1 retrotransposition doesn't occur at a high frequency in these DNA 

damaged sites. 

- Endogenous LINE-1 expression levels are not influenced by cellular RNase H2 

activity, at least using HeLa cells as a cellular model. 

- In the absence of RNase H2, cellular RNase H1 can partially facilitate L1 

retrotransposition, at least on complementation assays of RNase H2 KO cells.  

- Using transient complementation and a Separation of Function RNASEH2A 

mutant subunit, we found that the L1-RNA has to be completely degraded from 

RNA:cDNA hybrids to facilitate retrotransposition. 

- Lack of cellular RNase H2 activity doesn't increase the mutation rate at 

dinucleotide repeats present in L1-retrotranscribed sequences, at least on HeLa 

cells. 

- Wild type human LINE-1s are severely compromised for retrotransposition in 

RNase H2 KO cells; in contrast, LINE-1s containing inactivating mutations in the 

PCNA interacting protein motif (PIP) of L1-ORF2p, which abrogate interaction 

with PCNA, can retrotranspose in RNase H2 KO cell lines, although at severely 

reduced levels. 

- Direct and indirect experimental evidence indicate that the interaction of L1-

ORF2p with PCNA might facilitate a functional interaction with the RNase H2 

complex, as the B subunit also contains a functional PIP motif. In contrast, a 

potential functional interaction with RNase H1 during retrotransposition would 

occur by a much less efficient diffusion mechanism, in part due to lack of PIP 

motifs in RNase H1. 

- At difference with other AGS patients, those carrying homozygous inactivating 

mutations in RNase H2, wouldn’t be characterized for accommodating higher L1 

retrotransposition levels in their genomes. 

- Similarly, the interactome of L1-ORF1p on isogenic differentiated cells also 

revealed that most L1-interactors (87.6 %, 71 from 81 significant interactors 

identified in DC PA-1 cells) are also novel within L1 proteomic studies.  

- 7.9%, and 12.3% of L1-interactors identified in PCs and DCs, respectively, have 

been found in previous proteomic studies, even if they used ectopically expressed 

L1s and transformed cell lines. 

- The comparison of isogenic PC and DC interactomes revealed that a large number 

of L1-interactors are specific to either PCs or DCs (65.8% and 24.9% of the total 

identified interactors (237) are found only in PCs and DCs, respectively), further 

stressing how LINE-1s are differentially regulated in pluripotent and 

differentiated cells.   

- Using PC and DC interactomes, and several criteria to rank factors, we generated 

a list of potential LINE-1 interactors that may be involved in L1-silencing. Most of 
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the 14 factors selected were specific to PC interactomes and could also interact with 

RNA:DNA hybrids. 
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Las principales conclusiones de esta Tesis son: 

1.1. La actividad RNasa H2 celular es estrictamente necesaria para la movilización de 

elementos LINE que carecen de un dominio RNasa H funcional (L1Hs humano y Zfl2 2 

de pez cebra), independientemente de la línea celular usada, siendo prescindible para la 

movilización de retrotransposones LTR activos que codifican su propio dominio RNasa 

H, o para los DNA-transposones. 

1.2. Las mutaciones inactivantes en la subunidad RNASEH2A caracterizadas en 

pacientes con el síndrome de Aicardi Goutières impedirían la retrotransposición de L1, 

de acuerdo a los ensayos de complementación con células RNasa H2 KO y ensayos de 

retrotransposición in vitro. En los pacientes con el síndrome de Aicardi Goutières, la falta 

de RNasa H2 podría dar lugar a la acumulación de híbridos L1 ADN:ARN, lo que podría 

activar el sistema inmunitario en respuesta a la acumulación de estos ácidos nucleicos 

endógenos derivados de L1.  

1.3. La enzima RNasa H2 facilita la retrotransposición de LINE-1, potencialmente 

eliminando el ARN de los híbridos ARN:ADNc que se forman en las estructuras "tipo Y" 

generadas durante los pasos iniciales del proceso de retrotransposición. 

2.1. Las células pluripotentes humanas PA-1 expresan una constelación de 

intermediarios de la retrotransposición de L1 o L1-RNPs, que difieren en la composición 

de sus interactomas, tal y como revelan los experimentos de captura por afinidad 

utilizando anticuerpos anti-L1-ORF1p monoclonales de ratón así como nanoanticuerpos 

derivados de llama. 

2.2. El interactoma de L1-ORF1p en células pluripotentes humanas PA-1 reveló que la 

mayoría de los interactores de L1 (92 %, 164 de un total de 178 interactores significativos 

identificados en las células PC PA-1) no se han encontrado en estudios proteómicos 

previos de L1 [realizados con L1s ectópicos y líneas celulares transformadas (HEK293T y 

HeLa)]. 

2.3. La caracterización de factores celulares que interactúan con L1-RNPs endógenas 

en células pluripotentes y diferenciadas, reveló que el interactoma de L1 es bastante 

dinámico, y en promedio >85% de los interactores específicos de células pluripotentes 

cambian con la diferenciación celular (156 de 178 interactores específicos de PC PA-1). 

2.4. Los intermediarios de la retrotransposición de LINE-1 (es decir, L1-RNPs) 

interactúan con un gran número de proteínas ZNF, específicamente en células 

pluripotentes.  
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Conclusiones menores adicionales: 

- Las células Knock Out (KO) para RNasa H2 incorporan masivamente 

ribonucleótidos en sus genomas, induciendo daño en el ADN. Sin embargo, la 

retrotransposición de L1 independiente de su endonucleasa (ENi) no ocurre con 

una alta frecuencia en estos sitios dañados del ADN. 

- La actividad enzimática humana RNasa H2 no afecta los niveles de expresión de 

LINE-1s endógenos, al menos utilizando células HeLa como modelo celular. 

- En ausencia de RNasa H2, la enzima humana RNasa H1 puede facilitar 

parcialmente la retrotransposición de L1, al menos en ensayos de 

complementación de células RNasa H2 KO.  

- Utilizando complementación transitoria y un mutante RNASEH2A de separación 

de función, encontramos que el ARN de L1 tiene que ser completamente 

degradado de los híbridos ARN:ADNc para facilitar la retrotransposición. 

- La ausencia de RNasa H2 no aumenta la tasa de mutación en repeticiones de 

dinucleótidos presentes en secuencias retrotranscritas por L1, al menos en células 

HeLa. 

- Los LINE-1 humanos de tipo wild type no pueden retrotransponer en células KO 

RNasa H2; en cambio, elementos LINE-1s que contienen mutaciones inactivantes 

en el dominio de interacción con PCNA (PIP) localizado en L1-ORF2p, y que 

eliminan la interacción con PCNA, pueden retrotransponer en células RNasa H2 

KO, aunque a niveles bajos. 

- Las evidencias experimentales directas e indirectas indican que la interacción de 

L1-ORF2p con PCNA podría facilitar una interacción funcional con el complejo 

RNasa H2, ya que la subunidad B también contiene un motivo PIP funcional. En 

cambio, una posible interacción funcional con la RNasa H1 durante la 

retrotransposición se produciría por un mecanismo de difusión mucho menos 

eficiente, en parte debido a la falta de motivos PIP en RNasa H1. 

- A diferencia de otros pacientes con AGS, los portadores de mutaciones 

homocigóticas inactivantes en el gen de la RNasa H2 no se caracterizarían por 

acomodar mayores niveles de retrotransposición de L1 en sus genomas. 

- Del mismo modo, el interactoma de L1-ORF1p en células diferenciadas isogénicas 

reveló que la mayoría de los L1-interactores (87,6%, 71 de los 81 interactores 

significativos identificados en las células DC PA-1) también son novedosos dentro 

de los estudios proteómicos de L1.  

- El 7,9%, y el 12,3% de los interactores de L1 identificados en PCs y DCs, 

respectivamente, han sido encontrados en estudios proteómicos anteriores, pese a 

usar L1s ectópicos y líneas celulares transformadas (HEK293T y HeLa). 

- La comparación de los interactomas isogénicos de PC y DC reveló que la mayoría 

de los interactores de L1 son específicos de PC o DC (el 65,8% y el 24,9% del total 

de interactores identificados (237) se encuentran sólo en PC y DC, 



CONCLUSIONES   

250 

respectivamente), siendo estas nuevas evidencias experimentales que demuestran 

la existencia de una regulación específica de LINE-1 en células pluripotentes.   

- Utilizando los interactomas de PC y DC, y varios criterios para clasificar los 

interactores, hemos generado una lista con factores que podrían estar implicados 

en el silenciamiento de L1. La mayoría de los 14 factores seleccionados son 

específicos de los interactomas de PCs, y pueden además interactuar con híbridos 

de ARN:ADN. 
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