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Abstract 
Retrotransposons are a subgroup of transposable elements that expand the genome by a copy-

and-paste mechanism through an RNA intermediate. Long interspersed nuclear elements 

(LINE-1 or L1) are the only autonomous retrotransposons in the human genome still active 

today. L1 retrotransposons resemble retroviruses with respect to their structure and function in 

search of their own survival by (re)-integration. Retrotransposons contribute to somatic 

mosaicism, are implicated in memory formation and act as potent regulatory elements. 

However, their biological significance remains poorly understood. Our cells have evolved 

various defense mechanisms to restrict aberrant L1 activity. L1 elements have evolved to evade 

these mechanisms as a result of the dynamic interaction between L1 and their host. Growing 

evidence suggests a role for L1 in healthy somatic tissue as well as in various diseases. L1 

retrotransposons have been associated with a wide range of human diseases, such as Rett 

syndrome, schizophrenia and cancer, making them potential pathogens and targets for new 

therapeutics. Therefore, a thorough understanding of the L1 interactome is required. In this 

study we optimized the L1 retrotransposition assay in order to study host and restriction factors 

of L1 retrotransposition. The L1RP-EGFP reporter plasmid was used to perform the L1 

retrotransposition assay in HEK293T and HeLa P4 cells. We confirmed that HEK293T cells 

are capable of supporting high frequency L1 retrotransposition from an episomal L1RP-EGFP 

plasmid. Up to 84% EGFP-positive cells were observed using flow cytometry for the EGFP 

readout, reflecting high retrotransposition rates in HEK293T cells. The assay was validated 

using MeCP2 depletion and an expected increase in retrotransposition rate was observed. HeLa 

P4 cells did not seem to support L1 retrotransposition from the L1RP-EGFP plasmid based on 

our results. Only very low retrotransposition rates were observed that lack biological relevance. 

The second objective was to study the role of LEDGF/p75 in L1 retrotransposition. Therefore, 

we used the optimized conditions of the L1 retrotransposition assay to study L1 

retrotransposition in a LEDGF/p75 depletion cell line. A decrease in retrotransposition rate was 

observed upon depletion of LEDGF/p75. These preliminary results suggest a role for 

LEDGF/p75 as host factor of L1 retrotransposition. Future studies will have to investigate 

whether LEDGF/p75 exerts a direct or indirect effect on L1 retrotransposition. 
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1 Introductory overview of the literature 

1.1 Introduction 

The evolution of the human genome is a dynamic process. Copies of DNA sequences have 

accumulated over time and occupy a large part of our genome. These copies or repeats are 

called transposons, also known as ‘jumping genes’. In 1948, geneticist Barbara McClintock 

was the first to describe these mobile DNA elements in the context of maize kernels. She 

discovered transposable elements (TEs) that were able to move and reinsert themselves into the 

genome (1). Her work was initially received with a lot of skepticism since at the time the 

genome was believed to be static. Nevertheless, research performed in the years to follow 

underlined the importance of mobile DNA in the evolution of the mammalian genome and the 

emergence of new human-specific genes (2). Approximately 45 % of the human genome is 

originally derived from TEs, yet this number is presumed to be an underestimation since over 

time diverged TEs may have become unrecognizable (2). For a long time, TEs have been 

considered as ‘junk DNA’ since they did not have any apparent cellular function at first sight. 

However, over the past few decades it has become clear that TEs had and still have a 

fundamental role in genome evolution and the origin of genetic disorders (3).  

TEs can be classified as DNA transposons or retrotransposons. DNA transposition occurs via a 

cut-and-paste mechanism, in contrast to retrotransposition that occurs via a copy-and-paste 

mechanism through an RNA intermediate (4). Retrotransposons can be further categorized in 

long terminal repeat (LTR) or non-LTR retrotransposons. Long interspersed nuclear elements 1 

(L1 or LINE-1) are part of the non-LTR family of retrotransposons. Full length L1s are the only 

autonomous elements in the mammalian genome (5, 6). They contain all the information 

required to replicate and reinsert themselves into the host genome (7). Initial sequencing of the 

human genome revealed that L1 sequences occupy 17 % of the genomic DNA (8). Most 

retrotransposition events result in the integration of a 5’ truncated L1 copy, generating a 

defective L1 that is no longer able to jump and that remains inactive in the genome (4). 

However, 80 to 100 L1 elements in the human genome are estimated to be retrotransposition 

competent, of which a small part is even highly active (9). These ‘hot’ L1s play an important 

role in further genome expansion and genome plasticity (9).  
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1.2 Physiological role of L1 retrotransposons 

L1 activity is tissue specific and occurs at different stages during development and adult life. 

Starting from the idea that L1 transposons are ‘molecular parasites’ continuously looking for 

their own survival and re-integration, their purpose would be to be preserved and expanded in 

genomes over generations (10). This would only make sense if new L1 insertions could be 

transmitted to a new generation. Therefore, L1 retrotransposition can only exert an effect on 

genome evolution if it is active in germline cells or in embryonic stem cells (ESC). Only then 

new genomic integrations can be passed on to the new generation (10). On the other hand, TEs 

are involved in the emergence of new human specific genes during evolution (11). The majority 

of pseudogenes in the human genome is derived from L1 retrotransposons (12). These are called 

processed pseudogenes because they lack intronic regions and are a result of trans-mobilization 

of cellular mRNAs. A large number of processed pseudogenes are derived from mRNAs that 

are highly expressed in ESCs. In support of this evolutionary hypothesis, activity of L1 

retrotransposition has been confirmed during gametogenesis and embryogenesis in Mammalia, 

including in human ESC (13-19). During embryogenesis, a wave of hypomethylation occurs 

that derepresses the L1 promoter, resulting in elevated L1 mRNA levels (20). Additionally, 

human ESC have a more open chromatin structure, facilitating retrotransposition. It remains 

unclear whether L1 has a functional impact during embryogenesis and other physiological 

processes or whether L1 retrotransposition is a type of genomic ‘noise’. 

ESCs give rise to different cell types. When a retrotransposition event occurs before the ESC 

becomes a distinct lineage, the L1 insertion will be present in all the cells of the individual (4). 

If retrotransposition occurs after differentiation, individuals may contain a heterogenous cell 

population with respect to the genetic content. L1 retrotransposition is one of the mechanisms 

known to create somatic mosaicism (20). Somatic mosaicism is a term used for multiple cell 

populations that are genetically different within an individual. During development or in adult 

life genetic alterations can occur that accumulate in a subset of somatic cells. This results in 

genetic diversity and phenotypic heterogeneity within one tissue of an individual (4). The 

number of somatic mutations accumulate over time but are restricted to the lifetime of an 

individual since, in contrast to germline cells, L1-mediated insertions in somatic cells cannot 

be passed on to the progeny.  
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L1 retrotransposition is not solely restricted to early stages of development. L1 activity has been 

described in neuronal progenitor cells (NPC) during adult neurogenesis and in mature non-

dividing neurons of the human brain (21, 22). There is no clear explanation that supports the 

role of L1 in the human brain. However, L1 retrotransposition in NPCs was found to be the 

mediator of neuronal somatic mosaicism (23). This effect is clearly seen in the adult 

hippocampus where L1 mobility in progenitor cells leads to neuronal mosaicism among 

hippocampal neurons (24). These findings give rise to the question how somatic mosaicism in 

the brain can impact neurobiological function. The genomic diversity between neurons can give 

rise to unique transcriptomes that may ultimately influence neuronal phenotype and function. 

L1 retrotransposons can thus be seen as regulatory elements. Various studies have shown 

somatic L1 insertions in protein-coding genes and in regions implicated in gene regulation (23-

25). When these insertions occur in or near genes expressed in neurons they may influence 

neuronal circuits and lead to altered cognition and behavior (25). This has been proven in the 

hippocampus where L1-mediated mosaicism was shown to be involved in memory formation 

(26). Interestingly, environmental factors such as voluntary exercise, stress and alcohol 

consumption can influence L1 activity in the adult brain (27-30). Taken together, these studies 

suggest that retrotransposition in the human brain occur much more often than initially 

anticipated. Why some neuronal cell types appear to accommodate higher levels of L1 

retrotransposition compared to other somatic cell types remains a mystery. Additionally, it 

remains unclear whether all neuronal cell types are capable of supporting L1 retrotransposition. 

Further research needs to be conducted to fully understand the effect of L1 retrotransposition 

in the healthy or diseased human brain.  

1.3 L1 structure and biology 

An active L1 sequence is ~6 kb in length and consists of a promoter in the 5’ untranslated region 

(UTR), two non-overlapping open reading frames (ORF), ORF1 encoding ORF1 protein 

(ORF1p) and ORF2 encoding ORF2 protein (ORF2p), and a 3’ UTR containing a 

polyadenylation (polyA) signal (Figure 1) (6). The 5’ UTR is CpG-rich and contains a sense 

and an antisense promoter that can be methylated to regulate L1 expression (31). ORF1p is an 

RNA-binding protein that has a chaperone activity to stabilize the L1 mRNA during a 

retrotransposition event (32). ORF2p consists of three domains: the zinc finger domain binds 

the 3’ end of L1 mRNA and brings it into proximity of the genomic integration site, the 

endonuclease domain nicks the AT-consensus sequence, and the reverse transcriptase domain 
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transcribes the RNA into a cDNA sequence (33, 34). An additional primate-specific ORF0 has 

been discovered in the 5’ UTR that is transcribed from the antisense promoter and that is able 

to generate fusion proteins with downstream cellular genes (35). ORF0 also has the ability to 

enhance L1 mobility, yet it appears that ORF0 is not essential for L1 retrotransposition (35). It 

has been suggested that ORF0 is related to L1 self-regulation by expressing antisense RNAs 

triggering an RNA interference (RNAi) response (15, 35, 36).  

 
Figure 1: Structure 
of human L1. A 
full-length L1 has a 
size of ~6 kb. The 5’ 
UTR contains a 
sense and antisense 
promoter. ORF0 is located in the 5’ UTR and is transcribed by the antisense promoter. ORF1 consists 
of a coiled coil (CC) domain, an RNA recognition motif (RRM) and a C-terminal domain (CTD). ORF2 
consists of an endonuclease domain (EN), a reverse transcriptase domain (RT) and cysteine-rich 
domains (CRD). ORF1 and ORF2 are separated by a noncoding spacer region. The 3’ UTR contains a 
polyA signal.  

 

A model for L1 retrotransposition is explained in Figure 2. L1 is transcribed by RNA 

polymerase II and exported to the cytoplasm where ORF1 and ORF2 are translated by 

ribosomes (37, 38).  The ORF1p and ORF2p proteins associate with L1 mRNA to form 

ribonucleoprotein (RNP) particles. They show a cis-preference, meaning that they prefer to 

mobilize the L1 transcript from which they are encoded (39). Trans-mobilization of cellular 

mRNA happens in very low levels and gives rise to processed pseudogenes (40). The cellular 

cofactor PABPC1 is involved in the assembly and trafficking of L1-RNPs (41). After import of 

L1-RNPs into the nucleus the L1 mRNA is reverse transcribed and integrated into the genome 

by a mechanism called target-primed reverse transcription (TPRT) (42, 43). The endonuclease 

domain of ORF2p cleaves the antisense strand of genomic DNA in the AT-consensus sequence 

and uses the free 3’OH to synthesize cDNA. This way the reverse transcriptase of ORF2p 

generates an RNA:cDNA hybrid that is linked to the genomic DNA. The mechanism by which 

the second DNA strand is generated as well as the mechanism by which the 5’ end is integrated 

is not well understood. The entire L1 mRNA needs to be reverse transcribed in order to make 

another fully functional L1 (5). Most L1 sequences in the genome are 5’ truncated, making 

them unable to start a new cycle of retrotransposition (42).  
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Figure 2: L1 retro-
transposition cycle 
with cellular host 
and restriction 
factors. L1 is 
transcribed by RNA 
polymerase II from 
its endogenous 
promoter located in 
the 5’ UTR. ORF1 
and ORF2 are 
translated in the 
cytosol by ribosomes. 
Ribonucleoprotein 
(RNP) particles are 
formed in the 
cytoplasm and are 
composed of ORF1p 
in trimer, ORF2 and L1 mRNA. L1-RNPs are imported into the nucleus where L1 mRNA is reverse 
transcribed and integrated in the genome by target-primed reverse transcription (TPRT). Most newly 
integrated L1s are retrotransposition defective due to 5’ truncation.  Host factors needed for L1 
retrotransposition are indicated by green boxes. Red boxes indicate restriction factors that regulate and 
restrict L1 retrotransposition. 

1.4 Host and restriction factors of L1 retrotransposition 

Host cells have developed various defense mechanisms to repress aberrant activity of TEs 

(Figure 2). Many known regulators of TEs show similarities with responses to retroviral 

pathogens. Transposons, on the other hand, have evolved to limit genome damage, resulting in 

a dynamic interaction between TEs and their host (44, 45). Here I provide an overview of host 

and restriction factors of L1 retrotransposition following the retrotransposition cycle.  

1.4.1 Transcriptional regulation 

Epigenetic modification is an important mechanism that restricts L1 expression (6). 

Transcriptional repression of TEs can be induced by DNA methylation or by histone 

modifications (20, 46). Methyl CpG-binding protein 2 (MeCP2) is a nuclear protein well known 

to regulate transcription of L1 through binding of the methylated promoter in the 5’ UTR 

(Figure 3) (47-49). In literature the involvement of MeCP2 in gene silencing is reported as a 

result of the interaction with transcriptional co-repressors (50). The membrane binding domain 

(MBD) of MeCP2 binds the methylated CpG islands in the L1 promoter and the transcriptional 

repression domain (TRD) is required for interaction with co-repressors and transcriptional 
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repression (49). ChIP-sequencing analysis in mouse neurons revealed that MeCP2 is widely 

distributed throughout the neuronal genome and that its binding follows the methyl-CpG 

distribution suggesting it can exert its repressive function on the wide range of L1 sequences 

throughout the genome (51). 

 

Various other transcription factors can regulate L1 transcription in a context specific manner 

(54). The KZFP/KAP1 complex is known to control L1 expression in human and mouse ESCs 

by recruiting SETDB1 histone methyltransferase leading to the formation of heterochromatin 

and transcriptional repression (55). Throughout further development permanent silencing can 

be obtained by methylation via DNA methyltransferases (4). During neurogenesis L1 

transcription is repressed by a complex formed between SOX2 and histone deacetylase 1 

(HDAC1). During the transformation from neuronal stem cells to NPCs derepression of the 

SOX2/HDAC1 complex occurs followed by the activation of the Wnt-signaling pathway that 

induces L1 expression (56). 

 

 

Figure 3: Protein domains of MeCP2-E1 and MeCP2-E2. A) The MeCP2 gene contains 4 exons that 
code for the 2 protein isoforms MeCP2-E1 and MeCP2-E2 of which MeCP2-E1 is the most abundant 
form (52). They are alternatively spliced and differ at the N-terminal region. MeCP2-E1 is encoded 
by exons 1, 3 and 4, MeCP2-E2 is encoded by exons 2, 3 and 4. B) MeCP2 consists of an N-terminal 
domain (NTD) at the 5’ end and a C-terminal domain (CTD) at the 3’ end. The NTD is followed by 
the methyl binding domain (MBD) that binds to a single methyl-CpG pair (53). The interdomain (ID) 
connects the MBD to the transcriptional repression domain (TRD). The TRD mediates the link 
between MeCP2 and its co-repressors (50).  
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1.4.2 Post-transcriptional regulation 

The cell has various post-transcriptional responses to restrict aberrant L1 activity (57). After 

transcription, alternative splicing and pre-mature polyadenylation of the L1 transcript 

contribute to pre-mRNA regulation of L1 by removing parts of the ORFs or 5’ UTR (58, 59). 

Small interfering RNAs (siRNA) are also important post-transcriptional regulators that can bind 

complementary L1 mRNAs and target them towards degradation by endonucleolytic cleavage 

(60). Mainly PIWI-interacting RNAs (piRNA) are known to repress TEs in germline cells (61). 

piRNAs associate with PIWI proteins to form piRNA-induced silencing complexes (piRISC) 

(62). piRISCs can regulate TEs on transcriptional level by inducing chromatin modifications as 

well as on post-transcriptional level for complementary TE sequences by way of RNAi. 

Analogously, TE-derived miRNAs can regulate TEs by way of RNAi (63).  

After translation of L1 mRNA ORF1p will form a trimeric structure that binds L1 mRNA (64). 

ORF1p and ORF2p do not directly interact but appear to be associated through their interaction 

with L1 mRNA (65). The cell has several defense mechanisms to prevent the formation of the 

L1-RNP or to destabilize it. The zinc-finger protease ZAP affects post-transcriptional 

processing L1 mRNAs (66, 67). ZAP prevents accumulation of ORF1p and ORF2p by 

interacting with L1 mRNA in the cytoplasm and thereby it restricts L1 retrotransposition.  

MOV10 is an ATP-dependent RNA helicase that is known to control retroviral infections but 

also strongly inhibits endogenous retroelements (68-70). It displays broad RNA-binding 

properties and 5’ to 3’ dsRNA unwinding activity (71). Although many mechanisms have been 

proposed by which MOV10 could restrict L1 retrotransposition, the exact mechanism(s) 

remain(s) unclear. MOV10 was found to associate with the RNA-induced silencing complex 

(RISC) through binding of the key component AGO2 (72). This led to the hypothesis that 

MOV10 could restrict L1 retrotransposition by mediating the interaction between L1 mRNA 

and AGO2 of the RISC (70). However, depletion of AGO2 did not affect the ability of MOV10 

to restrict L1 retrotransposition, suggesting that the residual amount of AGO2 would be 

sufficient to mediate restriction of L1 or that MOV10 regulation of L1 occurs independently of 

the RISC pathway (70). The same study showed the interaction between MOV10 and ORF1 of 

the L1 mRNA, consistent with a previous study that found an interaction between MOV10 and 

L1-RNPs (69). Likewise, AGO2 was found to colocalize with ORF1 of the L1 mRNA in 

cytoplasmic granules (73). This led to the hypothesis that MOV10 sequesters L1 mRNA leading 
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to the recruitment of L1-RNPs to stress granules where siRNA pathways induce silencing or 

degradation of the L1-RNP (69, 71).  

Another major mechanism by which MOV10 regulates L1 retrotransposition is its functional 

co-operation with the uridyltransferases TUT4 and TUT7 (74). MOV10 has shown to 

counteract the chaperone activity of ORF1p on L1 mRNA enabling access of the 

uridyltransferases to the L1 mRNA. It was proposed that uridylation by TUT4 in the cytoplasm 

destabilizes L1 mRNA whereas uridylation of the L1 mRNA in the cytoplasm by TUT7 inhibits 

reverse transcription activity of ORF2p after re-entry into the nucleus (74). Additionally, 

MOV10L1, a homologue of MOV10 has been shown to control the expression of 

retrotransposons in germline cells through association with PIWI-proteins (75, 76).  

Several members of the APOBEC3 cytidine deaminase family are known to repress L1 

retrotransposition but they differ in specificity (77-82). Certain APOBEC proteins are also 

potent restriction factors for retroviral reverse transcription by editing single stranded DNA. It 

appears that inhibition of L1 retrotransposition by APOBEC proteins is mediated by a 

mechanism independent of cytidine deamination (79, 83). Other mechanisms were proposed 

including sequestration of L1-RNPs in cytoplasmic complexes and their subsequent targeting 

to stress granules and P-bodies followed by degradation via RNAi (60). This hypothesis is 

supported by the observation that APOBEC3G colocalizes with RNPs in stress granules and P-

bodies (84). APOBEC3G was found to competitively inhibit the interaction between MOV10 

and AGO2 of the RISC suggesting that APOBEC3G disturbs the MOV10-mediated RISC 

assembly subsequently counteracting gene silencing (85). The impact on L1 retrotransposition 

of this mechanism remains to be elucidated.  

1.4.3 Nuclear import of L1-RNPs 

During the life cycle of L1 retrotransposition, the L1-RNP needs to be efficiently imported back 

into the nucleus. Nuclear breakdown during mitosis appears to be an important entry 

mechanism in analogy with some exogenous retroviruses (86). A study by Mita et al. confirmed 

that nuclear entry of the L1-RNP mainly occurs during the S-phase  of the cell cycle in rapidly 

dividing cancer cells (87). In contrast, it was observed that retrotransposition also occurs, albeit 

at lower rates, in mature nondividing human neurons suggesting the presence of other 

mechanisms of nuclear import independent of the cell cycle (22). The nuclear import factor 

Transportin-1 (TNPO1) appears to be yet another common host factor in the replication of L1 
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retroviruses, more specifically human immunodeficiency virus type 1 (HIV-1) (88). TNPO1 

was shown to import L1-RNPs into the nucleus, thereby catalyzing an essential step in the L1 

retrotransposition cycle. The restriction factor miR-128 has three ways to repress L1 

retrotransposition. It depletes TNPO1 mRNA resulting in decreased levels of TNPO1 in the 

nuclear membrane, thereby repressing nuclear import of L1-RNPs (88). Secondly, it decreases 

levels of hnRNPA1, an RNA-binding protein that mediates shuttling through the nuclear pore 

complex by interacting with TNPO1 (89). hnRNPA1 has been described as part of the L1-RNP 

complex by interacting with ORF1p through an RNA-bridge (90). Finally, miR-128 also 

represses L1 by directly binding to L1 mRNA and targeting it towards degradation via the RISC 

(91). miRNAs regulating multiple targets in the same cellular pathway is not a novel concept 

(89). miR-128 also appears to have binding sites in all members of the transportin family. 

Interestingly, Transportin-SR2 (TRN-SR2) is known as an essential nuclear import factor of 

HIV-1, but its role in nuclear import of L1-RNPs has not been investigated (92). Additionally, 

TNPO1 has been reported to act as a second import factor of HIV-1 making the analogy 

between nuclear import of HIV-1 and L1 even more interesting to explore (93).  

1.4.4 Regulation of L1 TPRT 

The majority of novel L1 insertions is 5’ truncated resulting in a defective L1 sequence that is 

unable to undergo a novel cycle of retrotransposition (43). 5’ truncation may be explained by 

the inability of reverse transcriptase to fully copy the L1 mRNA before the complex dissociates 

or by host defense mechanisms that occur during TPRT (43). L1 insertions in the genome are 

also often found inverted. This is explained by a mechanism called twin priming that always 

includes inversion and 5’ truncation of L1 (94). Twin priming limits the insertion of full-length 

L1 sequences thereby inhibiting the replication of retrotransposition competent L1s.  

Various host and restriction factors of L1 retrotransposition are known to act during TPRT in 

order to, respectively, enable or prevent the integration of new L1 sequences. One of the host 

factors that is required for efficient integration of L1 is RNase H2 (95, 96). RNase H2 is a 

nuclear trimeric enzyme that is responsible for RNA:DNA hybrid degradation and plays an 

essential role in the removal of accidentally incorporated ribonucleotides in the genomic DNA 

(97). A model was proposed in which RNase H2 degrades the L1 mRNA in the RNA:cDNA 

hybrid generated during TPRT. RNase H2 only appears to be an essential host factor for 

endogenous retroelements that do not have their own RNase H2 domain, these include L1 
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retrotransposons, in contrast to HIV-1 where reverse transcriptase also has an RNase H2 activity 

(98). This hypothesis was contradicted by a study that reported that RNase H2 and nuclear 

MOV10 interact in an RNA-dependent manner to repress L1 retrotransposition by inhibiting 

the formation of the RNA:cDNA hybrid during TPRT (99, 100). A possible explanation for this 

apparent paradox is that RNase H2 as a host factor enables L1 retrotransposition but that it 

cannot perform its function when it is associated with MOV10.  

Various restriction factors of L1 retrotransposition are located in the nucleus. SAMHD1 is a 

deoxynucleoside triphosphate triphosphohydrolase and a ribonuclease that is predominantly 

expressed in the nucleus (101). It is a known inhibitor of retroviruses and endogenous 

retroelements (102, 103). SAMHD1 is thought to inhibit reverse transcription of retroviruses 

by depleting the dNTP pool, thereby inhibiting viral replication (104, 105). A study observed 

that the dNTP hydrolase activity of SAMHD1 is also necessary to restrict L1 retrotransposition 

(106). Additionally, a direct interaction between SAMHD1 and ORF2p was observed that is 

regulated by phosphorylation of SAMHD1. The authors suggest a model in which 

unphosphorylated SAMHD1 binds ORF2p in the nucleus and inhibits reverse transcription by 

locally depleting the dNTP pool through its enzymatic dNTP hydrolase activity. This was 

supported by an earlier study suggesting that SAMHD1 is required for the inhibition of ORF2p 

reverse transcription in the nucleus (102).  

Another restriction factor of L1 retrotransposition in the nucleus is TREX1 (107). TREX1 is an 

abundant 3’ to 5’ DNA exonuclease that is ubiquitously expressed in the cell (108). TREX1 has 

antiviral DNase activities by targeting reverse transcribed viral cDNA. It thereby prevents the 

accumulation of viral cDNA in the cytosol and the innate immune responses to DNA species 

in the cytoplasm (60). TREX1 has also shown to metabolize reverse transcribed L1 cDNA 

(107). Since TREX1 is ubiquitously expressed in the cell, it is possible that it acts during TPRT 

in the nucleus, although it also opens the possibility for another mechanism of reverse 

transcription in the cytoplasm (109).  

These studies prove the presence of a complex network of host factors that regulates both 

retroviruses and endogenous retroelements. Various known host and restriction factors show an 

essential function in the regulation of retroviral activity notwithstanding that this is not always 

the same function that is observed in the regulation of endogenous retroelements. For some 

cellular factors it is even unclear whether it originally defended the host against retroviruses or 
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whether it defended the host against endogenous retroelements (110). Nevertheless, the 

majority of host control mechanisms remain to be discovered. 

1.5 L1 insertions as a cause of human disease 

Kazazian and colleagues were the first to report that L1 retrotransposition can cause insertional 

mutagenesis leading to disease (111). In 1988 they reported a patient with hemophilia A with a 

new exonic L1 insertion in the factor VIII gene. Since then, more than 100 heritable disease 

cases were reported to be caused by L1 insertion such as Duchenne muscular dystrophy, cystic 

fibrosis and breast cancer (6, 112).  

L1 insertions can affect the genome in a multitude of ways (43). Insertions into exons can 

introduce nonsense codons or cause exon skipping. This will have a direct impact on protein 

structure. Insertions into introns can also be mutagenic by generating new splice sites causing 

exon skipping or inserting polyA signals causing premature termination of transcription (59). 

Intronic insertions can also decrease stability of pre-mRNA, thereby lowering the expression 

levels of the gene. Mainly insertion of the 5’ UTR L1 promoters impact the expression of nearby 

genes (31, 113, 114). The 5’ UTR of L1 contains a sense and antisense promoter that can 

interfere with normal gene expression of adjacent cellular genes (113). Transcription from the 

antisense promoter can lead to the formation of chimeric antisense transcripts containing a part 

of the L1 5’ UTR and gene sequences flanking the 5’ end of L1 (31, 113). The L1 promoters 

can also act as promoters for regulatory miRNAs, thereby indirectly affecting the expression 

levels of other genes (115, 116). A study observed that L1 integrations primarily occur antisense 

to gene introns in hippocampal neurons (24). A mechanistic explanation for this preference is 

still lacking.  

Integrated L1 elements do not need to be fully functional to exhibit cell toxicity and DNA 

damage (6, 117). Truncated L1s that are retrotransposition defective may still encode one or 

part of the functional domains of L1 (117). It was shown that L1 sequences containing a 

premature stop codon can still encode part of the ORF2 leading to a truncated ORF2p that 

contains a full endonuclease domain (118). This endonuclease activity may generate 

retrotransposition-independent nicks and contribute to formation of double stranded breaks 

(DSB) in genomic DNA (119).  
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1.6 Pathologies associated with L1 retrotransposition 

There is accumulating evidence that TEs also play a role in more complex diseases. Changes in 

the mobility of retrotransposons has been observed in a range of inflammatory, neurological 

and neurodegenerative diseases (54). The question rises how endogenous retroelements are 

implicated in the pathophysiological pathways leading to the pathogenesis or aggravation of 

these diseases. What is the role of endogenous retroelements when there is an innate 

inflammatory response, but no viral infection is detected? Misregulation of retrotransposons 

may have a larger impact on human disease than initially anticipated (54). In the following 

paragraph a concise overview is given of pathologies that have already been associated with 

altered L1 retrotransposition.  

1.6.1 Rett syndrome and MeCP2 duplication syndrome 

Rett syndrome (RTT) is a neurodevelopmental disorder that affects approximately 1 in 10 000 

young girls (120, 121). RTT patients appear to develop normally until 6-18 months of age but 

gradually start to lose their acquired abilities (122). Loss-of-function mutations in the MeCP2 

gene were found to be the main cause of RTT (123). The MeCP2 gene is located on the X 

chromosome and is in consequence subjected to X-inactivation that influences the phenotypic 

severity of RTT (121). MeCP2 is ubiquitously expressed throughout the human body where the 

highest expression levels are seen in the brain, particularly in neurons (50). Most RTT causing 

mutations in MeCP2 are found in the MBD or in the TRD interfering with the ability of MeCP2 

to bind methylated DNA or cofactors, respectively (48, 124).  

Strict regulation of MeCP2 during neurodevelopment and adulthood is necessary given that 

both up- and downregulation of MeCP2 causes neurological dysfunctions (125). In contrast to 

RTT, MeCP2 gain-of-function mutations in MeCP2 duplication syndrome are also detrimental 

for life quality (126). These patients present with neurological dysfunctions similar to RTT 

(122, 125). This underlines the importance of an appropriate balance in MeCP2 expression. A 

study that used NPCs derived from induced pluripotent stem cells (iPSC) and human tissue of 

RTT patients revealed that RTT patients who carry a MeCP2 mutation have increased 

susceptibility for L1 retrotransposition (47). Another study found more somatic L1 insertions 

in the brain of RTT patients compared to non-brain tissue of the same patient (127). This is not 

surprising considering MeCP2 is a known epigenetic regulator of L1 and is mainly expressed 

in the brain (47). The high rates of L1 retrotransposition in RTT patients leads to an increased 
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rate of somatic mutations in the brain of these patients, leaving us with the question whether L1 

retrotransposition is the cause or a consequence of RTT disease progression.   

1.6.2 Autism spectrum disorders 

Autism spectrum disorders (ASD) are developmental disorders that affect behavior and 

communication, but the etiology of ASD remains unknown. Various genetic and environmental 

factors have been identified that are involved in the occurrence of ASD (128). RTT was once 

considered part of ASD. Together with the evidence that L1 is responsive to environmental 

stressors, it prompted researchers to study the role of L1 retrotransposition in ASD and other 

neurobehavioral disorders (129). Indeed, L1 expression was found significantly increased in 

the brain of ASD patients (130). This has been related to lower methylation levels of the L1 

promoter and consequently less repression by MeCP2 in the brain of these patients (130, 131). 

In fact, another study found an association between L1 insertions and dysregulated genes that 

are related to ASD (132). Further research will be needed to investigate which neuronal circuits 

may be affected by L1 insertions in the brain of these patients  

1.6.3 Schizophrenia 

More and more evidence accumulates on the association between somatic mutations and the 

pathophysiological mechanisms underlying neurobehavioral and psychiatric disorders (133). 

Schizophrenia is a complex neuropsychiatric disorder that affects around 0.5 - 1 % of the global 

population (134). Starting from the hypothesis that L1 retrotransposition may not only be 

involved in Mendelian disorders, Bundo et al. studied L1 retrotransposition in the 

pathophysiology of mental disorders (135). They found an increased L1 content in brain 

samples from established schizophrenia mice models as well as in neurons from schizophrenia 

patients. They observed that L1 insertions were concentrated in genomic loci related to 

schizophrenia and synaptic function. Their results indicated that both genetic components and 

environmental factors during early stages of development could increase susceptibility to 

schizophrenia and play a role in pathophysiology. Another study used next-generation 

sequencing to detect L1 insertions in schizophrenia patient samples (136). One third of these 

insertions were detected in the coding sequence of protein-coding genes implicated in the 

pathogenesis schizophrenia. These findings were confirmed by another study where a 

significant increase in novel intragenic L1 insertions was observed in dorsolateral prefrontal 

cortex neurons of schizophrenia patients (137). Taken together, these studies indicate that L1 
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retrotransposition during embryogenesis and adult neurogenesis may contribute to the etiology 

of schizophrenia. Additionally, intragenic L1 insertions may be inherited and may form an 

increased risk for schizophrenia by disrupting gene function and subsequently lead to 

neurodevelopmental changes (137). Furthermore, several studies observed a decrease in L1 

methylation levels, although other studies did not find the same results possibly due to 

differences in demographic and clinical variables (138-142). Nevertheless, an increase in L1 

activity as a result of hypomethylation has been observed in other mental disorders including 

post-traumatic stress disorder, bipolar disorder and major depressive disorder (6).  

1.6.4 Aicardi-Goutières syndrome 

Aicardi-Goutières syndrome (AGS) is an inherited neuroinflammatory disorder associated with 

constitutive upregulation of type I interferon (IFN) production (143). Patients suffer from early-

onset encephalopathy that resembles a congenital HIV-1 infection and also shows similarities 

with the autoimmune disease systemic lupus erythematosus. AGS can be caused by mutations 

in different genes that are mainly involved in nucleic acid metabolism and signaling, including 

TREX1, SAMHD1, RNase H2, ADAR and IFIH1. Loss-of-function mutations in these proteins 

cause a disturbance of endogenous nucleic acid pathways triggering an innate immune response 

that is normally induced by exogenous nucleic acids (143). There are two possible sources of 

endogenous nucleic acids that can elicit such a response: 1) nucleic acids arising as a result of 

chronic DNA damage, or 2) nucleic acids derived from retrotransposons (144). 

TREX1, SAMHD1 and ADAR1 are all negative regulators of L1 retrotransposition (102, 107, 

145). Mutations in these AGS-associated proteins may comprise their ability to regulate both 

endogenous and exogenous nucleic acids. Based on these observations, a study was performed 

in TREX1-deficient mice that were given a combination of HIV-1 reverse transcriptase 

inhibitors (RTi) (146). They were able to rescue the inflammatory phenotype of the mice, 

supporting the hypothesis that RTi can reduce IFN signaling in AGS patients by inhibiting the 

reverse transcription of endogenous retrotransposons. A phase II clinical trial was conducted 

for AGS patients who received combinations of RTi (147). A reduction of IFN levels and a 

decrease in IFN stimulated genes was observed after 12 months but returned to pre-treatment 

levels after discontinuing the therapy.  

Mutations in the three genes encoding the RNase H2 subunits are the most common cause of 

AGS (148, 149). At first, it was suggested that RNase H2 would inhibit L1 retrotransposition, 
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similar to TREX1, SAMHD1 and ADAR1 (144). However, results of a study indicated that 

RNase H2 activity promotes L1 retrotransposition, questioning the proposed mechanism for 

AGS pathogenesis centered around accumulation of endogenous retroelements (95). Instead 

they proposed that genome instability and the accumulation of RNA:cDNA hybrids in the 

nucleus might be the underlying cause of inflammation in AGS caused by RNase H2 mutations. 

Further research is required to determine the relative importance of endogenous retroelements 

in AGS. Other AGS disease-causing genes such as IFIH1, TMEM173 and ISG15 may also have 

a role in metabolism of retroelements, since many were already found to modulate or repress 

exogenous retroviruses (143, 150-153). More research is needed to elucidate their potential 

roles in the process of retrotransposition.  

1.6.5 Ataxia-telangiectasia 

Ataxia-telangiectasia (AT) is a neurodegenerative disease that is characterized by progressive 

cerebellar degeneration (154). AT is caused by inactivating mutations in the ataxia 

telangiectasia mutated (ATM) gene that encodes a serine/threonine kinase that responds to 

DNA damage. Mutations in ATM leads to the inability to repair particular types of DSBs 

resulting in DNA mutagenesis (155). Coufal and colleagues observed an increase in L1 

retrotransposition in ATM deficient cells suggesting a role of ATM in the repression of L1 

retrotransposition (156). Their finding was supported by the observation of an increased L1 

content in the genomic DNA of postmortem hippocampal brain tissues of AT patients. They 

suggest that ATM acts as repair factor of the dsDNA break generated during TPRT. 

Consequently, loss of ATM would lead to more or longer L1 insertions.  

1.6.6 Neurodegenerative diseases and ageing 

Interest around the impact of retrotransposons in neurodegenerative disorders is increasing. 

Altered activity of retrotransposons has been observed in various neurodegenerative disorders 

and ageing (54). Most of the evidence exists for amyotrophic lateral sclerosis (ALS) and 

frontotemporal dementia (FTD)  (157). ALS is a neuromuscular disease that is characterized by 

degeneration of the upper and lower motor neurons in the corticospinal tract (157). FTD belongs 

to the same disease spectrum as ALS and involves frontotemporal lobe degeneration (FTLD) 

in the brain leading to progressive changes in personality, behavior, language dysfunction and 

executive deficits (157). ALS and FTD are often associated with accumulation of RNA-binding 

protein TDP-43 that forms ubiquitinated inclusions in diseased neurons. A study showed that 
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TDP-43 binds to L1 mRNA transcripts, and that this binding is reduced in FTLD patients 

carrying a TDP-43 mutation (158). Another study found that loss of TDP-43 is associated with 

increased chromatin accessibility around L1 in post-mortem brain samples of ALS-FTD 

patients, leading to increased L1 retrotransposition (159). These results stand in contrast to 

another study that did not find evidence for misregulation of L1 expression in sporadic ALS 

nor did they find an effect of TDP-43 on L1 retrotransposition (160). More research is needed 

to elucidate the contribution that TEs may have in TDP-related neurodegenerative disorders.  

Alzheimer’s disease (AD) is a neurodegenerative disease and the most common cause of 

dementia that is characterized by a progressive loss of memory and cognitive abilities (161). 

There was a growing interest to study the role of TEs in AD after the observation of somatic 

and germline mosaicism in patients with sporadic early-onset AD (162). Bollati et al. 

investigated the methylation levels of L1 in AD patients and compared these to healthy controls 

(163). They observed an increased L1 content in AD patients. Higher levels of L1 methylation 

were seen in the group of patients who scored better on cognitive tests than in the group that 

performed worse. These results were contradicted by another study that did not observe 

differences in L1 methylation levels between AD patients and healthy controls (164). These 

negative results were also confirmed by another study that did not observe a difference in L1 

copy number between AD patients and age-matched healthy controls (165). Yet, a more recent 

study showed that tau activates TEs leading to an altered transcriptional landscape in AD (166). 

It was suggested that this aberrant activity of TEs may be damaging to neurons, contributing to 

the progression of AD. It would be interesting to continue investigations down this road to 

elucidate the role of TEs in AD considering previous studies that showed L1 retrotransposition 

in hippocampal neurons is able to induce somatic mosaicism that can influence memory 

formation and possibly other cognitive functions (26).  

Ageing is a major risk factor in various neurodegenerative diseases. Accumulation of age-

related mutations makes it intriguing to hypothesize that L1 retrotransposition may be a source 

of this DNA damage (6, 119). L1 retrotransposition may cause somatic mutations in mature 

nondividing neurons leading to somatic mutations that accumulate over the course of human 

ageing and even cause neurodegeneration (167). Li et al. used Drosophila as a model to study 

the activity of TEs during ageing by comparing the brain tissues at different ages (168). They 

found increasing activity of TEs with age suggesting that TEs may contribute to age-dependent 

neuronal decline.  
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1.6.7 Cancer 

L1 retrotransposons constitute a source of mutations in our genome. They exert adverse effects 

on genome stability. Therefore, control of L1 retrotransposons is important to maintain genome 

integrity. It is becoming more and more evident that L1 as a source of mutations can be 

problematic as it has been shown that L1 insertions can participate in the origin and evolution 

of cancer (169). L1 insertions in or near tumor suppressor genes or oncogenes can contribute to 

tumor development, progression and metastasis. The number of L1 insertions vary among 

tumors, with some having more than 50 somatic insertions and other types of cancers 

completely lacking L1 insertions (170). Mechanisms such as epigenetic modification that 

repress L1 retrotransposition are often dysregulated in cancer (169). Studies revealed a 

correlation between hypomethylation of the L1 promoter and increased L1 expression in certain 

types (171, 172).  

Thousands of somatic mutations caused by L1 insertions have been identified in many tumor 

types. The majority of these mutations are passenger mutations (173). The question remains 

how often L1 insertions drive tumorigenesis in humans. A better understanding of L1 

retrotransposition in healthy somatic tissue is required in order to better understand the role of 

L1 in carcinogenesis.  

1.7 The cell culture-based L1 retrotransposition assay 

The L1 retrotransposition assay is widely used as a reliable method to study L1 

retrotransposition. This method allows to study the retrotransposition process and host factors 

that regulate L1 retrotransposition in cell cultures as well as in animal models (174, 175). The 

experimental system was first described by Moran et al. to study L1 retrotransposition in 

cultured mammalian cell lines (176). They designed a plasmid that contained a human L1 

element and cloned a reporter cassette in the 3’ UTR of the L1. The reporter consisted of a 

neomycin resistance (NeoR) gene in the antisense direction interrupted by a g-globin intron 

flanked by a splice donor and acceptor site in the opposite transcriptional direction. The cassette 

also contained a polyA signal at the 5’ end of the reporter gene and a heterologous promoter at 

the 3’ end of the reporter gene. After transcription the L1-NeoR transcript is spliced, reverse 

transcribed and integrated into the genomic DNA. Cells transfected with the plasmid will only 

become G418-resistant after a full cycle of retrotransposition.  
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Other L1 retrotransposition plasmids have been developed containing different reporter 

cassettes for the detection of L1 mobilization. Ostertag et al. made use of enhanced green 

fluorescent protein (EGFP) to measure relative L1 retrotransposition rates (177). They 

developed a plasmid that contains the human L1RP tagged with an EGFP cassette in the 3’ UTR 

(Figure 4). In this plasmid EGFP is flanked by a cytomegalovirus (CMV) promoter and a polyA 

signal. Transcription of L1RP is driven by the endogenous L1 promoter in the 5’ UTR. EGFP 

positive cells can be visually detected by FACS analysis. The EGFP positive cells represent the 

cells in which a retrotransposition event has taken place. The integrated copy number of the 

EGFP gene can also be determined by quantitative Real-Time PCR on the genomic DNA of 

transfected cells (178). This way an estimation of L1 retrotransposition can be made regardless 

of EGFP gene expression.  

 Figure 4: The L1 
retrotransposition assay 
with an EGFP reporter 
cassette. The active 
human L1RP is cloned in a 
pCEP4 backbone. L1RP 
consists of 2 ORFs 
flanked by a 5’ UTR and a 
3’ UTR in which a 
reporter cassette is 
cloned. The EGFP 
reporter gene is 
interrupted by a g-globin 
intron that is positioned in 
the opposite 
transcriptional direction. 
Cells will express EGFP 
when the transcript 
undergoes splicing, reverse transcription and integration in the genomic DNA where it can be expressed 
from the CMV promoter. The plasmid contains a puromycin resistance gene (PuroR) for selection of 
transfected cells. Epstein-Barr virus nuclear antigen 1 (EBNA-1) and Epstein-Barr virus origin of 
replication (oriP) allow replication of episomes in primate cells. The plasmid can also replicate in 
prokaryotic cells through the E. coli origin of replication (ori) and ampicillin resistance gene (AmpR). 
Integrated L1 elements that are fully functional can undergo multiple cycles of retrotransposition. 
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1.8 Hypothesis 

L1 retrotransposition in the human genome has a multitude of consequences but the biological 

significance is not well-understood. Retrotransposons are known to contribute to somatic 

mosaicism and to act as potent regulatory elements in the human genome although many aspects 

on their function and effect on gene regulation remain unclear. Growing evidence suggests a 

role for L1 in healthy somatic tissue as well as in various diseases. L1 retrotransposons have 

been associated with a wide range of human diseases, making them potential pathogens and 

targets for new therapeutics. Therefore, thorough understanding of their biology is required. 

Fundamental research aims to identify new host factors required for L1 retrotransposition.  

In my Master thesis I explore host factors of L1 retrotransposition. Since many known 

regulators of L1 retrotransposition show similarities with responses to retroviral pathogens, we 

hypothesized that lens epithelium-derived growth factor/p75 (LEDGF/p75) can act as a host 

factor of L1 retrotransposition. Given that LEDGF/p75 interacts with MeCP2, a known 

regulator of L1 retrotransposition, and that LEDGF/p75 is an essential host factor for HIV-1 

integration, we hypothesized that LEDGF/p75 may play a direct or an indirect role in L1 

retrotransposition.   
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2 Research objectives 

2.1 General objective  

L1 is the only autonomous retrotransposons in the human genome. It is estimated that 100 L1 

elements are still active in our genome, a small part of which is even highly active and plays an 

important role in genome plasticity and expansion. L1 activity has shown to be implicated in 

neurophysiological processes such as memory formation in neuronal progenitor cells. On the 

other hand, imbalance in L1 activity has been observed in human diseases including 

neurodevelopmental disorders and cancer. A thorough understanding of the L1 interactome is 

essential to understand its implications in health and disease.  

2.2 Specific research objectives 

Objective 1: To optimize the L1 retrotransposition assay in two different cell lines. 

The goal is to reproduce the L1 retrotransposition assay in our lab using a L1RP-EGFP reporter 

plasmid and to optimize the conditions to acquire a robust readout. Two different cancer cell 

lines, HEK293T and HeLa P4 cells, will be used to perform this assay. HEK293T cells and 

HeLa cells have been used before in this assay (106, 176). The L1 retrotransposition assay will 

be validated using MeCP2 depletion cell lines. 

Objective 2: To study the role of LEDGF/p75 in L1 retrotransposition. 

LEDGF/p75 is an essential host factor involved in the integration of HIV-1 (179). The goal is 

to determine whether LEDGF/p75 is also part of the L1 retrotransposition interactome, using 

the optimized L1 retrotransposition assay.  
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3 Materials and methods 

3.1 Cell culture 

HEK293T and HeLa P4 cells were grown in a humified atmosphere containing 5 % CO2 at 

37°C. HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 

GlutaMAX [Gibco] supplemented with 5 % fetal bovine calf serum (FCS; [Gibco]) and 

50 µg/mL gentamicin [Gibco], hereafter referred to as DMEM complete medium. HeLa P4 

cells were cultured in DMEM complete medium supplemented with 0.5 mg/mL geneticin 

[Gibco]. Cultured cells were routinely checked for mycoplasma using the PlasmoTest 

Mycoplasma Detection kit [Invivogen] to ensure lack of contamination.  

3.2 Plasmids 

Transfer plasmids encoding a single miR30-based short hairpin RNA (shRNA) were created 

for viral vector production as previously described (180). DNA sequences encoding four 

different MeCP2-specific miRNA-based shRNAs (TRCN0000330972, TRCN0000330971, 

TRCN0000379510, TRCN0000021241; Table 1) were cloned into a pGAE backbone 

containing a spleen focus forming viral (SFFV) promoter driving the miRNA and a blasticidin 

resistance (BsdR) gene and a woodchuck hepatitis virus posttranscriptional regulatory element 

(WPRE) for simian immunodeficiency virus (SIV) vector production (Figure 5). All shRNAs 

target both isoforms of MeCP2 for knock-down. A miRNA containing a scrambled sequence 

or a previously established shRNA against firefly luciferase (Fluc) were used as non-targeting 

controls. Digestion of the pGAE backbone with Esp3I allowed ligation of the annealed 

oligonucleotide pairs. All cloning steps DNA sequence verified.  

For the L1 retrotransposition assay the retrotransposition competent plasmid 99-L1RPS-EGFP-

Puro (L1RP) and the retrotransposition defective control plasmid 99-JM111-EGFP-Puro 

(JM111), a kind gift of Prof. T. Gramberg (Friedrich-Alexander-University Erlangen-Nürnberg, 

Germany) were used as described previously (177). The L1 sequence is based on the human 

L1RP sequence and cloned into a pCEP4 backbone containing a PuroR gene (Figure 4).  
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Figure 5: Schematic representation of pGAE_miR30 transfer plasmids and the pSIV3+ packaging 
construct for SIV vector production. Promoters are symbolized by black arrows. Genes and cis-
elements are depicted by boxes. A) The pGAE transfer plasmid contains a spleen focus-forming virus 
promoter (SFFV) driving a blasticidin resistance gene (BsdR) and a miR30-based shRNA gene (miR) to 
target MeCP2 and to create a potent knock-down through RNAi. The miR is followed by a woodchuck 
hepatitis virus post-transcriptional regulatory element (WPRE) for stabilization of the mRNA. The miR 
consists of a complementary sense and antisense sequence connected by a loop sequence. After 
transcription of the miR these complementary sequences will form the stem of the miR. The stem is 
flanked by a 5’ and 3’ miR30-specific backbone sequence. SIV vectors are designed to be self-
inactivating by a partially deleted 3’ unique element (DU3) in the 3’ long terminal repeat (LTR). B) 
Schematic representation of the pSIV3+ packaging plasmid. Early cytomegalovirus promoter (pCMV); 
repeat element (R); 5’ unique element (U5): group-specific antigen (Gag); packaging signal (Y);  
central (cPPT) and 3’ polypurine tracks (PPT); Rev response element (RRE); the SIV Rev/Tat  splice 
acceptor (SA) is extended to the purine-rich region (GAR); polymerase (Pol); polyadenylation signal 
(polyA). Figure adapted from Mangeot et al. (181) and Osorio et al. (180). 
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Table 1: List of MeCP2-specific miR30-based shRNAs. 

 

3.3 Viral vector production  

SIV vectors were prepared in 10 cm cell culture dishes with the triple transient transfection 

method using linear polyethylenimine (PEI; [Polysciences]) as described previously with minor 

modifications (182). For vector productions, 6 x 106 HEK293T cells were seeded in Opti-MEM 

[Gibco] supplemented with 2 % FCS [Gibco]. 24 h after seeding, the cells were triple 

transfected with 5 µg envelope plasmid pMD.G (183) that encodes vesicular stomatitis virus 

glycoprotein (VSV-G), 15 µg pSIV3+ packaging plasmid, a kind gift from Prof. D. Nègre 

(Université De Lyon, France), and 15 µg pGAE transfer plasmid. Medium was replaced 24 h 

after transfection by Opti-MEM [Gibco]. Supernatant was collected 48 h and 72 h after 

transfection and filtrated over a 0.45 µm pore-size syringe filter [Merck]. The vector was 

concentrated using a Vivaspin 15 50,000 MW cut-off [Sartorius] and stored at -80°C.  

Name Target site  Sequence 

MeCP2-specific 

MeCP2_miR_1 5’ UTR AAGAAGGTATATTGCTGTTGACAGTGAGCGGTGACAAAG
CTTCCCGATTAACTAGTGAAGCCACAGATGTAGTTAATCG
GGAAGCTTTGTCAGTGCCTACTGCCTCGGACTTCAAGGG 

MeCP2_miR_2 ORF AAGAAGGTATATTGCTGTTGACAGTGAGCGCGAGAGCGC
AAAGACATTGTTTTAGTGAAGCCACAGATGTAAAACAAT
GTCTTTGCGCTCTCCTGCCTACTGCCTCGGACTTCAAGGG 

MeCP2_miR_3 ORF AAGAAGGTATATTGCTGTTGACAGTGAGCGTGCCGTGAA
GGAGTCTTCTATCTAGTGAAGCCACAGATGTAGATAGAA
GACTCCTTCACGGCTTGCCTACTGCCTCGGACTTCAAGGG 

MeCP2_miR_4 ORF AAGAAGGTATATTGCTGTTGACAGTGAGCGCCTGGGAAG
TATGATGTGTATTTAGTGAAGCCACAGATGTAAATACAC
ATCATACTTCCCAGCTGCCTACTGCCTCGGACTTCAAGGG 

Controls 

Ctrl_miR_scr Non-targeting AAGAAGGTATATTGCTGTTGACAGTGAGCGACGCTCTAA
AGTGGAGTTGATTTAGTGAAGCCACAGATGTAAATCAAC
TCCACTTTAGAGCGATGCCTACTGCCTCGGACTTCAAGGG 

Ctrl_miR_fluc Fluc AAGAAGGTATATTGCTGTTGACAGTGAGCGGCGCTGAGT
ACTTCGAAATGTCTAGTGAAGCCACAGATGTAGACATTTC
GAAGTACTCAGCGTTGCCTACTGCCTCGGACTTCAAGGG 
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3.4 Generation of stable knock-down cell lines 

To generate stable MeCP2 KD cell lines, HEK293T or HeLa P4 cells were seeded at 2 x 104 

cells/well in 96-well plates and transduced for 3 days in DMEM complete medium. Cells were 

transduced with serial dilutions of vector. After transduction cells were continuously kept under 

selection in DMEM complete medium with 5 µg/mL blasticidin. KD was confirmed on Western 

Blot and/or RT-qPCR.  

A monoclonal HEK293T LEDGF/p75 KD zeocin resistant (ZeoR) cell line was previously 

established in the host lab by transduction with an SIV-based vector encoding a LEDGF/p75-

specific miR30-based shRNA (184). Cells were kept under continuous selection in DMEM 

complete medium supplemented with 100 µg/mL zeocin.  

3.5 Western blot 

Cells were plated in 6-well plates at 1 x 106 cells/well in DMEM complete medium. After 24 h 

cells were washed twice with PBS and lysed in 1 % SDS. Protein concentrations of whole cell 

extracts were determined using the BCA protein assay [ThermoFisher Scientific]. Cell extracts 

containing 20 µg of total protein were separated on 12.5 % SDS-PAGE in-house gels and 

electroblotted on Polyvinylidene difluoride membranes [Bio-rad]. Membranes were blocked in 

PBS with 0.1 % Triton-X100 and 5 % milk subsequently incubated with 1:1000 rabbit MeCP2-

specific antibodies [Proteintech]. Mouse b-tubulin-specific antibodies [Abcam] were used to 

confirm equal loading. Detection was performed using secondary horseradish peroxidase-

conjugated goat anti-rabbit [Thermofisher] or goat anti-mouse antibodies [Dako], 

chemiluminescence (Clarity ECL [Bio-rad]) and the LAS-4000 imaging system [Fujifilm].  

3.6 Cell count 

HeLa P4 or HEK293T cells were plated at 25 000 cells/well in a 24-well plate in DMEM 

complete medium supplemented with the appropriate antibiotic to keep cells under selection. 

Cells were trypsinized and counted after 24 h, 48 h, 72 h, and 96 h using the TC20 Automated 

Cell Counter [Bio-rad].  

Analogously, HeLa P4 or HEK293T cells were plated at 6000 cells/well in a 24-well plate in 

DMEM complete medium supplemented with the appropriate selection antibiotic. Cells were 
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trypsinized and counted at day 1, 4, 5 and 6 after seeding using the TC20 Automated Cell 

Counter [Bio-rad]. 

3.7 L1 retrotransposition assay  

For the L1 retrotransposition assay cells were seeded in 48-well dishes at a density of 3.5 x 104 

cells/well in DMEM complete medium. After 24 h cells were transfected with the L1RP or 

JM111 plasmid using the FuGENE 6 transfection reagent [Promega]. For 1 µg plasmid DNA 

4.5 µL FuGENE was used in a final volume of 100 µL Opti-MEM [Gibco]. An additional 

transfection mix was prepared to determine transfection efficiency consisting of 0.5 µg of a 

GFP mock reporter plasmid, 1 µg of L1RP or JM111 plasmid and 6 µL FuGENE in a final 

volume of 100 µL Opti-MEM [Gibco]. The transfection mixes were added to the cells in a ratio 

of 1:11 with Opti-MEM. Transfection was stopped after 24 h. Transfection efficiency was 

determined 2 days post-transfection and selection started from this moment onwards using 

DMEM complete medium supplemented with 1 µg/mL puromycin. Samples were taken at 

various time points after transfection by trypsinizing the cells and collecting them for flow 

cytometry. Cells were fixed using 4 % paraformaldehyde.  

3.8 Flow cytometry 

The percentage of green fluorescent cells in the samples was measured using the Guava 

EasyCyte HT with 488 nm laser [Luminex]. Data was analyzed using the InCyte Software for 

Guava EasyCyte HT Systems software package provided with the instrument. The forward 

scatter versus side scatter was used to gate for living cells.  

3.9 RT-qPCR 

Real-time quantitative PCR (RT-qPCR) was performed to determine mRNA levels. Total RNA 

was isolated using the total RNA Mini Kit [Bio-rad]. RNA concentrations were measured 

photometrically using the NanoPhotometer [Implen] and adjusted to 50 ng/µL for reverse 

transcription using the High-capacity cDNA Archive Kit [Applied Biosystems]. RT-qPCR was 

performed using TaqMan probes and the iQ supermix [Bio-rad] or SYBR Green Master Mix 

[ThermoFisher Scientific] to determine melting curves. The Lightcycler 480 [Roche] was used 

as detection system. Primers used to determine mRNA levels of MeCP2 and LEDGF/p75 are 

described in Table 2. b-actin was used as a housekeeping control to normalize mRNA levels.  
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Table 2: List of RT-qPCR primers. 

 

To determine the integrated copy number of episomal-derived EGFP a RT-qPCR was 

performed on genomic DNA on day 13 post-transfection. Genomic DNA was extracted using 

the DNA Extraction Kit [Bio-rad] with DNase-free RNase. DNA concentrations were measured 

using the NanoPhotometer [Implen] and adjusted to 70 ng/µL. RT-qPCR was performed using 

the SYBR Green Master Mix [ThermoFisher Scientific] and the Lightcycler 480 [Roche] as 

detection system. The primers flank the g-globin intron interrupting EGFP and are listed in 

Table 2. b-actin was used as a housekeeping control.  

3.10 Statistical analysis 

Statistical analysis was performed using the GraphPad Prism 8.0 software package and Excel. 

Results are expressed as mean ± standard deviation (SD). 

 

 

 
 

  

Gene Forward primer Reverse primer Probe 

RT-qPCR on mRNA 

MeCP2 CACGGAAGCTTAAGCA
AAGG 

CTGGAGCTTTGGGAGAT
TG 

GGTAGGCGACACATCC
CTGG 

LEDGF/p75 GAACTTGCTTCACTTCA
GGTCACA 

TCGCCGTATTTTTTTCA
GTGTAGT 

TGCAACAAGCTCAGAA
ACACACAGAGATGA 

b-actin CACTGAGCGAGGCTAC
AGCTT 

TTGATGTCGCGCACGAT
TT 

ACCACCACGGCCGAGC
GG 

RT-qPCR on genomic DNA 

EGFP (178) GGTCACGAACTCCAGC
AG 

CAGAAGAACGGCATCA
AGG 

/ 

b-actin gDNA TCACCCACACTGTGCCC
ATCTACGA 

CAGCGGAACCGCTCATT
GCCAATGG 

ATGCCCTCCCCCATGCC
ATCCTGCGT 
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4 Results 

4.1 Optimization of the L1 retrotransposition assay 

4.1.1 Generation and validation of MeCP2 KD HEK293T and HeLa P4 cell lines 

We started by creating stable polyclonal MeCP2 KD cell lines in two immortalized cancer cell 

lines, HeLa P4 and HEK293T. Four different shRNA sequences from the GenomeRNAi 

database were used to create viral vectors expressing a single miR30-based shRNA that target 

MeCP2 and induce potent gene silencing (180). MeCP2 is a well-known repressor of L1 

retrotransposition, and therefore an excellent target to validate the L1 retrotransposition assay 

(47). The cells were transduced with a serial dilution of vectors in case vector toxicity would 

be observed at high vector concentrations. No vector toxicity was observed in the cells 

transduced with undiluted or diluted vectors. RT-qPCR was performed to confirm MeCP2 

depletion in cells transduced with undiluted and 1/5 diluted vector. MeCP2 KD was observed 

in all cell lines on RNA level (Figure 6). Table 3 shows the percentages of KD compared to 

WT.  

 
 

Figure 6: Validation of MeCP2 KD cell lines by RT-qPCR. HeLa P4 (A) and HEK293T (B) cells were 
transduced with four different vectors, each expressing a MeCP2-specific miRNA or a scrambled 
control. MeCP2 mRNA levels were determined in cells transduced with the undiluted and 1/5 diluted  
vector concentrations from a serial dilution. After transduction cells were continuously kept under 
blasticidin selection. MeCP2 levels were determined 1 month after transduction. MeCP2 expression 
levels were normalized for b-actin expression levels. RT-qPCR was performed in technical triplicates. 
Data are presented as mean ± SD of a single test.   
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Table 3: Percentages of MeCP2 KD compared to WT determined by RT-qPCR.  

 

 

 

 

 

MeCP2 KD cell lines were further validated on western blot (Figure 7). We only continued with 

the cells transduced with the undiluted vector concentration since they showed a more potent 

KD in  preliminary RT-qPCR data. Endogenous MeCP2 could be detected at a molecular 

weight of 75 kDa in WT and control cell lines, however this was less clear for HeLa P4 cells. 

MeCP2 was clearly depleted in all HeLa P4 and HEK293T MeCP2 KD cell lines (Figure 7). 

Multiple other bands were detected above and below the expected MeCP2 band at 75 kDa in 

all samples. It has been suggested that post-transcriptional processing of MeCP2 results in 

multiple molecular forms that are detected as MeCP2 immunoreactive bands on western blots 

(185). However, many of these bands showed an equally strong signal in all cell lines, 

suggesting certain aspecific interactions of the MeCP2 antibody.  

    

Figure 7: Western blot of MeCP2 KD HeLa P4 and HEK293T cell lines. MeCP2 protein levels in 
HeLa P4 (A) and HEK293T (B) cells were determined on western blot 1 month after transduction. 
Transduced cells were continuously kept under blasticidin selection. MeCP2 was detected in WT and 
control cells as an immunoreactive band of 75 kDa. Multiple aspecific bands were observed in all cell 
lines. b-tubulin was used as loading control.  

Cell line HEK293T HeLa P4 

Vector dilution Undiluted 1/5 dilution Undiluted 1/5 dilution 

MeCP2_miR_1 81 % 75 % 75 % 70 % 

MeCP2_miR_2 76 % 65 % 72 % 55 % 

MeCP2_miR_3 75 % 72 % 79 % 75 % 

MeCP2_miR_4 78 % 77 % 84 % 75 % 
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The 75 kDa immunoreactive band of MeCP2 on western blot appeared to be less strong in HeLa 

P4 cells compared to HEK293T cells. We reasoned that lower levels of endogenous MeCP2 in 

HeLa P4 could influence the interpretation of the L1 retrotransposition assay when comparing 

WT and MeCP2 KD cells. Therefore, we compared endogenous MeCP2 mRNA levels between 

WT HeLa P4 and HEK293T cells by RT-qPCR. MeCP2 expression levels appeared to be two-

fold higher in HEK293T compared to HeLa P4 cells (Figure 8). 

 Figure 8: Comparison of endogenous MeCP2 mRNA 
levels between WT HEK293T and HeLa P4 cells. WT 
HEK293T cells show a two-fold higher MeCP2 mRNA level 
compared to WT HeLa P4 cells. MeCP2 expression levels 
were normalized for b-actin expression levels. RT-qPCR 
was performed in technical triplicates. Data are presented 
as mean ± SD of a single test. 

 

 

We continued to validate the MeCP2 KD miR_1 and MeCP2 KD miR_4 cell lines in HeLa P4 

and HEK293T. MiR_1 and miR_4 target the 5’UTR and ORF of MeCP2, respectively. Both 

showed a MeCP2 KD of around 80 % on RT-qPCR in both HEK293T and HeLa P4 cells 1 

month after transduction (Table 3). We repeated the RT-qPCR to confirm MeCP2 KD in these 

cell lines 2 months after transduction and included the LEDGF/p75 KD HEK293T and LEDGF 

KD HeLa P4 cell lines (Figure 9). An equally potent MeCP2 KD was observed in both MeCP2 

KD HeLa P4 cell lines at 2 months post-transduction compared to 1 month post-transduction 

(Figure 9B). However, a less potent MeCP2 KD was observed in both MeCP2 KD HEK293T 

cell lines (Figure 9A). We observed a minor increase in MeCP2 mRNA levels in HEK293T 

MeCP2 KD cells 2 months post-transduction compared to 1 month post-transduction. 

Therefore, we also determined MeCP2 levels in MeCP2 KD HEK293T cell lines 6 months after 

transduction (Figure 10A). We observed that over time MeCP2 mRNA levels increased again 

resulting in only 46 % and 67 % KD for MeCP2 KD miR_1 and MeCP2 KD miR_4 HEK293T 

cells, respectively. Possibly this problem rises from the variability in potency of gene silencing 

in different cells of a polyclonal cell line. Cells with a more potent MeCP2 KD may have a 

disadvantage and are overgrown by cells with a less potent MeCP2 KD. To avoid this problem 

in the future, it is recommended to make a monoclonal cell line.   
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Figure 9: MeCP2 mRNA levels in HEK293T and HeLa P4 cell lines determined by RT-qPCR 2 
months post-transduction. MeCP2 mRNA levels were measured in MeCP2 KD HEK293T (A) and HeLa 
P4 (B) cell lines  2 months after transduction with a vector expressing a MeCP2-specific miRNA. MeCP2 
mRNA levels were also verified in LEDGF/p75 KD cell lines. MeCP2 expression levels were normalized 
for b-actin expression levels. RT-qPCR was performed in technical triplicates. Data are presented as 
mean ± SD of a single test.    

 

         

Figure 10: MeCP2 and LEDGF/p75 expression levels in HEK293T cell lines determined by RT-qPCR 
6 months post-transduction. A) MeCP2 mRNA levels were measured 6 months after transduction with 
a vector expressing a MeCP2-specific miRNA. MeCP2 KD was less potent after 6 months compared to 
the KD observed 1 month after transduction and only obtained 64 % KD for MeCP2 KD miR_1 and 
57 % KD for MeCP2 KD miR_4. B) LEDGF/p75 mRNA levels were measured in MeCP2 and 
LEDGF/p75 KD cells. A potent KD of 90 % was observed in a previously established LEDGF/p75 KD 
HEK293T cell line from the host lab. LEDGF/p75 mRNA levels did not show a decrease in MeCP2 KD 
cells. Expression levels were normalized for b-actin expression levels. RT-qPCR was performed in 
technical triplicates. Data are presented as mean ± SD of two biological replicates.  
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MeCP2 is a transcriptional repressor that is known to regulate transcription of a large number 

of genes. We investigated whether MeCP2 KD also influences the expression of LEDGF/p75 

by performing RT-qPCR (Figure 10 B). A clear LEDGF/p75 KD of 90 % was observed in a 

previously established and validated LEDGF/p75 KD HEK293T cell line from the host lab. No 

decrease in LEDGF/p75 mRNA levels was seen in MeCP2 KD cell lines compared to WT and 

control (Figure 10B). On the other hand, LEDGF/p75 is also an important regulator of gene 

transcription that is known to interact with MeCP2. We investigated whether depletion of 

LEDGF/p75 influenced expression of MeCP2. LEDGF/p75 KD cells showed comparable 

MeCP2 levels to WT and control cells (Figure 9, Figure 10A). This would exclude the 

possibility of an indirect effect of LEDGF/p75 on L1 retrotransposition through transcriptional 

regulation of MeCP2.  

   

   

Figure 11: Growth curves of MeCP2 KD and LEDGF KD HEK293T and HeLa P4 cell lines. (A and 
B) Cells were plated at a density of 25 000 cells/well in a 24-well plate. Cells were trypsinized and 
counted 24 h, 48 h, 72 h and 96 h after seeding. To confirm cell proliferation rates (C and D), cells were 
plated at a density of 6000 cells/well in a 24-well plate. Cells were trypsinized and counted on day 1, 4, 
5 and 6 after seeding. The TC20 Automated Cell Counter [Bio-rad] was used to determine the total cell 
count. Cells were actively proliferating during the exponential growth phase in all conditions. Simple 
linear regression after logarithmic transformation was performed to determine the slopes of the growth 
curves. Slopes of the curves were not significantly different suggesting that the MeCP2 KD and LEDGF 
KD cell lines proliferate at the same rate as WT cells. No replicates were counted.  

Growth curves were made to ensure that the cell lines did not show different cell proliferation 

rates when performing the L1 retrotransposition assay. Cells were counted at four time points 
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during the exponential growth phase in which cultured cells actively proliferate (Figure 9). 

MeCP2 KD and LEDGF KD HEK293T and HeLa P4 cell lines were counted 24 h, 48 h, 72 h 

and 96 h after plating the cells (Figure 9A, 9B). Cell proliferation rates were confirmed by 

plating the cells at a lower density and counting them at day 1, 4, 5 and 6 after seeding (Figure 

9C, 9D). The slopes were determined using simple linear regression after logarithmic 

transformation. Differences between the slopes were not significant suggesting that all cell lines 

proliferated at comparable rates.  

4.1.2 The L1 retrotransposition assay in WT HEK293T and HeLa P4 cells 

My next objective was to set up the L1 retrotransposition assay in HEK293T and HeLa P4 cells. 

The L1 retrotransposition assay was originally designed by the Kazazian laboratory to measure 

retrotransposition rates in cultured mammalian cells (176). The L1RP plasmid contains an active 

human L1  element that was found in exon 1 of the retinitis pigmentosa-2 gene of an X-linked 

retinitis pigmentosa patient (186). As a negative control the JM111 plasmid was used that 

encodes a mutated L1 element containing two missense mutations in ORF1 that abolish 

retrotransposition (176). An EGFP reporter cassette was introduced to detect real-time 

retrotransposition rates. After transfection with the L1RP plasmid or the negative control JM111 

plasmid, cells can be analyzed for retrotransposition activity by flow cytometry.  

Misregulation of L1 retrotransposition has been shown in various cancer cells, making it 

relevant to study retrotransposition in immortalized cancer cell lines. The assay requires to be 

optimized for each cell line to reach a robust readout. HEK293T cells have been used before in 

the L1 retrotransposition assay to study host factors, but yielded only low percentages of L1-

EGFP positive cells (106). HeLa cells are more commonly used in the L1 retrotransposition 

assay (176, 187). In the host lab (Laboratory of Virology and Gene Therapy) the HeLa P4 cell 

line is routinely used to study HIV-1 replication. For these reasons we aimed to optimize the 

L1 retrotransposition assay in HEK293T and HeLa P4 cells.  

We started by comparing WT HEK293T and HeLa P4 cells transfected with the 

retrotransposition competent L1RP plasmid over time (Figure 12). The cells were continuously 

kept under selection from 2 days post-transfection onwards. Samples were taken at multiple 

time points after transfection to determine the percentage of EGFP-positive cells by flow 

cytometry. Cells expressing EGFP represent the number of cells in which a retrotransposition 

event has taken place. Retrotransposition activity in HEK293T cells increased with time after 
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transfection and reached a plateau phase 15 days post-transfection. However, the percentages 

of EGFP positive cells in HeLa P4 cells remained low and did not exceed 9 % at any time point. 

In order to investigate whether these low percentages of retrotransposition are biologically 

relevant, L1RP-transfected cells need to be compared to a negative control. The JM111 plasmid 

encodes a retrotransposition defective L1 element that is routinely used as negative control to 

determine background fluorescence.  

Figure 12: L1 retrotransposition 
rates in WT HEK293T and HeLa P4 
cells. WT HEK293T and HeLa P4 
cells were transfected with the L1RP-
EGFP reporter plasmid and selected 
with puromycin from 2 days post-
transfection onwards. Samples were 
taken at different time points and 
EGFP-positive cells were quantified 
by flow cytometry. Data represent a 
single test. Error bars represent the 
SD.   

 

4.1.3 Evaluation of the L1 retrotransposition assay using MeCP2 KD in HeLa P4 cells 

We next investigated whether we could see a clear difference between WT and MeCP2 KD 

HeLa P4 cells even within these low percentages of EGFP-positive cells. Samples were taken 

at different time points after transfection and selection. Percentages of EGFP-positive cells were 

again very low for both WT and MeCP2 KD cells and did not exceed 6 % in any of the cell 

lines at any time point (Figure 13). No clear difference could be observed between WT and 

MeCP2 KD L1RP transfected cells. Additionally, cells transfected with L1RP did not clearly 

exceed the background retrotransposition levels of cells transfected with the retrotransposition 

defective JM111 plasmid. Due to the lack of biological relevance of these low percentages of 

EGFP-positive cells, no statistical analysis was performed.  
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Figure 13: L1 retrotransposition rates in MeCP2 KD HeLa P4 cells. MeCP2 KD cells were transfected 
with the retrotransposition competent L1RP or retrotransposition defective JM111 plasmid and were 
selected from 2 days post-transfection onwards. Samples were taken at multiple time points post- 
transfection and the percentage of EGFP-positive cells was determined by flow cytometry. Transfections 
with the L1RP-plasmid were performed in triplicate. Data represent a single test. Error bars represent 
the SD. 

 

During the course of the experiment, we wanted to investigate whether increased 

retrotransposition rates in L1RP-transfected cells induced cell toxicity compared to JM111-

transfected cells. Therefore, we counted cells between day 13 and 17 post-transfection in 

parallel to the L1 retrotransposition assay (Figure 14). From a retrospective point of view, we 

expected no difference in cell toxicity between L1RP- and JM111-transfected cells since no 

increased retrotransposition rates were observed in L1RP-transfected cells compared to JM111-

transfected cells using EGFP expression as readout (Figure 12). Cell counts showed large 

variability in the biological replicates of L1RP-transfected cells across all cell lines (Figure 14). 

Since measuring retrotransposition-induced cell toxicity was not the primary aim of this 

experiment, only biological replicates from L1RP transfected cells were counted. No clear 

difference in cell growth were observed between L1RP- and JM111-transfected cells in all of the 

cell lines.  



 

 
 

35 

        

  

Figure 14: Growth curves of HeLa P4 cells during the L1 retrotransposition assay to determine 
retrotransposition induced cell toxicity. Cells were plated at a density of 25 000 cells/well at day 13 of 
the L1 retrotransposition assay and were counted the following 4 days. Biological replicates of L1RP-
transfected cells were counted. Large variances in cell counts were measured. No clear difference in 
cell growth could be observed between L1RP- and JM111-transfected cells. Error bars represent the SD.  

The L1 retrotransposition assay in HeLa P4 cells was not performant in our hands. Only very 

low retrotransposition rates were observed that lack biological relevance. We did not continue 

to work with HeLa P4 cells in the L1 retrotransposition assay.  

4.1.4 Validation of the L1 retrotransposition assay using MeCP2 KD in HEK293T cells 

Next, the L1 retrotransposition assay was validated in HEK293T cells by comparing WT and 

MeCP2 KD cells (Figure 15). High percentages of EGFP-positive cells were reached already 

on day 6 in L1RP-transfected cells (Figure 15A). The percentage of EGFP-positive cells in the 

negative control JM111-transfected cells remained low in all cell lines. MeCP2 KD cells 

showed higher retrotransposition rates compared to WT cells. However, after day 6 the cells 

were in very poor condition. Repeating the assay resulted in only low percentages of EGFP-

positive cells and the same poor cell condition after day 7 (Figure 15B). Surprisingly, also the 

cells transduced with a miRNA containing a scrambled control sequence showed increased 

retrotransposition rates. This will be discussed below.  
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Figure 15: L1 retrotransposition rates in MeCP2 KD HEK293T cells. A) Cells were transfected with 
the L1RP plasmid or with the negative control JM111 plasmid both containing an EGFP reporter and 
were kept under continuous puromycin selection from day 2 post-transfection onwards. Samples were 
taken on day 3 and day 6 post-transfection. EGFP-positive cells were detected by flow cytometry. B) 
The L1 assay was repeated using the same conditions. Samples were taken at day 3 and day 7 post-
transfection. Transfections with the L1RP-plasmid were performed in triplicate. Data represent a single 
test. Error bars represent the SD. Statistical analysis was done using two-way ANOVA followed by 
Dunnett’s multiple comparison test vs. WT. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; 
ns, not significant. 

The assay was repeated with and without antibiotic selection to see whether the cell death 

occurred because the cells suffered to much from the puromycin selection (Figure 16). During 

the course of the experiment, we noticed that the transfected cells were very sensitive to 

trypsinization. This was presumably also the cause of cell death observed in the previous 

experiments. The same transfection mixes were used for both the selected and non-selected 

conditions and transfection efficiencies were measured 2 days post-transfection. When keeping 

the cells under continuous selection, high percentages of EGFP-positive cells were obtained in 

all L1RP-transfected cell lines (Figure 16A). Retrotransposition rates in L1RP-transfected MeCP2 

KD cells were significantly increased compared to WT cells. Not selecting the transfected cells 

resulted in a peak percentage of EGFP-positive cells on day 6 and consequently a gradual 

decrease in retrotransposition rates (Figure 16B). This can be explained by the fact that 

transfected cells have a disadvantage and are overgrown by non-transfected cells. However, on 

day 6 a significant increase in retrotransposition rate can be observed in MeCP2 KD cells 

compared to WT cells indicating that differences between cell lines can be observed even 

without selecting the cells. It must be noted that this experiment was performed with MeCP2 
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KD cell lines that had a less potent MeCP2 KD (see also Figure 10A). It appears that the effect 

of MeCP2 KD on L1 retrotransposition can still be observed even when MeCP2 is not fully 

depleted.  

 

Figure 16: The L1 retrotransposition assay in 
HEK293T cells with or without puromycin selection. 
WT and MeCP2 KD HEK293T cells were transfected 
with the retrotransposition competent L1RP plasmid or 
with the defective JM111 plasmid both containing an 
EGFP reporter. EGFP-positive cells were detected by 
flow cytometry. Cells were continuously kept under 
puromycin selection from day 2 onwards (A) or were not 
selected after transfection (B). Transfections were 
performed in duplicates. C) Transfection efficiencies 
were determined by co-transfecting the L1RP or JM111 
plasmid with a GFP mock plasmid and measured 2 days 
post-transfection. Data represent a single test. Error 
bars represent the SD. Statistical analysis for selected 

cells was done using two-way ANOVA followed by Dunnett’s multiple comparison test vs. WT. Statistical 
analysis for non-selected cells was done using mixed effects analysis followed by Dunnett’s multiple 
comparisons test vs. WT. * p < 0.05; ** p < 0.01; *** p < 0.001; ns, not significant.  
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During this experiment we also monitored the transfection efficiencies by co-transfecting the 

cells in parallel with the L1RP plasmid or the JM111 plasmid and with a GFP mock plasmid. 

(Figure 16C). Transfection efficiencies were measured 2 days post-transfection using flow 

cytometry to determine the percentage of GFP-positive cells. All cell lines showed a very high 

transfection efficiency between 80 % and 90 % for both the L1RP and the JM111 plasmid.  

A problem we came across in the L1 retrotransposition assay was the increased 

retrotransposition rate observed in the control cell line transduced with vector carrying a non-

targeting scrambled miRNA (see also Figure 15). We created a new control cell line transduced 

with a vector carrying a miRNA that targets Fluc. When performing the L1 retrotransposition 

assay, increased retrotransposition rates were repeatedly observed in the miR_fluc control cell 

line transfected with the L1RP plasmid (Figure 16 and 17A). This effect has been observed 

before when using non-targeting siRNA controls in the L1 retrotransposition assay (188). 

Therefore, rescue by reintroducing MeCP2 into the MeCP2 KD cells would be a better control. 

In this repeat MeCP2 KD cell lines showed again an increase in L1 retrotransposition rates 

compared to WT cells (Figure 17A). All cell lines showed very high transfection efficiencies 

exceeding 95 % for both the L1RP and the JM111 plasmid (Figure 17B).  

In parallel to flow cytometry to detect EGFP expression, we used RT-qPCR to detect integrated 

EGFP copy numbers on genomic DNA (Figure 17C). On day 13, before reaching the plateau 

phase, the cells were trypsinized and genomic DNA was extracted and used as template for 

qPCR amplification. The primers flank the g-globin intron that disrupts the EGFP reporter gene 

so that only the spliced and integrated EGFP sequence of 206 bp is amplified (178). The 

amplification product of an unspliced EGFP cassette is 1109 bp long and is too large to be 

amplified by RT-qPCR. The dissociation curve showed a single peak that corresponds to the 

amplification of a single product (Figure 17D). The results of RT-qPCR confirm the results 

obtained by flow cytometry. MeCP2 KD cells transfected with the L1RP plasmid showed an 

increase in EGFP genomic copy number compared to JM111 transfected WT cells. The 

recurrent problem with the miR_fluc control cell line was also observed with RT-qPCR.  
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Figure 17: L1-EGFP reporter readout in MeCP2 KD HEK293T cell by flow cytometry or RT-qPCR. 
WT and MeCP2 KD HEK293T cells were transfected with the retrotransposition competent L1RP 
plasmid or with the defective JM111 plasmid both containing an EGFP reporter cassette. Transfections 
were performed in duplicate. Cells were continuously kept under puromycin selection from day 2 
onwards. A) EGFP-positive cells were detected by flow cytometry at multiple time points post-
transfection. B) Transfection efficiency was determined by co-transfecting the L1RP or JM111 plasmid 
with a GFP mock plasmid and the percentage EGFP-positive cells was measured 2 days post-
transfection. C) Integrated EGFP copy numbers were determined by RT-qPCR using EGFP primers 
flanking the g-globin intron that interrupts the EGFP gene in the reporter cassette. RT-qPCR was 
performed in technical triplicates. D) Genomic copy numbers were normalized for b-actin. The 
dissociation curve of b-actin shows a single peak. E) The dissociation curve of EGFP shows a single 
peak indicating the amplification of the 206 bp intronless EGFP sequence. Data represent a single test. 
Error bars represent the SD. Statistical analysis was done using two-way ANOVA followed by Dunnett’s 
multiple comparison test vs. WT. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001; ns, not 
significant. 

D) β-actin dissociation curve E) EGFP dissociation curve
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These results confirm that HEK293T cells can be used to perform the L1 retrotransposition 

assay. The optimal EGFP readout of the assay by flow cytometry can be obtained from samples 

between day 6 and day 13 post-transfection when a linear increase in retrotransposition rates is 

observed. The assay was validated with two different MeCP2 KD cell lines and by using two 

different methods for EGFP readout: flow cytometry for EGFP expression and RT-qPCR for 

integrated EGFP copy numbers. We were not able to establish a control cell line with vectors 

carrying a non-targeting miRNA. This may be due to a problem with non-targeting controls as 

previously described for siRNAs in the L1 retrotransposition assay (188). The assay should be 

further validated with MeCP2 WT and mutant overexpression cell lines.  

4.2 Role of LEDGF/p75 in L1 retrotransposition 

LEDGF/p75 is an essential host factor for the integration of HIV-1. An earlier study by the host 

lab described the interaction between MeCP2 and LEDGF/p75 in a cancer cell line (189). We 

hypothesized that LEDGF/p75 is also a host factor of L1 retrotransposition in a direct or indirect 

manner. We used the optimized L1 retrotransposition assay for HEK293T cells to study the role 

of LEDGF/p75 in L1 retrotransposition. A previously established LEDGF/p75 KD cell line 

from the host lab was used in the assay to study the effect of LEDGF/p75 depletion on 

retrotransposition rates. Therefore, validation of the LEDGF/p75 KD cells by RT-qPCR prior 

to the assay was performed to confirm depletion of LEDGF/p75 mRNA (Figure 17).  

 Figure 18: Validation of a LEDGF/p75 KD 
HEK293T cell line by RT-qPCR. LEDGF/p75 KD cells 
express a miRNA that targets LEDGF/p75 mRNA 
transcripts; they were continuously kept under zeocin 
selection. LEDGF/p75 expression levels were 
determined by RT-qPCR and were normalized for b-
actin expression levels. RT-qPCR was performed in 
technical triplicates. Data are presented as mean ± SD 
of two biological replicates.  

 

 

We compared WT and LEDGF/p75 KD HEK293T cells transfected with the L1RP plasmid and 

followed the transfection rates over time (Figure 18). The cells were selected with puromycin 

from day 2 post-transfection and were continuously kept under selection. Samples were taken 

at multiple time points after transfection to determine the percentage of EGFP-positive cells by 
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flow cytometry reflecting the retrotransposition rates. A decrease in retrotransposition rates was 

observed in LEDGF/p75 KD cells compared to WT. These results indicate that LEDGF/p75 

has a direct or indirect effect as host factor of L1 retrotransposition.  

 

Figure 19: The L1 retrotransposition assay in LEDGF/p75 KD HEK293T cells. WT and LEDGF/p75 
KD cells were transfected with the retrotransposition competent L1RP or defective JM111 control 
plasmid both containing an EGFP reporter cassette. Cells were continuously kept under puromycin 
selection from day 2 onwards. EGFP-positive cells were detected by flow cytometry at multiple time 
points post-transfection. Data represent a single test. Error bars represent the SD. Statistical analysis 
was done using two-way ANOVA followed by Sidak’s multiple comparison test. * p < 0.05; ** p < 0.01; 
*** p < 0.001; **** p < 0.0001; ns, not significant. 

These preliminary results suggest that LEDGF/p75 is a novel host factor that enables L1 

retrotransposition in HEK293T cells. The assay should be repeated, and percentages of EGFP-

positive cells should be normalized for transfection efficiency. An LEDGF/p75 overexpression 

cell line should be included as a control. We would expect that LEDGF/p75 overexpression 

rescues retrotransposition. It remains to be determined whether the observed decrease in 

retrotransposition rates in LEDGF/p75 KD cells is due to a direct or indirect effect of 

LEDGF/p75.  
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5 Discussion 

5.1 HEK293T cells support high frequency L1 retrotransposition 

We confirm that HEK293T cells are capable of supporting high frequency L1 retrotransposition 

from an episomal plasmid expressing a L1-reporter construct. For the L1 retrotransposition 

assay we used the engineered L1RP element with an EGFP-reporter cassette to study host factors 

of L1 retrotransposition (177). We showed that HEK293T cells can be used in the L1 

retrotransposition assay and observed higher retrotransposition rates in HEK293T cells than 

previously described (106, 190). We observed up to 84% EGFP-positive cells using flow 

cytometry for EGFP readout, which reflects high retrotransposition rates in HEK293T cells. 

After transfection with the L1RP-EGFP plasmid L1 retrotransposition rates increased over time 

and reached a plateau phase after 15 days. During the linear increase in retrotransposition rates, 

an optimal time frame for EGFP readout by flow cytometry is created to compare conditions. 

We validated the L1 retrotransposition assay using MeCP2 KD cells and saw an expected 

increase in L1 retrotransposition (Figure 15, 16 and 17). MeCP2 is well known to regulate 

transcription of L1 through binding of the L1 promoter, thereby making it an excellent target to 

validate the assay. Despite the decreasing potency of MeCP2 gene silencing in the MeCP2 KD 

cell lines over time, higher retrotransposition rates could still be observed in MeCP2 depleted 

cells (Figure 16 and 17). Possibly a larger effect could be observed with a more potent MeCP2 

KD. Monoclonal cell lines would be recommended when performing the assay in the future.   

We measured transfection efficiencies during the course of two experiments with MeCP2 KD 

HEK293T cells (Figure 16C and 17B). We could observe that transduction of miRNAs had 

little or no impact on the transfection efficiencies of the L1RP-EGFP plasmid. In case of different 

transfection efficiencies across cell lines and plasmids, normalization of the percentage EGFP-

positive cells is required. Small changes in transfection mixture can affect transfection 

efficiency and can eventually impact the result of the L1 retrotransposition assay. According to 

the original protocol in HeLa cells, GFP expression to measure transfection efficiency should 

not interfere with the EGFP from the reporter plasmids 1 to 3 days post-transfection since a 

delay of at least 48h was observed in the detection of retrotransposition (175). However, we 

observed a percentage of EGFP-positive cells of around 10 % in L1RP-transfected cells at day 3 

post-transfection in HEK293T cells (Figure 12, 15 and 19). In cells with higher 

retrotransposition rates, such as HEK293T cells, the accumulation of EGFP to a detectable 
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threshold may be quicker, leading to a shorter delay in EGFP expression. If this is the case, 

EGFP expression could interfere with GFP expression to measure transfection efficiency. A 

better solution would be to measure transfection efficiency by co-transfecting the cells with a 

plasmid encoding another fluorescent reporter that does not interfere with EGFP, such as 

mCherry. 

Based on our results, HeLa P4 cells do not seem to support high frequency retrotransposition 

from the L1RP-EGFP plasmid (Figure 13). The stable transformation of HeLa P4 cells for the 

expression of CD4 is not necessarily the cause of this, although this possibility may not be 

excluded. A more probable explanation can be found in the variation between HeLa populations 

in different laboratories (191). L1 retrotransposition rates appear to depend on clonal variation 

in HeLa cells with some populations supporting high levels of retrotransposition and other 

populations completely lacking the ability to support L1 retrotransposition. These differences 

possibly arise from passaging mixed populations of HeLa cells and selecting for genetic and 

epigenetic changes that favor or restrict L1 retrotransposition (191). However, the possibility 

that the observed differences in HeLa cell lines supporting retrotransposition may be caused by 

more reversible epigenetic changes cannot be excluded (191). Additionally, it was also 

observed that the retrotransposition potential fluctuates over time in HeLa cells when passaging 

the cells, possibly also due to the polyclonal nature of the cell lines since HeLa cells are 

transformed cells with an unstable genome (191). As a result, retrotransposition rates can vary 

between experiments. A proper reference control to normalize the retrotransposition rates 

would be recommended to standardize between experimental variation. Nevertheless, HeLa 

cells are commonly used in the L1 retrotransposition assay. Two subcloned HeLa strains, HeLa-

JVM and HeLa-HA are known to support L1 retrotransposition and are therefore mostly used 

to perform the L1 retrotransposition assay. HeLa cells do not express high levels of endogenous 

L1 elements, but certain subclones appear to support episomal L1 expression more robustly 

than the expression of endogenous L1 elements (176, 192, 193). Epigenetic silencing of 

endogenous L1 promoters may be the cause of this discrepancy since L1 promoters are 

sufficient to support retrotransposition in HeLa cells (176). Taken together, these observations 

in HeLa cells also imply that similar clonal variation may be found in different populations of 

HEK293T cells.  

In the original protocol of the L1 retrotransposition assay with the human L1RE2 and a NeoR 

reporter cassette, high retrotransposition frequencies were reported in HeLa cells (176). They 
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compared it to the human L11.2 element with a NeoR reporter cassette and observed lower 

retrotransposition rates in cells transfected with the L11.2 plasmid. Retrotransposition 

frequencies were dependent on the type of L1 element in addition to the cell type. The low 

retrotransposition rates we observed in HeLa cells may also be the result of the L1RP element 

that only has low frequency retrotransposition levels in HeLa cells. Low retrotransposition rates 

were also observed in the original protocol with the L1RP-EGFP plasmid (177). From a personal 

communication with Prof. J.V. Moran (University of Michigan), it appears that L1RE3 is now 

used more often in HeLa cells. L1RE3 is the most active human L1 identified to date and shows 

high retrotransposition frequencies in the L1 retrotransposition assay with HeLa cells (194).  

During the course of the L1 retrotransposition assay in HeLa P4 cells, we started to investigate 

whether increased retrotransposition rates in L1RP-transfected cells induced retrotransposition-

induced cell toxicity compared to JM111-transfected cells by counting cells in parallel to the 

L1 retrotransposition assay (Figure 14). No difference in cell toxicity could have been expected 

from a retrospective point of view considering the L1 assay in HeLa P4 cells was not performant 

in our hands. Indeed, no clear difference in cell proliferation rates was observed between cells 

transfected with the retrotransposition competent L1RP plasmid and cells transfected with the 

negative control JM111 plasmid. Data were too inconclusive to draw any conclusion on 

retrotransposition-induced cell toxicity. Biological replicates showed large variability in cell 

counts. Other methods may be more suitable to measure retrotransposition-induced cell toxicity 

during the L1 retrotransposition assay such as live-cell analysis. An optimized method for 

measuring cell toxicity during the L1 retrotransposition assay may be useful to determine the 

role of L1 host factors in retrotransposition-induced cell toxicity. We did not investigate this. 

However, it remains interesting for future research whether increased retrotransposition rates 

may induce cell toxicity. 

We also observed that non-targeting miRNAs elicit an apparent effect on retrotransposition 

rates. This raises concern about the use of non-targeting controls in the L1 retrotransposition 

assay as it would not be appropriate to use these as normalizing controls. We studied two non-

targeting controls, namely a miRNA with a scrambled sequence and a miRNA targeting Fluc, 

and saw a strong increase in retrotransposition rates in cells transduced with these miRNAs 

compared to non-transduced cells (Figure 15, 16 and 17). A similar observation was made in a 

study using non-targeting control siRNAs to study L1 retrotransposition (188). Off-target 

effects are a major drawback of RNAi and non-targeting controls are often used to correct for 
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this based on the assumption that non-targeting controls have equivalent off-target effects. 

However, it appears that problems arise when these two methods are used together. Without a 

proper control, we cannot exclude the possibility that the observed differences in 

retrotransposition rates in cells with a targeting miRNA are also caused by off-target effects. 

To confirm that the effect on L1 retrotransposition is caused by KD of the gene of interest, the 

assay needs to be performed with rescue cell lines as a control.  

The L1 retrotransposition assay is a reliable method to study L1 retrotransposition and is widely 

used in the field of TEs. Although EGFP readout through flow cytometry is a convenient 

method to asses retrotransposition rates, some issues make this method variable. For the EGFP 

to be detected, the entire and quite large EGFP cassette must be reverse transcribed and 

integrated into the genomic DNA before EGFP can be expressed. Various host defense 

mechanisms may prevent this; mainly 5’ truncation of the L1-EGFP can pose a problem. EGFP 

may also not be expressed due to silencing of the CMV promoter that drives EGFP, or due to 

integration of EGFP into a dense chromatin structure that does not allow expression (195). 

Additionally, EGFP needs to accumulate to reach the flow cytometry detection threshold. For 

these reasons, quantification of integrated EGFP copies by RT-qPCR may be a more sensitive 

method to detect retrotransposition events from an episomal L1 plasmid. RT-qPCR can detect 

integrated EGFP in genomic regions where transcription is repressed. It can also detect 

truncated and/or inversed EGFP that cannot be transcribed but that still contain the primer 

binding sites. Flow cytometry can determine the percentage of cells in which at least one 

retrotransposition event has taken place, whereas RT-qPCR can detect multiple 

retrotransposition events in a cell and can determine absolute integrated copy numbers, which 

makes this method of detection more quantitative. However, a major disadvantage of using RT-

qPCR for EGFP readout is that you cannot measure transfection efficiency and consequently 

you cannot normalize the results.  

We compared both methods for EGFP readout and obtained similar results (Figure 17). An 

increase in retrotransposition rate was observed in MeCP2 KD cells compared to WT both in 

flow cytometry data and in RT-qPCR data. Both methods worked well in our hand. The 

advantages and disadvantages for the methods of EGFP readout need to be weighed out and 

depend on whether the experimental condition influences the readout. For example, when 

treatment and control are being compared, the treatment should not influence the CMV 

promoter since this could influence EGFP readout by flow cytometry. The same applies to host 
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factors that influence the CMV promoter. When a host factor that interferes with the CMV 

promoter is overexpressed, higher percentages of EGFP-positive cells will be obtained while 

there is not necessarily an increase in retrotransposition rates. In this case it would be 

recommended to use RT-qPCR for EGFP readout.  

5.2 L1 retrotransposition is decreased in LEDGF/p75 depleted cells 

We used the optimized conditions of the L1 retrotransposition assay in HEK293T cells to 

investigate the effect of LEDGF/p75 depletion on L1 retrotransposition. Retrotransposition 

rates in LEDGF/p75 depleted cells were decreased compared to WT cells (Figure 19). These 

preliminary results suggest that LEDGF/p75 is a host factor of L1 retrotransposition in a direct 

or indirect way. However, we must keep in mind that the decrease of L1 retrotransposition 

observed in LEDGF/p75 depleted cells may be caused by off-target effects of the miRNA as 

described earlier.  

One of the possibilities is that LEDGF/p75 interferes with the repressive function of MeCP2. 

LEDGF/p75 was originally discovered as transcriptional activator that interacts with the general 

transcription machinery (196). LEDGF/p75 can bind DNA through a tripartite element that 

consists of a nuclear localization signal and two copies of the AT-hook motif (197). The PWWP 

domain of LEDGF/p75 is known to interact with the TRD of MeCP2 (189, 198). While MeCP2 

is primarily known as a transcriptional repressor, MeCP2 can also act as a transcriptional 

activator when it interacts with certain co-activators such as CREB (50). Transcriptional 

regulation by a LEDGF/p75/MeCP2 complex could not only have implications for the 

regulation of L1, but also for the regulation of a wide range of other MeCP2 regulated genes. 

LEDGF/p75 is a stress response protein that is thought to transcriptionally activate genes to 

promote cell survival under stress (189). Interestingly, studies showed that TEs in other species 

can be activated by stress and that stress can redirect integration of TEs to alternative sites in 

the genome (44). This is consistent with the findings that L1 is responsive to environmental 

factors such as stress (28).  

LEDGF/p75 is an essential host factor that tethers the HIV-1 integrase to the host genome (199). 

If we make the analogy with HIV-1, LEDGF/p75 may have a similar function for the integration 

of L1 retrotransposons. Retrotransposons have evolved to limit damage to the host. Since the 

integration into the host genome has mostly little or no impact, it was suggested that this specific 

integration is not only the result of the nicking specificity of L1 endonuclease, but that 
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integration site specificity is also guided by a tethering host factor (200). This hypothesis was 

supported by a study that suggested that L1 endonuclease determines the integration site 

selection based on the nicking specificity of the AT-consensus sequence, but that additional 

host factors could also influence the integration site selection (201). However, this hypothesis 

is contradicted by the Darwinian point of view L1 integration sites are mainly determined by 

the post-integration process of selection leading to the removal of deleterious L1 insertions 

(202, 203). L1 endonuclease only has a weak specificity to cleave AT-consensus sequences and 

as a result L1 elements are found interspersed throughout the genome. These findings contradict 

the presence of a mechanism that tethers L1 to specific sites in the genome (44).  

LEDGF/p75 is part of the homologous recombination (HR) DNA repair machinery that 

operates during the S and G2 phases of the cell cycle (204). When DNA damage occurs, 

LEDGF/p75 binds chromatin through its PWWP domain and recruits the DNA damage 

response protein CtIP to DSBs. During HIV-1 integration, a double stranded virus-host DNA 

intermediate is created, but the mechanism by which the virus-host DNA intermediate is 

subsequently repaired remains unclear. It was speculated the LEDGF/p75 HR DNA repair 

machinery would repair DSBs created by the insertion of HIV-1 into the genomic DNA (204). 

This would mean that LEDGF/p75 does not only tether HIV-1 to the genomic DNA but also 

that LEDGF/p75 subsequently recruits CtIP to repair the DBS caused by integration of HIV-1. 

Therefore, a fraction of the virus-host DNA intermediate would have to enter the S phase 

unrepaired. Earlier studies already suggested that DNA repair host factors may be implicated 

in the post-integration process of HIV-1 (205-207). In analogy with HIV-1, DSBs are created 

when L1 integrates into genomic DNA. After TPRT a double stranded L1-host DNA 

intermediate is created that needs to be integrated into the genomic DNA. As for HIV-1, the 

mechanism by which the L1-host DNA gap is repaired remains unknown. In a similar way to 

HIV-1 we could speculate that the LEDGF/p75 HR DNA repair machinery repairs the L1-host 

DNA gap. In this case LEDGF/p75 would be a host factor that facilitates the integration of L1 

into the host genome by recruiting HR DNA damage repair factors. Consistent with this 

hypothesis, L1 retrotransposition has shown to occur in dividing cells, mainly during the S 

phase of the cell cycle, the cell cycle phase in which the HR DNA repair machinery is active 

(87). However, various DSB repair factors that are active during the S and G2 phase of the cell 

cycle were found to be potent inhibitors of L1 retrotransposition (208). The authors suggested 

that DNA end resection complexes form a physical barrier to inhibit TPRT. Many ambiguities 
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still exist on the role of DNA damage response factors in L1 retrotransposition. Further studies 

will be needed to evaluate their role in L1 retrotransposition especially during cell division. 

This will also have implications for certain cancers in which HR pathways are altered and an 

increase in L1 retrotransposition is observed.  

5.3 Limitations of the study and future perspectives  

Certain limitations of the study hamper strong conclusions about the role of LEDGF/p75 in L1 

retrotransposition. First, due to time limitations, we were not able to perform the assay with the 

appropriate rescue cell lines as controls. In future experiments, it will be important to include 

these as a control to exclude that observed differences are caused by off-target effects. Second, 

transfection efficiency should always be monitored. A suitable detection method in HEK293T 

cells still needs to be optimized. We propose a detection method using a different fluorescent 

protein to avoid interference with the EGFP reporter. Third, working with monoclonal cell lines 

will reduce the variability between experiments. This will not only reduce the variability in 

retrotransposition rates within a population of cells, but this will also allow to maintain a potent 

gene silencing when working with miRNA transduced cells. Fourth, it may be more relevant to 

study L1 retrotransposition in neuronal cell lines. NPCs and neuroblastoma cells have shown 

to support L1 retrotransposition and could be used in the L1 retrotransposition assay (47, 178). 

Some regulators of L1 function in a cell-type specific manner, making neuronal cell lines more 

relevant to study L1 retrotransposition in biology and pathology of the human brain. When 

working with other cell lines such as neuronal cell lines, other and more active L1 elements 

may have to be taken into consideration depending on how well the cell line supports 

retrotransposition. Various other L1 elements exist that have been used in the L1 

retrotransposition assay such as the human L1RE3 or the synthetic L1ORFeus (209). 

Since the L1 retrotransposition assay is a functional assay, it may also be used in the future to 

study the functional effect of MeCP2 mutants. This will help us understand the molecular 

function of MeCP2 and the underlying pathogenic implications of MeCP2 mutants in RTT. 

Furthermore, future studies will have to investigate whether LEDGF/p75 exerts a direct or 

indirect effect on L1 retrotransposition. It would be interesting to investigate whether the effect 

on L1 retrotransposition is caused by an interaction with MeCP2 or by a MeCP2-independent 

mechanism.
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