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Abstract 

 

Transposable Elements (TEs) are a class of repetitive DNA sequences able to mobilize 

and change location in the genome. They make up almost 50% of the human genome 

and slightly less in the mouse (Lander et al., 2001; Waterston et al., 2002). The 

autonomous non-LTR retrotransposon Long Interspersed Nuclear Element-1 (L1) is for 

sure the most impactful and still active TE in the human and mouse genome 

(Richardson et al., 2014). Recently, it was shown that L1s are active in the mouse, rat 

and human neural progenitor cells (NPCs), and are more abundant in the genome of 

cells of the human hippocampus, than in other non-nervous tissues (Thomas and 

Muotri, 2012; Coufal et al., 2009; Reilly et al., 2013). 

Besides human diseases caused by the direct effect of L1 insertion and few neurological 

diseases that were demonstrated to misregulate L1 retrotransposition, it is still unknown 

whether L1 retrotransposition can directly cause neurological disorders (Muotri et al., 

2010; Coufal et al., 2011; Thomas et al., 2012; Erwin et al., 2014). 

Alzheimer’s disease is the main cause of dementia in the elderly, affecting almost two 

third of the world population over 65 (Bettens et al., 2013). It has been recently 

demonstrated that AD patients suffer from vitamin B12 deficiency and high 

homocystein content in blood, which contribute to the disregulation of S-

adenosylmethionine synthesis and DNA methylation (Scarpa et al., 2006). 

Since these DNA epigenetic alterations observed in AD patients could have an impact 

on L1 retrotransposition, we decided to investigate the Copy Number Variation (CNV) 

of L1 sequences in the genome of different tissues from AD patients and healthy 

controls (from three different cohorts), and in a mouse model of the disease. 

By using the qPCR with Taqman probes, we observed in some of the tissues that we 

analyzed, a decreased amount of full length L1 sequences in AD patients compared to 

controls. Assuming that in AD patients there is a lower degree of DNA methylation, we 

can speculate that a higher retrotransposition of L1 elements occurred in certain 

neurons, may have caused the death of these cells, eventually leading to the detection of 

a lower amount of L1 sequences in AD patients. 

We then developed new Taqman assays to study L1 CNV in the TgCRND8 mouse at P0 

and at two stages of the adulthood (3 and 8 months). We observed in transgenic mice a 

higher amount of L1 sequences in the cortex at P0, in the hippocampus at 3 months, 



Abstract 

2 

while no difference were detectable at 8 months of age, supporting the hypothesis that 

in AD there is a higher L1 retrotransposition that causes cell death. 

We also set up a technique called SPAM (SPlinkerette Analysis of Mobile elements), 

aimed at identifying the insertion sites of L1 sequences in the human genome. After a 

first test of the protocol, we used this technique to compare L1 insertion profile of AD 

patients and controls.  

Interestingly, we found that AD susceptibility genes present several novel insertion sites 

that would warrant future investigation. 

Finally we adapted the SPAM technique to a different repetitive element, the roo 

element, in a different organism: the Drosophila melanogaster, demonstrating that 

SPAM technique is a scalable approach, suitable for the integration sites discovery of 

different kinds of repetitive elements in different organisms. 
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Abbreviations 

 

AD: Alzheimer’s Disease 

AIS: Annotated Integration Site 

APP: Amyloid Precursor Protein 

CNV: Copy Number Variation 

CTF: C-Terminal Fragment 

DNMT: DNA methyltransferase 

dsDNA: double-strand DNA 

EGFP: Enhanced Green Fluorescent Protein 

ENi: Endonuclease-independent retrotransposition 

EO-FAD: Early Onset Familial AD 

fAβ: fibrillar Aβ peptide 

FACS: Fluorescence-Activated Cell Sorting 

gDNA: genomic DNA 

GWAS: Genome-Wide Association Studies 

hESC: human Embryonic Stem Cell 

iPS: induced Pluripotent Stem 

L1: LINE1, Long Interspersed Nuclear Element-1 

LOAD: Late Onset AD 

LTR: Long Terminal Repeats 

NCLI: Non-Classical L1 Insertion  

NFT: Neurofibrillary Tangle 

NIS: Novel Integration Site 

NPC: Neural Progenitor Cell 

oAβ : soluble Oligomers of Aβ peptide 

ON: Over Night 

ORF: Open Reading Frame 

PCR: Polymerase Chain Reaction 

pfAβ: protofibrils of Aβ peptide  

PNK: Polynucleotide Kinase 

qPCR: quantitative real-time PCR 

RT: Room Temperature 
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RNP: Ribonucleoprotein Particle 

SINE: Short Interspersed Nuclear Element 

SNP: Single Nucleotide Polymorfism 

SPAM: SPlinkerette Analysis of Mobile elements 

spPCR: splinkerette PCR 

TE: Transposable Element 

TPRT: Target Primed Reverse Transcription 

TSD: Target Site Duplication 

WGS: Whole-Genome Sequencing 
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Introduction 

 

Transposable elements 

Transposable elements (TEs), present in the genomes of all plants and animals, 

comprise a multitude of repetitive DNA sequences, all having the ability to mobilize 

and change locations in the genome (Kazazian, 2004). 

First discovered in maize plants by the geneticist Barbara McClintock in the mid-1940s, 

they were initially considered a sort of genetic anomaly, and several decades later they 

acquired the label of selfish DNA parasites, since able to replicate independently and 

therefore being a potential threat towards genomic integrity (Fedoroff, 2012).   

The ideas about TEs have evolved essentially over the past two decades, mostly thanks 

to the evidence that  the  extent  of  their  presence  in  the  genome  of  eukaryote  is  

around  50%. Even if the modern view of transposable elements is still controversial, it 

is now clear that genomes have coevolved with them, on one side protecting themselves 

from their uncontrolled expansion, and on the other side taking advantage of their 

presence. TEs, and retrotransposons in particular, seem to have had an important role in 

driving genome evolution, influencing gene expression and contributing to tissue-

specific transcriptional programs, in particular as enhancer-like elements and regulator 

of chromatin structure (Goodier and Kazazian, 2008; Bodega and Orlando, 2014). 

According to their mechanism of mobilization, TEs can be universally divided in two 

main groups: class II TEs, or DNA transposons, that move throughout the genome using 

a “cut and paste” mechanism, and class I TEs, or retrotransposons, that multiply 

themselves in the genome with a “copy and paste” mechanism (Wicker et al., 2007). 

DNA transposons in the mammalian genome 

DNA transposons are mobile elements that move throughout the genome using the so 

called "cut-and-paste" mechanism: they are first cut out from their original position as 

double-stranded DNA and then reinserted elsewhere in the genome. DNA transposons 

encode a transposase enzyme that is able to catalyze both the excision and integration of 

the repetitive element by recognizing the flanking terminal inverted repeats (TIR), 

giving rise to a non-replicative mechanism during which the transposon is moved to a 

new genomic location without the generation of new copies of the element, although 
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there are few exceptions. During the insertion, the target site DNA is duplicated at both 

the ends of the transposable element, forming the so called target site duplications 

(TSD), which are unique for each different DNA transposon (Muñoz-López and García-

Pérez, 2010). 

The classification of DNA transposons is commonly made based on the sequence, the 

TIRs and /or TSDs. Among the subclass I there are: Tc1/mariner, PIF/Harbinger, hAT, 

Mutator, Merlin, Transib, P, piggyBac and CACTA. In the Subclass II there are 

Helitron and Maverick transposons, which are replicated and do not create double-

strand breaks during their insertion. The most widespread TE family in nature is the 

Tc1/mariner that is present in diverse taxa as rotifers, fungi, plants, fish and mammal 

(Muñoz-López and García-Pérez, 2010) (Figure 1). 

 

 

Figure 1: An example of a DNA transposon: the Tc1/mariner transposon. DNA transposons are flanked by 

inverted terminal repeats (ITRs) and have a single open reading frame (ORF) that encodes a transposase. 

They are also flanked by short direct repeats (DRs) created during the integration process (Ostertag and 

Kazazian, 2001). 

 

Currently there are no active DNA transposons in mammals, and recent computational 

analyses indicated that their activity ceased in the primate lineage at least 37 million 

years ago (Pace and Feschotte, 2007). At present they comprise approximately the 3% 

of the human reference genome (Beck et al., 2011) and the 4% of the mouse genome 

(Keane et al., 2014). 

Retrotransposons in the mammalian genome 

Retrotransposons cover around the 40% of the sequenced mammalian genome (Lander 

et al., 2001; Waterston et al., 2002). 

They can be subdivided in two main groups according to the presence of long terminal 

repeats (LTR): the LTR retrotransposons (like HERV in the human genome and IAP in 

mice) and the non-LTR retrotransposons, among which autonomous elements like 

LINE-1 (L1) and non-autonomous elements like Alu in humans and B1 in mice can be 

distinguished (Crichton et al., 2014). Autonomous elements encode for the enzymatic 

machinery that allows them to reverse transcribe their own RNA intermediate and to 

insert it in a new genomic location, while non-autonomous elements, not encoding the 
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necessary enzymes, exploit autonomous retrotransposons’ machinery to transpose 

(Cordaux and Batzer, 2009). 

LTR retrotransposons 

LTR retrotransposons and retroviruses are very similar in structure: they both contain 

gag and pol genes that encode a viral particle coat (GAG) and a reverse transcriptase 

(RT), ribonuclease H (RH), and integrase (IN), able to create the cDNA from RNA and 

insert it in a new genomic location. The fundamental difference stands in the fact that 

retroviruses encode for a functional envelope protein that mediates their movement 

from one cell to another, while LTR retrotransposons do not encode for this gene or 

contain only a partial and non-functional gene, therefore being able only to reinsert in 

the genome of the same cell (Ostertag and Kazazian, 2001; Kazazian, 2004). These 

retrotransposons include elements such as the mouse intracisternal A-particles (IAPs) 

and the human endogenous retroviruses (HERVs) (Kuff and Lueders, 1988; Bénit et al., 

1999; Ostertag and Kazazian, 2001) (Figure 2). 

 

 

Figure 2: Mouse and human examples of LTR retrotransposons. Transcription regulatory regions are 

indicated with filled rectangles, and the main protein coding regions with open rectangles. Transcriptional 

start sites are shown with an arrow. Some LTR retrotransposons, like IAP, have lost the env gene present in 

their infectious progenitors (Crichton et al., 2014). 

 

The present-day human genome contains ~400000 copies of HERVs that seem to be 

replication-incompetent, because of the numerous mutations and deletions that they 

accumulated. Although not apparently active, HERVs are classified as transposons for 

their proven transpositional activity during the human evolution and for the existence of 

animal ERVs, such as the mouse IAPs, that are currently able to mobilize (Katoh and 

Kurata, 2013). 

IAP is the most active ERV class in mouse genome, with 1000–2500 copies estimated 

to be present in the haploid genome. Although the number of IAP elements is smaller 

than that of L1 elements, these retrotransposons might be more active in the mouse 

(Sharif et al., 2013). 
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Non-autonomous non-LTR retrotransposons 

The major class of non-autonomous retrotransposons is represented by short 

interspersed nuclear elements (SINEs) which alone make up around 10% of the 

sequenced mammalian genome (Crichton et al., 2014). These elements derive from a 

series of small RNA polymerase III transcripts such as 7SL RNA, 5S rRNA, and 

tRNAs, and depend on L1-encoded proteins, in particular L1 ORF2, to mediate their 

retrotransposition, since they do not encode for any protein (Dewannieux et al, 2003; 

Dewannieux and Heidmann, 2005; Crichton et al., 2014). 

The most important family of SINEs in the human genome is represented by Alu 

elements (~300 bp), while the corresponding in the mouse genome is represented by the 

B1 elements (~140 bp), both deriving from the signal recognition particle 7SL cellular 

RNA. Although having the same origin, mutations and rearrangements have made these 

elements quite different in structure (Crichton et al., 2014) (Figure 3). 

In the human genome there are approximately 1100000 copies of Alu elements, whereas 

roughly 550000 B1 elements are present in the mouse genome (Ponicsan et al., 2010). 

Alu elements are characterized by a dimeric structure (coming from the fusion of two 

similar but not identical monomers) in which the left monomer is separated from the 

right one by an A-rich linker region. At the 5’end there is an internal RNA polymerase 

III promoter (A and B boxes), while at the 3’end there is a polyA tail of variable length. 

Moreover, since the Alu sequence does not contain a polymerase III terminator, usually 

the transcripts include a portion of the downstream genomic sequence until the next 

terminator (Cordaux and Batzer, 2009; Hancks and Kazazian, 2012). 

 

 

Figure 3: Mouse and human examples of SINE retrotransposons. Transcription regulatory regions are 

indicated with filled rectangles, and the main protein coding regions with open rectangles. Transcriptional 

start sites are shown with an arrow (Crichton et al., 2014). 

 

Unlike the human Alu elements, the mouse B1 is a monomer (Vassetzky et al., 2003). 

Like Alu elements, B1’s internal promoter is composed of two boxes (A and B) spaced 

by 30-45 bp. During the early stages of the evolution of this element, a 29-bp tandem 
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duplication caused the formation of a further B box (B’) located at 79-82bp from box A. 

Despite the large distance between boxes A and B', they form an active promoter (Koval 

et al., 2011).  

Less abundant but still important are the other four SINE families present in the murine 

genome: B2, B4/RSINE, ID, and MIR (Ohshima and Okada, 1994). 

Another important non-autonomous retrotransposon, present only in the human genome, 

is represented by SVA elements (Figure 4). SVA (SINE-R/VNTR/Alu) elements 

account for about 0.2% of the human genome (Hancks and Kazazian, 2012).  

 

 

Figure 4: Structure of the human full-length canonical SINE-VNTR-Alu (SVA). From the 5’end there are a 

CCCTCT repeat of varying length, a sequence sharing homology to two antisense Alu fragments (Alu-like), a 

variable number of GC-rich tandem repeats (VNTR), a partial envelope (env) and right LTR sequence derived 

from an extinct HERV-K10 (SINE-R). SVAs are RNA PolII transcripts, however whether SVAs encode their 

own promoter is unknown. Transcription of SVA RNAs may occur upstream (black bent arrow) of a genomic 

SVA or may be initiated throughout the SVA (black bent arrow). SVA RNAs terminate at a polyA signal 

(AATAAA) located at the 3’end of the SINE-R, but may also bypass this signal for a downstream polyA signal. 

Likewise, SVA genomic insertions also terminate in a polyA tail (AAAn) and are flanked by a TSD (Hancks 

and Kazazian, 2012). 

 

They are  ̴ 2 kb long and composed of an hexameric repeat region, followed by an 

inverted Alu-like sequence, a variable number of tandem repeats region, a HERV-K10-

like region (SINE-R) and a polyA tail of variable length. Although SVA elements do 

not contain an internal promoter, they are transcribed by RNA polymerase II and the 

resultant RNA transcript seems to be mobilized by the L1-encoded proteins (Beck et al., 

2011; Cordaux and Batzer, 2009). 

The mammalian genome includes another class of non-autonomous retrotransposons: 

the processed pseudogenes. Processed pseudogenes are cDNA copies of mRNA 

molecules that have been inserted into the genome by the L1 enzymatic machinery. 

They tipically lack intronic RNA, usually have polyA tails, and are flanked by TSDs 

(Ostertag and Kazazian, 2001). 

Processed pseudogenes do not encode a functional protein, but although they 

accumulated frameshift mutations and premature stop codons during evolution, few of 

them are transcriptionally active (Ding et al., 2006).  
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Autonomous non-LTR retrotransposons 

Long interspersed nuclear element-1 (LINE1 or L1) is the most prevalent family of 

autonomous retrotransposons in mammals (Huang et al., 2012). The great majority of 

these elements are inactive due to 5’truncations, inversions or point mutations, but a 

part of them are still active, and with their de novo integration have been demonstrated 

to be able to cause even diseases in both mice and humans (Crichton et al., 2014; Huang 

et al., 2012; Maksakova et al., 2006; Ostertag and Kazazian, 2001). 

The human Long interspersed nuclear element-1 (L1) 

About half of the human genome is composed of transposable elements (de Koning et 

al., 2011). The most abundant of these elements is represented by the L1 element, which 

alone makes up about 17% of our DNA (∼500000 copies, of which ∼5000 are full 

length). L1 elements are autonomous retrotransposons that are still active, with a 

mobilization that started several millions of years ago (Konkel and Batzer, 2010; Viollet 

et al., 2014). 

L1 elements can be divided into several subfamilies (pre-Ta, Ta-0, Ta-1, Ta1-d, Ta1-nd) 

based upon sequence polymorphisms contained within their 5′ and 3′UTRs (Beck et al., 

2010). A subset of human L1 elements called Ta family that is still active in the human 

genome arose ∼4 Myr and subsequently differentiated into two major subfamilies, Ta-0 

and Ta-1. Ta-1 is younger than Ta-0, but thanks to its current high replicative activity, it 

presently forms at least 50% of the entire human Ta family (Boissinot et al., 2000). 

After the peak of retrotranspositional activity occurred around 40 Myr ago, L1’s activity 

declined, and the human genome currently harbors only ~80 to 100 potentially active L1 

elements per diploid genome. Of those, only 6-8 have been defined as “hot”, and seem 

to be involved in the majority of new and recent insertions (Brouha et al., 2003; 

Ohshima et al., 2003). 

The full-length human L1 retrotransposon is ~6 kb long. It is composed by a 910-bp 

5’UTR region, two ORFs (ORF1 and ORF2) both necessary for L1 retrotransposition, 

separated by a 63-bp inter-ORF region, and a 205-bp 3’UTR, containing a weak but 

functional polyadenylation signal. At the end of the 3’UTR sequence there is a polyA 

tail of variable length, and at both the ends of the L1 element there are the so called 

target site duplications (TSDs) of 2–20 bp, deriving from the insertional event (Szak et 

al., 2002; Babushok and Kazazian, 2007) (Figure 5). 
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Figure 5: Structure of the human L1. The human L1 is 6kb long and is composed of a 5’untraslated region 

(UTR) having both sense and antisense promoter activity (ASP), two open reading frames, ORF1 and ORF2, a 

3’UTR and a polyadenilation signal (pA). ORF1 encodes for a 40kDa RNA-binding protein with a leucine 

zipper (lz) domain. ORF2 encodes for a 150kDa protein with endonuclease (EN) and reverse-transcriptase 

(RT) activities and present a zinc knuckle (z) domain at its 3’end. the structure is included between target site 

duplication (TSD) of the insertion site (Babushok and Kazazian, 2007). 

 

The protein encoded by ORF1 is a ~40-kDa protein (p40 or ORF1p) mostly composed 

by basic residues and structurally characterized by the presence at the N-terminus of a 

leucine zipper domain. ORF1p has been demonstrated to possess nucleic acid binding 

and chaperone activity, but it has still to be clarified its precise function, that seems to 

be crucial for L1 retrotransposition (Martin et al., 2005; Goodier et al., 2007). 

The protein encoded by ORF2 is a ~150-kDa protein (ORF2p) with a double domain: 

endonuclease (EN) and reverse transcriptase (RT), and a cysteine-rich domain at the C-

terminus. The origins of the EN domain, present in several non-LTR retrotransposons, 

go to the early eukaryotes, in which it derived from the host cells’ apurinic/apyrimidinic 

endonuclease (APE) domain (Malik et al., 1999).   

When the L1 element inserts in a new genomic location through the target primed 

reverse transcription (TPRT), it recognizes the EN cleavage consensus site 5′-TTTT/A-

3′, which facilitates the EN interaction with the DNA minor groove (Berry et al., 2006). 

The RT domain, which is present in all the non-LTR retrotransposons, has been 

demonstrated to possess both RNA- and DNA-dependent DNA polymerase activities, 

and is the peculiar mediator of L1 retrotransposition (Malik et al., 1999; Piskareva and 

Schmatchenko, 2006). 

The cysteine-rich domain at the C-terminus, conserved in all the L1 elements, is 

characterized by the presence of a zinc knuckle-like region, which seems to be involved 

in ORF2-DNA interactions during L1 integration or in facilitating polymerization by 

RT (Ostertag and Kazazian, 2001; Babushok and Kazazian, 2007). Mutations at the 

level of this domain have been demonstrated to reduce L1 retrotransposition activity in 

a cultured cell assay, without an involvement of RT activity (Moran et al., 1996). 

The murine Long interspersed nuclear element-1 (L1) 

About 10% of the entire mouse genome is composed of L1 elements (more than 100000 

copies), but most of them are inactive, as consequence of 5’-end truncations, inversions 
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or mutations, so the total of potentially active elements is ~3000 (Goodier et al., 2001). 

Murine L1’s structure is very similar to the human one (Figure 6). 

 

Figure 6: Structure of the mouse L1. The 5’UTR region is composed of a variable number of monomers ( ̴ 200 

bp, red triangles) having promoter activity. Polymorphisms are present at the 3’UTR, here indicated with red 

vertical axis (Mears and Hutchison, 2001). 

 

The major differences can be observed in the promoter region: indeed, the 5’UTR 

region is characterized by the presence of repeated conserved monomers of about 200bp 

followed by a short non monomeric region. Some in vitro experiments, aiming at testing 

the activity of different regions in the 5’UTR of a mouse L1 family, demonstrated that 

the promoter activity depends on the monomeric region, and it seems to increase 

according to the number of these sequences (Ostertag and Kazazian, 2001). 

Indeed, monomers can vary in terms of number and sequence, and based on these 

differences, it is possible to separate L1 elements in different subclasses (V, A, Tf and 

Gf), all deriving from the same common ancestor. The V family, without identifiable 

monomers, seems to be the oldest one and it is inactive. L1 elements from the A family, 

with approximately 6500 full length elements, are characterized by a monomeric 

structure at the 5’UTR. Some of these full length L1s seem to be active, due to the 

presence of intact ORF1 and ORF2 sequences, and are transcribed. 

The Tf and Gf families, composed by several L1 elements each, derive from a common 

ancestor (the L1element of the F family) and are characterized by a peculiar monomeric 

structure. The Tf family is represented by 1800 active elements among 3000 full length 

members, whereas the most recently discovered Gf type includes 400 active elements 

among 1500 full length members (Goodier et al., 2001).  

L1 retrotransposition 

During its evolution, the mammalian genome has been largely expanded and shaped by 

the direct retrotransposition of L1 elements, but also by the mobilization in trans of 

other non-autonomous mobile elements and the generation of processed pseudogenes 

(Richardson et al., 2014). The study of L1 structure has elucidated many aspects of the 

mechanism of L1 retrotransposition, a multi-step process which eventually results in a 

de novo insertion. 
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Molecular mechanisms of L1 retrotransposition 

L1 retrotransposition begins with the transcription by RNA polymerase II of L1 

sequence starting from its own internal promoter, leading to the generation of a 

bicistronic mRNA (Figure 7a). This mRNA molecule has a polyA tail that can be 

encoded by its own weak but functional polyadenylation signal, or by a signal present in 

the downstream genomic sequence, in this case leading to the so called L1-mediated 3’- 

transduction. Concerning further typical RNA modifications, it is still not known 

whether L1 transcripts are added with a 7-methylguanosine cap, while it is clear that, 

since L1 elements do not contain introns, they do not require splicing (Ostertag and 

Kazazian, 2001).  

The next step involves the transport of the L1 RNA molecule to the cytoplasm through a 

still unclear mechanism (Figure 7b), where the ORF1 and ORF2 sequences are 

translated into proteins (Figure 7c). After that, multiple copies of ORF1p and only few 

copies of ORF2p together with the L1 RNA molecule bind each other, creating a stable 

ribonucleoprotein complex (RNP) (Figure 7d) (Kulpa and Moran, 2006; Beck et al., 

2011). 

 

Figure 7: L1 retrotransposition mechanism. After L1 sequence transcription by RNA pol II (a), the mRNA 

molecule is exported from the nucleus to the cytoplasm (b), where it is translated in its two encoded proteins: 

ORF1p and ORF2p (c). These proteins bind to an L1 mRNA molecule to form a ribonucleoprotein (RNP) 

complex (d), which is then transported back to the nucleus (e), where reverse transcription and integration of 

the new L1 copy occur (f) (Adapted from www.pei.de). 
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This complex, through a mechanism that has not yet been clarified, but probably 

involving active transport through a nuclear pore or nuclear membrane breakdown at 

mitosis or meiosos, is carried back into the nucleus (Figure 7e).  

Once in the nucleus, two different L1 integration mechanisms can be mediated (Figure 

7f): the canonical target primed reverse transcription (TPRT) or the endonuclease-

independent (ENi) retrotransposition, also known as non-classical L1 insertion (NCLI) 

(Viollet et al., 2014) (Figure 8). 

 

 

 

Figure 8: Comparison between TPRT and ENi L1 insertions. (A) Classical TPRT-mediated L1 insertion. First-

strand cleavage by the L1 endonuclease (red arrowhead) at the 5’-TTTT/A-3’ consensus (red dotted box) 

allows L1 mRNA (blue line) to anneal to genomic DNA using its poly(A) tail. Reverse transcriptase activity of 

L1 ORF2 (green oval) synthesizes L1 cDNA (purple line) using L1 mRNA as template and 3’OH from nicked 

genomic DNA as primer. Second-strand cleavage (blue arrowhead) occurs 7–20 bp downstream from first-

strand cleavage site, creating staggered nicks which are later filled in to form TSDs (blue dotted boxes). 

Attachment of the L1 cDNA and synthesis of the second strand complete the insertion process. (B) Schematic 

representation of an ENi event. Following creation of a genomic double-strand break (red thunderbolt), free-

floating L1 mRNA (blue line) attaches to newly separated ends using small stretches of complementary bases. 

Once gap is bridged, it may be filled in by DNA synthesis by either the L1 RT, cellular repair polymerases or 

both (Sen et al., 2007).  

 

The target primed reverse transcription (TPRT) consists of a coupled reverse 

transcription/integration process (Morrish et al. 2002). During TPRT, ORF2p 

endonuclease activity produces a single-strand nick in the genomic DNA preferentially 

at the consensus sequence 5′-TTTT/A-3′. The ORF2p reverse transcriptase activity, 

priming the reaction within the polyA tail, extends the free 3′-OH group using the L1 

RNA as a template (Viollet et al., 2014). After that, the second strand at the integration 

site is cleaved and used to prime the synthesis of the cDNA second strand. The typical 
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hallmarks of this TPRT-derived integration mechanism include the target site 

duplications (TSDs), 7-20 bp sequences present at each end of the new L1 element, and 

a dA-rich tail of variable length (Sen et al., 2007; Cordaux and Batzer, 2009). 

Another feature of this integration process is the fact that the majority of the newly 

inserted L1 elements are 5’ truncated, and therefore unable to retrotranspose any longer. 

This truncation may be caused by an inefficiency of the reverse transcriptase in the 

polymerization process of the new cDNA copy, or by the activity of a cellular RNAse 

H, reflecting a possible attempt by the host defense machinery to protect the genomic 

integrity (Ostertag and Kazazian, 2001; Beck et al., 2011). 

In the endonuclease-independent (ENi) retrotransposition process, at the level of a pre-

existing double-strand break, without the need for a further endonuclease cleavage, L1 

mRNA molecules can attach to the protruding ends using small stretches of 

complementary bases. At this point the L1 reverse transcriptase, the host repair 

polymerase or both synthetize the missing DNA bases, leading to an L1 integration that 

lacks the structural features of the TPRT-mediated insertion. 

The typical hallmarks of this alternative process are unusual structures caused by L1 

integration at atypical target sequences, L1 truncations predominantly at the 3′ends and 

lack of TSDs (Morrish et al., 2002). L1 integrations mediated by the ENi mechanism 

have been observed at the level of telomeres (Viollet et al., 2014), although it seems that 

it is a significantly less efficient process, rarely found in vivo (Morrish et al., 2002; 

Babushok et al., 2006). 

Molecular mechanisms influencing L1 retrotransposition 

Given the potentially dangerous effect of new L1 insertions in the genome, cells have 

evolved some defense mechanisms able to block retrotranspositional activity and 

therefore to ensure genome stability across generations (Crichton et al., 2014) (Figure 

9). 



Introduction 

16 

 

Figure 9: Cellular mechanisms limiting L1 retrotransposition. L1 transcription is suppressed by DNA 

methylation and can be interrupted by premature polyadenylation. RNA interference can also regulate L1 

post-transcriptionally via small RNAs facilitated by Argonaute and PIWI proteins. Small RNAs may in-turn 

direct DNA methylation (St. Laurent et al., 2010). 

 

These cellular mechanisms can act at different levels: transcriptional, post-

transcriptional and likely post-translational (Bogerd et al. 2006). The three principal 

mechanisms are: extensive DNA methylation at L1 promoter sequence, premature 

polyadenilation and RNA interference using miRNA, piRNA and L1 antisense-derived 

RNAs. 

L1 promoter methylation 

DNA methylation in mammals commonly occurs on cytosine residues at the level of 

CpG dinucleotides, usually causing transcriptional repression. The promoter region at 

the 5’UTR of the L1 sequence contains several CpG dinucleotides that can be 

methylated, with a consequential repression of L1 mRNA expression and therefore L1 

retrotransposition (Yoder et al., 1997). As a consequence, cellular enzymes involved in 

DNA methylation, such as methyltransferases, are important in controlling L1 

retrotransposition. In the case of the de novo methylatransferase 3 (DNMT3), it has 

been demonstrated that its absence in mouse germ cells is linked to demethylation of L1 

promoter and higher L1 RNA levels (Bourc’his and Bestor, 2004).  
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Another anzyme that has been reported to be essential in regulating L1 expression is the 

methyl-CpG-binding protein 2 (MeCP2), involved in the global DNA methylation. 

Indeed neural precursor cells knock out for MeCP2 show an increased L1 

retrotransposition compared to wild type cells (Muotri et al., 2010). 

L1-mRNA truncation by premature polyadenylation 

The 3’UTR sequence of the L1 element has been demonstrated to contain 19 canonical 

and non-canonical potential polyadenylation (PolyA) signals that can be alternatively 

used leading to the generation of L1 transcripts of variable length. The premature 

transcription termination can have, as a consequence, the generation of truncated L1 

forms unable to mobilize, helping the host cells in maintaining the genomic integrity 

(Perepelitsa-Belancio and Deininger, 2003). 

It has been also demonstrated that some of these PolyA signals are weak, so that a part 

of the downstream genomic sequence can be included in the L1 transcript and 

eventually inserted in a new genomic location together with the L1 element (Belancio et 

al., 2007; Goodier et al., 2000; Moran et al., 1999; Pickeral et al., 2000). 

L1 silencing through RNA interference (RNAi) 

Another mechanism involved in L1 retrotransposition repression in host genome is 

represented by RNA interference, which silences L1-mRNAs post-transcriptionally. 

Small silencing RNAs in metazoa can be divided into three classes: small interfering 

RNAs (siRNAs), microRNAs (miRNAs) and PIWI-interacting RNAs (piRNAs), 

characterized by different biogenesis processes (Malone and Hannon, 2009). 

Both miRNAs and siRNAs are processed through cleavage of their precursors by the 

Dicer endonuclease, followed by the association to the AGO protein, while piRNAs 

undergo a Dicer-independent mechanisms. Moreover, piRNAs are associated with an 

AGO protein family that is specifically expressed in the cells of the germline (the PIWI 

proteins), while siRNAs and miRNAs are associated with AGO proteins that are 

ubiquitously expressed (Siomi et al., 2011). Even if an increase in L1 transcripts content 

was found in embryonic stem cells of dicer knockout mice (Kanellopoulou et al., 2005), 

it is still unclear whether L1s are targeted by siRNA (Goodier and Kazazian, 2008). 

On the other hand, a well established mechanism for post transcriptional inhibitions of 

L1 mRNA is mediated by piRNAs, (24-32 nt in length), that are processed from single-

stranded RNA precursors and transcribed mostly from intergenic repetitive sequences 

called piRNA clusters. The main function of this class of small non-coding RNA is to 
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protect the genomic integrity of germ cells from the potentially detrimental action of 

“genomic parasites” such as the transposable elements. 

After being processed from the precursor RNA molecules, the primary piRNAs are 

associated to the PIWI proteins and guided to the target. Once the piRNA molecule 

recognizes the L1-derived mRNA, Slicer can mediate the disruption of the mRNA or 

the production of a secondary piRNA. This secondary piRNA can trigger an 

amplification process, also known as “ping-pong cycle”, during which the piRNA binds 

to the antisense strand of the target mRNA causing its disruption, with the production of 

another antisense piRNA molecule which again can target the sense L1 mRNA (Siomi 

et al. 2011). piRNAs actually seem to be involved also in methylation-mediated L1 

silencing, by directing the DNA methylation machinery to L1 elements, as shown in 

PIWI-null mutant mice (Aravin et al. 2008; Kuramochi-Miyagawa et al. 2008). 

In mouse spermatogonia, the lack of MIWI2 and MILI (two PIWI proteins) causes an 

increase in L1 elements activity (Carmell et al. 2007; Reuter et al. 2011).  

L1’s retrotransposition effects 

The most direct effect of L1 retrotransposition is the increase of the genome size, indeed 

L1 elements and Alu sequences together added about 750 million bases (Mb) to the 

human genome, with important consequences not only from the structural, but also from 

the functional point of view (Cordaux and Batzer, 2009). 

Genomic structural modifications 

L1 elements can alter the genome structure in many ways: 

Insertional mutagenesis. This is the first genomic modification induced by L1 insertions 

that has been described. In this case L1 elements insert in the exon of a gene, inducing 

an interruption of the coding sequence (Kazazian et al., 1988). 

Deletions at the insertion site. When a new L1 element inserts in the genome it can 

cause the loss of the genomic sequence close to the integration site, probably due to an 

involvement of the host DNA repair apparatus, that identifies the double strand break 

and repairs it causing the loss of genomic DNA (Gilbert et al., 2002).  

In cultured human cells it has been observed that the 10% of the integrations mediated 

by en engineered L1 element where characterized by genomic loss, as also observed in 

the human and chimpanzee genomes (Beck et al., 2011). In the human genome it was 

successfully characterized a deletion of 46 kb in the PDHX gene, causing pyruvate 

dehydrogenase complex deficiency, that revealed the presence of a full length L1 
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element in the coding sequence of the gene, in a region corresponding to the deleted 

part (Miné et al. 2007). 

Non allelic homologous recombination. The presence of several copies of LINE and 

SINE elements randomly distributed in the genome can lead to crossing over between 

these sequences, and therefore non allelic homologous recombination (NAHR) with 

resulting structural variations that seem to account for approximately the 0.3% of 

human genetic diseases (Belancio et al., 2008). Through the alignment between the 

human and the chimpanzee genomes it was possible to identify the presence of 55 

human specific L1-NAHR events (Han et al., 2005). 

3’ and 5’transduction. As previously mentioned, the polyadenylation signal present at 

the 3’UTR of the L1 element is functional but weak, and therefore often substituted by 

downstream stronger signals. This mechanism, the so called 3’ transduction, causes the 

transcription and possibly the retrotransposition of a segment of genomic sequence 

present at the 3’ of the L1 element. 3’ transduction events were reported in mouse and 

human, where 15 out of 66 uncharacterized L1 sequences were demonstrated to carry 

3’genomic sequences with an average length of 207 bp (Goodier et al., 2000). 

Usually shorter and less common is the 5’ transduction that can be identified only at the 

level of full length L1 elements: in this case the transduction occurs when the L1 

elements is transcribed starting from an upstream promoter, causing the 

retrotranpsosition of a segment of genome upstream to the L1 5’UTR (Beck et al., 

2011). 

Heterochromatinization. In 1998, with the description of the lyonization process that 

leads to the chromosome X inactivation, it was hypothesized for the first time a possible 

involvement of L1 elements in the heterochromatinization of the X chromosome (Lyon, 

1998). Only recently it has been demonstrated that actually L1 elements participate 

during the process in two steps: silent L1s create a heterochromatic compartment in 

wich genes are recruited, while a subset of active and expressed L1s help in X-

chromosome inactivation propagation to those genes that are prone to escape (Chow et 

al., 2010). 

Transposition-mediated toxicity. After insertional mutagenesis, cell cycle arrest and 

apoptosis are other dangerous toxic effects that L1 retrotransposition can have in cells 

(Gasior et al., 2006; Belgnaoui et al., 2006). Indeed it seems that the production of 

several DNA double strand breaks mediated by the endonuclease expressed by the L1 
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element can lead to apoptosis and senescence (Gire et al., 2004; Wallace et al., 2008; 

Gao et al., 1998).  

Potential effects on gene expression 

According to the specific site of integration, the structural variations induced by L1 

insertions can affect gene transcription and expression by the generation of splice sites, 

adenylation signals and new promoters that can finally generate new reorganized 

transcription units (Faulkner et al., 2009). 

When a new L1 element falls in an intergenic region or an intron it can have no effects, 

while if the integration occurs in an exon or a regulatory sequence it can heavily modify 

gene expression or function mainly by destroying coding or regulating sequences 

(Viollet et al., 2014). 

It has been observed that when an L1 element inserts in an intron actually it can cause 

the alternative splicing of a coding gene by exon skipping or exonization. If the new L1 

integration disrupts a splice site that is bypassed during splicing, than it causes exon 

skipping, and therefore the generation of a defective transcript, while if the new L1 

integration contains a donor or acceptor splice site, the L1 sequence can be included in 

the transcript as an exon of variable length according to the position of the splice site 

(Zemojtel et al., 2007). Also the activity of the antisense promoter (ASP) can alter gene 

expression: in vitro experiments on human embryonic stem cells actually demonstrated 

that the ASP can be used as alternative promoter in driving the transcription of the 

genomic sequence upstream to the 5’UTR of the L1 element also in a tissue-specific 

way, inducing tissue-specific gene expression of peculiar genes (Mätlik et al., 2006; 

Macia et al. 2011).  

L1 retrotransposition in germline and during development 

It is not clear when L1 retrotransposition exactly occurs during development in 

mammals, but the total number of L1 and Alu elements that populate mammalian 

genomes suggests that they mobilize in the germline (Levin and Moran, 2011). 

As opposed to somatic retrotransposition, when L1 mobilization occurs in germline or 

pluripotent cells, it can be inherited by the following generations (Erwin et al., 2014). 

Several studies that employ endogenous and engineered L1 elements support this thesis: 

for instance, it has been shown that the mouse full-length L1 RNA and the L1 ORF1p 

are co-expressed in leptotene and zygotene spermatocytes during meiotic prophase 

(Branciforte and Martin 1994). The mouse ORF1p has been also demonstrated to be 
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expressed in the cytoplasm of oocytes during specific stages of their development 

(Trelogan and Martin, 1995). Thanks to experiments performed on transgenic mice, it 

has been observed that an engineered human L1 can mobilize in male germ cells, and 

finally, in human, an engineered human L1 seems to be able to mobilize in oocytes 

(Ostertag et al., 2002; Georgiou et al., 2009; Levin and Moran, 2011). 

L1 mobilization during these developmental phases can be linked to the typical pattern 

of DNA hypomethylation that can be observed in the cells of the germline, fundamental 

for the epigenetic reprogramming that occurs during germ cells specification 

(Smallwood and Kelsey, 2012). Indeed, it has been demonstrated that germ cell 

populations of mice lacking de novo methyltransferase 3-like (Dnmt3L) present higher 

concentrations of L1 transcripts (Bourc’his and Bestor 2004). 

Recently, Kano and colleagues showed the presence of high concentrations of L1-

mRNA also in mouse embryos and they demonstrated that probably L1 mobilization 

and integration occurs more offen during embryogenesis instead of germline. In 

particular, by using an L1 transgenic mouse model, they detected high levels of L1-

mRNA expression not only in germ cells but also in embryos, particularly at 

preimplantation stages and later on at E10.5 (Kano et al. 2009). 

The group of Spadafora also demonstrated that the RT encoded by L1 has a 

fundamental role during the early embryonic development: by incubating mouse 

zygotes with the non-nucleoside RT inhibitor nevirapine or microinjecting murine 

zygotes with morpholino-modified antisense oligonucleotides against the L1 5’end 

region, they observed an arrest of development at the two- and four-cell stage (Pittoggi 

et al., 2003; Beraldi et al., 2006). 

Since these somatic retrotransposition events are not incorporated into germ cells, they 

are not heritable and don’t accumulate in the genome of all cells. Clearly, these events 

provide sources of genomic diversity within distinct somatic cells of an individual, 

generating somatic mosaicism in a particular organ (Vitullo et al., 2012) (Figure 10). 
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Figure 10: Consequences of somatic retrotransposition events. Somatic retrotransposition can happen at any 

time during embryogenesis. Retrotransposition events that occur in early pluripotent progenitor cells will 

result in somatic mosaicism: these unique cells will contribute to all tissues of the body of the individual, 

including the germ line. Somatic retrotransposition that happens after germ-layer specification and 

organogenesis, however, results in tissue-specific insertions that are not hereditary (Erwin et al., 2014). 

 

Moreover, Malki et al. suggested that L1 elements, activated during the epigenetic 

reprogramming of the embryonic germline, could be involved in the process of fetal 

oocyte attrition (FOA) in mice, a process of elimination of more than two-thirds of 

meiotic prophase I (MPI) oocytes before birth. They showed that wild-type fetal oocytes 

can present different nuclear levels of L1 ORF1p and that experimental elevation of L1 

expression is linked to increased MPI defects, FOA, oocyte aneuploidy, and embryonic 

lethality. They hypothesize that FOA is involved in the selection of those oocytes that 

have the least L1 activity, since they represent a lower risk for the following generations 

(Malki et al., 2014). 

Somatic L1 retrotransposition in the brain 

The nervous system is a complex network made by different subtypes of cells. At the 

same time, cells that belong to the same subtype can display different features, from 

both the structural and the functional point of view. The factors that are involved in the 

determination of these diversities comprise the epigenetic regulation, the alternative 

splicing and the post-translational modifications. The discovery of neurons with 

different genotypes, the so called somatic mosaicism, makes the nervous system more 

complex than ever thought (Erwin et al., 2014) (Figure 11). 
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Figure 11: Consequences of somatic retrotransposition events in the brain. Somatic retrotransposition 

increases as neural stem cells differentiate into neurons and results in neurons with unique genomes (Erwin et 

al., 2014). 

 

The first evidence of neuronal somatic mosaicism mediated by L1 occurring in the 

mammalian brain came from the research performed by Fred H. Gage and colleagues, 

who demonstrated that an engineered human L1 can retrotranspose in adult rat NPCs in 

vitro and in the mouse brain in vivo. They also demonstrated that the transcription 

factor SOX2 (SRY (sex determining region Y)-box 2) seems to repress L1 transcription 

in rat adult hippocampal neural stem cells, indeed during neuronal differentiation the 

low expression of SOX2 corresponds to a higher L1 transcription and retrotransposition 

(Muotri et al., 2005). 

In 2009 they demonstrated that the engineered human L1 was able to transpose also in 

NPCs isolated from the human fetal brain and in NPCs derived from human embryonic 

stem cells hESCs. Moreover, as for the transcription factor SOX2, they proved that 

MeCP2’s expression (the methyl-CpG-binding protein 2), previously demonstrated to 

associate with the L1 promoter and to be able to repress L1 transcription (Yu et al., 

2001), was lower during neuronal differentiation than in mature neurons, proposing a 

model in which a lower methylation of L1 promoter during brain development may 

cause a higher L1 expression and probably retrotransposition (Coufal et al., 2009; 

Thomas and Muotri, 2012). 

The same group in 2010 confirmed the correlation berween the absence of MeCP2 and 

the increased L1 retrottansposition in rodents, according to a model of L1 expression 

control in which the activation of L1 retrotransposition corresponds to the progression 

from neural stem cells to neural progenitors (Muotri et al., 2010; Erwin et al., 2014; 

Singer et al., 2010) (Figure 12). 
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Figure 12: Regulation of retrotransposition in neural progenitors. In neural stem cells, L1 promoter is 

repressed by DNA methylation, H3K9me3 modifications, MECP2 (which binds to the methylated DNA) and 

SOX2. As neural stem cells transition to progenitors, SOX2 is no longer present. The LINE1 promoter 

assumes an open chromatin state and becomes de-methylated. MECP2 can no longer bind. The WNT 

transcription factors, β-catenin and members of the TCF/LEF family activate transcription, perhaps with the 

cooperation of another transcription factor, YY1. This results in an increase in LINE1 transcription in the 

progenitor and active retrotransposition (Erwin et al., 2014). 

 

In order to assess the copy number variation (CNV) of L1 elements in human tissues, 

Coufal and colleagues also set up a protocol of Taqman qPCR and applied it to different 

human tissues and brain regions, allowing to estimate the presence of approximately 80 

more L1 copies in the hippocampus compared to other organs such as heart and liver. 

They observed that there is a substantial variability between individuals, and also that 

the hippocampus, probably because of its neurogenic niche, seems to harbor a higher 

copy number of L1 elements compared also to other brain regions (Coufal et al., 2009; 

Richardson et al., 2014) (Figure 13). 

 

Figure 13: Experimental scheme of the multiplex quantitative PCR analyses of L1 copy number in human 

tissues and relative quantity of L1, standardized such that the lowest liver value was normalized to 1.0. Hi = 

hippocampus, C = cerebellum, H = heart, and L = liver (Coufal et al., 2009). 

 

The CNV analysis is highly informational, but it does not give any clue about the exact 

insertion site in the genome of the L1 elements. More recent next-generation sequencing 

approaches developed in the last few years allow the identification of endogenous L1’s 

insertion sites. 

In 2011 the group of our collaborator Geoffrey Faulkner published a work in which a 

new high-throughput method, called RC-seq (retrotransposon capture sequencing) was 

applied on samples from the hippocampus and caudate nucleus of three individuals in 
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order to identify L1, Alu and SVA insertions. Thanks to this technique it was possible to 

identify known and novel retrotransposon insertions with uniquely mapped read pairs: 

besides several germline mutations, they found 7743 putative somatic L1 insertions, 

13692 somatic Alu insertions and 1350 SVA insertions (Baillie et al., 2011). 

Another method aimed at mapping L1 insertions, published by Evrony and colleagues 

in 2012, allowed the amplification and sequencing of genomes extracted from single 

human neurons. They performed the L1 insertion profiling of 300 neurons deriving 

from cerebral cortex and caudate nucleus of three individuals: in this way they were 

able to distinguish >80% of germline insertions from single neurons end to estimate that 

the rate of somatic insertions specific for each neuron was <0.6 in cortex and caudate, 

with most neurons lacking somatic insertions (Evrony et al., 2012). 

This last observation was in contrast with what previously reported by Coufal and 

colleagues that estimated, by qPCR copy number assay, a rate of new insertions 

comprised between 80 and 800 for each hippocampal neuron. 

These contrasting observations lead to several hypotheses: probably different 

individuals naturally present a different rate of L1 new insertions because influenced by 

environmental factors. Moreover it was demonstrated that some individuals can present 

a higher number of L1 elements in the hippocampus compared to the frontal cortex 

(Coufal et al., 2009; Baillie et al., 2011). The CNV assay performed by qPCR might be 

less accurate, but at the same time single cell sequencing might not detect insertions if 

the sequencing is performed on the wrong population (Erwin et al., 2014). 

A further interesting observation comes from a paper published in 2009 by Muotri et al., 

in which they demonstrated the presence of higher L1 activity in neurons of mice 

exposed to voluntary exercise compared to sedentary mice, meaning that probably 

neuronal progenitor cells support de novo retrotransposition upon exposure to 

environmental factors, contributing to the physiological neuronal plasticity (Muotri et 

al., 2009, Thomas et al., 2012). 

Human diseases linked to L1 retrotransposition 

Besides skin, breast and colon cancers, the three still active non-LTR retrotransposons 

(L1, Alu and SVA) have been demonstrated to cause about the 0.27% of human genetic 

diseases, with at least 50 different disorders, exhaustively listed in the paper by Kaer 

and Speek (Callinan and Batzer , 2006; Kaer and Speek, 2013). 
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The authors describe 21 disease-causing mutations deriving from L1 retrotransposition 

(Table 1): fourteen are insertions into exons, one into the 3’UTR and six into introns. 

The majority of the exonic insertions are in the sense orientation, but actually any 

orientation would be effective since in this case the insertion causes a disruption of the 

coding sequence (Brouha et al., 2002; Holmes et al., 1994; Kazazian et al., 1988; 

Kimberland et al., 1999; Kondo-Iida et al., 1999, Li et al., 2001; Miki et al., 1992; 

Mukherjee et al., 2004; Schwahn et al., 1998; Yoshida et al., 1998). For most of these 

insertions the exact mechanism of interference with transcription is not clear, but six of 

them were demonstrated to cause exon skipping and partial exonization (Awano et al., 

2010; Bernard et al., 2009; Narita et al., 1993; van den Hurk et al., 2003; Wimmer et al., 

2011).  

Concerning the intronic insertions, also in this case not all the mutational mechanisms 

are clear. Three of them were demonstrated to interfere with the recognition of the 

polypyrimidine or 3′ss signal causing exon skipping (Kondo-Iida et al., 1999; Martinez-

Garay et al., 2003; Meischl et al., 2000), while two of them, involving the insertion of a 

full-length L1 element in the sense orientation, seemed to alter transcription or mRNA 

instability in one case, and to cause L1 exonization in the other case (Schwahn et al., 

1998; Samuelov et al., 2011; Kaer and Speek, 2013). 

Besides human diseases caused by the direct effect of L1 retrotransposition, some 

neurological diseases, such as Rett syndrome and ataxia telangiectasia have been 

recently demonstrated to misregulate L1 retrotransposition, probably contributing to 

some aspects of the diseases (Thomas et al., 2012). 

Rett syndrome (RTT) is a neurodevelopmental disorder caused by mutations in the 

MeCP2 gene that typically affects girls, with symptoms such as autism, loss of speech, 

hand-wringing, anxiety, and motor deterioration (Amir et al., 1999). It is still not clear 

the function of MeCP2 in neurons and its precise contribution in the pathogenesis of 

Rett syndrome, but it has been recently demonstrated that MeCP2 is involved in L1 

regulation (Muotri et al., 2010; Skene et al., 2010, Yu et al., 2001). As previously 

mentioned, MeCP2 is involved in global DNA methylation and particularly, in neural 

stem cells, it can combine to the methylated L1 promoter, where it forms a repressive 

complex with HDAC1 that is able to block L1 expression (Muotri et al. 2010; Coufal et 

al., 2009). Moreover, in RTT patients it has been observed a hypomethylation of L1 

promoter, a higher L1 retrotransposition and a higher L1 copy number compared to 

controls (Muotri et al. 2010). Whether the higher L1 retrotransposition is really 
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involved in RTT pathogenesis is still unclear, but the increased genomic diversity 

induced by L1 insertions may contribute to the heterogeneity of the disease (Thomas et 

al., 2012). 

 
 

Table 1: L1 insertions causing human diseases. Adapted from Kaer and Speek, 2013. 

 

 

Ataxia telangiectasia (A-T) is a rare, autosomal recessive neurodegenerative disease 

caused by mutations in the Ataxia Telangiectasia Mutated (ATM) gene. Common 

aspects of the disease are loss of motor function, dilatation of blood vessels, 

immunodeficiency and a series of severe complications that lead to premature death. 

ATM is a serine/threonine protein kinase involved in the detection and response to 

DNA double strand breaks, through the blocking of the cell cycle until the damage is 

repaired. In case of ATM deficiency, double-strand breaks are not repaired and cells 

accumulate genomic mutations (Bar-Shira et al., 2002). 

Coufal and colleagues in 2011 demonstrated that the brain of both ATM ko mice and A-

T affected patients present higher levels of L1 retrotransposition and longer L1 

insertions compared to the controls. They speculated that normally ATM might detect 
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the activity of L1 ORF2p and inhibit L1 insertion, while a dysfunctional ATM could 

prevent an effective DNA damage response during L1 integration, eventually leading to 

neurodegeneration (Coufal et al., 2011; Thomas et al., 2012). 

Finally, it has been recently reported an altered L1 retrotransposition in schizophrenia. 

In particular, Bundo and colleagues demonstrated the presence of an increased L1 copy 

number in neurons from the prefrontal cortex of affected patients and in induced 

pluripotent stem cells-derived neurons containing the 22q11 deletion (one of the highest 

risk factors for schizophrenia). Taking advantage of whole-genome sequencing, they 

detected in patients brain-specific L1 insertions, localized preferentially in synapse- and 

schizophrenia-related genes. Further experiments on animal models aimed at identifying 

the causes of this L1 copy number alteration, suggested that the high neural L1 

retrotransposition may be triggered by environmental and/or genetic risk factors, 

possibly contributing to the susceptibility and some aspects of the disease (Bundo et al., 

2014). 

Even if not directly caused by L1 insertion, several genetic diseases have been 

demonstrated to be linked to L1 because originating from the insertion of Alu sequences 

(56 cases reported) or SVA (7 cases reported), both non autonomous retrotransposons 

that take advantage of L1’s enzymatic machinery to mobilize (Kaer and Speek, 2013).  

Strategies for mapping L1 insertions 

The majority of L1 elements present in the human and mouse genomes are immobile 

because of the mutations and truncations accumulated during evolution, but a small 

niche of them is still able to multiply throughout the genome, and that’s why several 

strategies aimed at identifying their precise insertion sites have been developed in the 

last years (O'Donnell and Burns, 2010). 

The first assays to be developed were based mainly on PCR, followed by gel separation 

of the amplicon, as the amplification typing of L1 active subfamilies (ATLAS) (Badge 

et al., 2003), the L1 display (Sheen et al., 2000), and the L1 insertion dimorphisms 

identification by PCR (LIDSIP) (Pornthanakasem and Mutirangura, 2004). 

These techniques allowed a first investigation of the massive L1 polymorphism present 

in the human genome, but they were not suitable for L1 mapping in large numbers of 

samples (O'Donnell and Burns, 2010). 

Beck and colleagues applied a fosmid based sequencing strategy to study active full 

length L1 elements in the human genome with the advantages to be independent from 
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PCR fidelity, compared to PCR-mediated techniques, and to detect large insertions and 

deletions in repetitive regions (Korbel et al., 2007; Kidd et al., 2008; Beck et al., 2010). 

Recent technological advances allowed the development of several different methods 

that, exploiting high resolution microarrays or deep sequencing, allow the identification 

of mobile elements’ insertion sites on a genome-wide scale (Gabriel et al., 2006; Iskow 

et al., 2010; Ewing et al., 2010; Witherspoon et al., 2010) 

For instance, in 2010 Huang and colleagues mapped L1 insertions in the human genome 

using a ligation mediated PCR method called vectorette PCR: in this technique, 

synthetic adapters are ligated to fragmented DNA, followed by the PCR amplification 

of the genomic DNA flanking the mobile element using primers specific for the adapter 

and the L1 sequence. The insertions are then identified by labelling and hybridizing of 

the amplicons to genomic tiling microarrays or by deep sequencing (Huang et al., 

2010). 

One year later, Baillie and colleagues published the description of a new high-

throughput protocol that they called retrotransposon capture sequencing (RC-seq). In 

this method, fragmented genomic DNA is hybridized to arrays targeting the 5′ and 3′ 

termini of mobile elements, sequenced and mapped using a computational pipeline 

aimed at identifying known and novel insertions (Baillie et al., 2011).  

Drosophila melanogaster’s roo element 

About 10% of the Drosophila melanogaster’s genome is composed of transposable 

elements, with >1500 copies per gamete in the euchromatic part of the genome and 

∼2000 in its heterochromatic part (Maside et al., 2001; Kaminker et al., 2002). 

With the publication of the Release 3 genomic sequence of D. melanogaster in 2002 it 

was reported for the first time an analysis from several points of view of the 

transposable elements present in the euchromatic part of the genome: indeed it was 

possible to identify 96 families of transposable elements: 49 LTR retrotransposon 

families, 27 LINE-like families, 19 DNA transposon families and the Foldback (FB) 

family (Celniker et al., 2002; Kaminker et al., 2002). 

The largest family of the LTR retrotransposons’ class is represented by the roo element, 

with a total of 541 copies (full length and LTR fragments) (de la Chaux and Wagner, 

2009). The most important difference between roo and the other LTR elements stands 

in the fact that it encodes for an envelope (env) gene (probably non-functional) in 

addition to the gag and pol genes encoded by all the other LTR retrotransposons (Frame 
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et al., 2001). The roo element is 9092 bp long, it contains one ORF with 7083 

nucleotides that comprise the gag, pol and env genes, it’s strongly expressed during 

embryogenesis and it can induce gene mutations (Brunner et al., 1999) (Figure 14). 

 

 

Figure 14: Drosophila roo element structure. The canonical roo element is 9092 bp long, has one 7083 bp long 

ORF (light gray box), and is flanked by 428/429 bp long LTR sequences (dark gray boxes). The ORF encodes 

the gag, pol and env genes (de la Chaux and Wagner, 2009). 

 

From a comparison of roo distribution between twelve different Drosophila species, 

arose that in Drosophila melanogaster, the one with the highest number of roo element, 

the majority of these elements are young, with more than half harboring identical LTR 

sequences, indicating very recent insertion (de la Chaux and Wagner, 2009). 
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Alzheimer’s disease 

Alzheimer’s disease is the leading cause of dementia in the elderly and leads to death 

within 3 to 10 years after appearance of symptoms (Bettens et al., 2013; Isik, 2010). 

Firstly described by the German neuropathologist Alois Alzheimer in 1907, it is a 

progressive neurodegenerative disease, clinically characterized by memory loss, 

cognitive deterioration, development of psychiatric and behavioral disorder, and 

impairment of activities of daily life (Hong-Qi et al., 2012). 

This condition of severe dementia can have many consequences, such as immobility, 

swallowing disorders and malnutrition that can increase the risk of developing 

pneumonia, the most frequent cause of death among elderly individuals affected by AD 

(Brunnström and Englund, 2009; Kalia, 2003). Neuropathological hallmarks of the 

disease are amyloid plaques and neurofibrillary tangles, together with synaptic and 

neuronal loss as well as astrocytic gliosis (Chin, 2011). 

The last twenty years of research and more than 1 billion of US dollars spent for clinical  

trials have actually failed to yield  an  effective  drug  treatment, able to  treat or prevent  

AD  (Kosik, 2013). 

Epidemiology  

Worldwide, approximately 35.5 million people are estimated living with dementia to 

date, and according to the World Health Organization this number is going to double by 

2030 and triple by 2050. About 70% of these cases can be attributed to Alzheimer’s 

disease. Among 60 years old populations, it seems that in North America and Western 

Europe there is the highest prevalence and incidence of dementia, followed by Latin 

America and Asia, with the incidence rate increasing exponentially with age. Similar 

patterns of prevalence and incidence can be observed also for AD (Ferri et al., 2005; 

Matthews et al., 2013; Reitz and Mayeux 2014) (Figure 15). 
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Figure 15: (a) Global prevalence of dementia (%). (b) Incidence rates (per 1000 individuals in the population). 

Adapted from Reitz and Mayeux 2014. 

 

Indeed, besides the global ageing, the main negative consequence deriving from the 

improved healthcare over the last century is for sure the higher incidence of AD and 

other related dementias (from the World Alzheimer Report 2009). 

Only in the USA, payments for health care, long-term care, and hospice for people 

affected by AD are projected to increase from $203 billion in 2013 to $1.2 trillion in 

2050 (in 2013 dollars) (Thies et al., 2013). 

Clinical aspects of AD 

AD is commonly classified according to its age of onset. A small subset of AD patients 

show an early onset (in their late 40s or early 50s), which is called early-onset familial 

AD (EO-FAD), characterized by an aggressive progression and short relative survival 

time,but more than 95% of all the AD patients actually develop the disease when they 

are aged >65 years, which is called late-onset AD (LOAD). The two forms of the 

disease present a different pattern of genetic epidemiology (Jiang et al., 2013; 

Panegyres and Chen, 2013). 

AD can affect people in different ways. In the majority of cases the onset of the disease 

corresponds to a gradual loss of memory, in particular of recent informations, just 

because the first neurons to degenerate are those involved in the creation of new 

memories. As soon as other brain regions involved in different functions die, the 

affected indivuals start suffering from other symptoms. 

The following are common symptoms of AD, listed in the US 2014 Alzheimer’s 

Disease Facts and Figures: 

 

• Memory loss that disrupts daily life 

• Challenges in planning or solving problems 

• Difficulty completing familiar tasks at home, at work, or at leisure 
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• Confusion with time or place 

• Trouble understanding visual images and spatial relationships 

• New problems with words in speaking or writing 

• Misplacing things and losing the ability to retrace steps 

• Decreased or poor judgment 

• Withdrawal from work or social activities 

• Changes in mood and personality 

 

The progression’s rate of the disease can be very different depending on the individual. 

As the disease advances, patients experience a progressive decline in their cognitive and 

practical capacities. When they reach the final stage of AD, patients are no longer able 

to communicate, recognize people and they are completely dependent on people that 

take care of them (Thies et al., 2013). 

In 1984, the Alzheimer’s Association and the National Institute of Neurological 

Disorders and Stroke established for the first time a common and homogeneous list of 

criteria in order to make the diagnosis of this complex disease as much consistent as 

possible (McKhann et al., 1984).  

In 2011, the NIA and the Alzheimer’s Association proposed new criteria and guidelines 

that updated those published in 1984, and classified AD in three stages (preclinical 

phase, symptomatic predementia phase and dementia phase) characterized by a 

continuum between and within each stage. The new guidelines introduced the use of 

brain imaging and cerebrospinal fluid biomarkers as means for clinicians to diagnose 

AD as soon as possible in its course to allow prompt treatments in order to prevent 

further neuronal damages (Jiang et al., 2013; Thies et al., 2013). In 2012, the NIA and 

the Alzheimer’s Association introduced also new guidelines to help pathologists in 

describing and categorizing brain changes associated with AD and other dementias 

(Hyman et al., 2012). 

None of the pharmacological treatments that are available today for AD can slow or 

stop the death and malfunctioning of neurons in the brain of AD patients. The U.S. 

Food and Drug Administration approved five drugs that are able to give relief from the 

symptoms of AD temporarily, by increasing the amount of acetylcholine or blocking the 

activity of the neurotransmitter glutamate in the brain. The effectiveness of these drugs 

is variable across the population (Thies et al., 2013).  
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Besides drugs, also nonpharmacological therapies, such as cognitive training and 

behavioral interventions can be used to improve quality of life or reduce behavioral 

symptoms such as depression, apathy, sleep disturbances, agitation, and aggression, 

although only few have been demonstrated to be truly effective (Olazarán et al., 2010; 

Thies et al., 2013). 

Neuropathological aspects of AD 

In most cases of Alzheimer's disease brain samples present a small degree of cerebral 

cortical atrophy, which involves mainly the frontotemporal association cortex, almost 

without an involvement of the primary motor, sensory, and visual areas. However, 

among elderly subjects, it is not possible to observe any difference in brain weight as 

well as cerebral cortical thickness between age-matched normal and AD affected 

individuals. On the contrary, when examining cases of early-onset familial AD (EO-

FAD) compared with age-matched controls, it can be detected a clear difference in brain 

weight or the degree of cerebral cortical atrophy (Perl, 2010). 

 

 

Figure 16: Comparison between a healthy and AD affected brain (from www.knowingneurons.com) 

 

Moreover in AD brains is possible to observe a loss of tissue that generally leads to an 

expansion of the lateral ventricles and a significant atrophy of the hippocampus, with an 

enlargement of the adjacent temporal horn of the lateral ventricle (Perl, 2010) (Figure 

16). It is also relatively common to find some cortical micro infarcts, lacunar infarcts in 
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the basal ganglia, and demyelination of the periventricular white matter (Serrano-Pozo 

et al., 2011). 

Actually, an exhaustive diagnosis of Alzheimer's disease can be made only upon the 

histological examination of the post mortem brain specimen, even if, virtually, any of 

the morphological abnormalities peculiar for AD can also be seen, to some extent, in the 

brains of elderly healthy individuals. That’s why a precise diagnosis often requires the 

observation of the lesions’ spreading in certain areas of the brain (Perl, 2010). 

Neurofibrillary Tangles 

Neurofibrillary tangles (NFTs) are considered a cardinal microscopic lesion of AD and 

are fundamental for making the pathological diagnosis. They appear as parallel fibrils 

surrounding the nucleus and spreading toward the apical dendrite (Figure 17). When a 

NFT occurs with a more rounded shape (for instance in neurons within the substantia 

nigra and locus ceruleus), it is called globoid neurofibrillary tangle (Perl, 2010). 

 

 

Figure 17: A representative microphotograph of neurofibrillary tangles. Tangles were visualized by 

immunostaining with an anti-PHF1 specific antibody. Scale bar: 62.5 µm (LaFerla and Oddo, 2005). 

 

The main component of NFTs is the microtubule-associated protein tau. Tau protein is 

normally present in the axon where it stabilizes the microtubules, and its binding to 

tubulin is regulated by its phosphorylation state that is determined by the action of 

kinases and phosphatases (Mandell and Banker, 1996). 

In pathological conditions, abnormal modifications such as hyper-phosphorylation and 

acetylation of tau protein decrease its binding to tubulin and this, in turn, causes the 

self-aggregation of tau into insoluble filaments, which form the NFTs (Iqbal and 

Grundke-Iqbal, 2008; Iqbal et al., 2010). There are several other protein constituents 

associated with neurofibrillary tangles, such as ubiquitin, cholinesterases, and beta-

amyloid 4 (βA4), but tau seems to be the crucial component of most of these structures 
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(Mohamed et al., 2013; Perl, 2010). To date, no mutations in the tau gene were found in 

patients affected by AD. However, it has been recently suggested that tau 

polymorphisms might be considered new risk factors for AD (Gerrish et al., 2012). 

Studies have shown that the extent and distribution of neurofibrillary tangles follow a 

reproducible pattern and they correlate with both the degree of dementia and the 

duration of illness, suggesting that these abnormalities must have a direct impact on the 

normal functionality of the brain (Bierer et al., 1995; Braak and Braak, 1991). 

Moreover, according to a recent hypothesis, the primary deposition of tau may have a 

role in the formation, release and accumulation of Aβ in the form of extracellular plaque 

(in contrast with the amyloid cascade hypothesis mentioned below) (Braak and Del 

Tredici, 2013). 

According to the spreading of NFTs in the brain, Braak established in the 90s a staging 

classification of sporadic AD. As clearly reported by Ferrer in 2012, “stages I and II are 

defined by the presence of NFTs in the entorhinal cortex (stage I) and progression to the 

transentorhinal cortex and mild involvement of the CA1 region (stage II). Limbic stages 

III and IV implicate the presence of NFTs in the upper and inner layers of the entorhinal 

cortex, transentorhinal cortex, CA1 region of the hippocampus, subiculum, anterodorsal 

thalamic nucleus, amygdala, magnocellular nuclei of the basal forebrain (including 

Meynert nucleus), tubero-mammillary nucleus (stage III), plus associated areas of the 

temporal cortex, striatal neurons, raphe nucleus and locus ceruleus (stage IV). 

Neocortical stages V and VI require, in addition, NFTs in cortical association areas, 

claustrum, reticular nucleus of the thalamus and substantia nigra (stage V), plus primary 

sensory areas (stage VI)” (Braak and Braak, 1991; Ferrer, 2012). 

NFTs have been observed at the level of entorhinal and transentorhinal cortices in 70–

80% of individuals 65 years old, belonging to a non-biased general population, and 

dying for reasons not related to neurological diseases. This percentage has been 

demonstrated to reach the 90% in 80 years old individuals, and to remain steady in 

centenarians (Braak and Braak, 1997; Braak et al., 2011; Ferrer, 2012). Individuals at 

the I-II stages don’t present any cognitive impairment, while neurological symptoms as 

early memory deficits and mild cognitive impairment occur at stages III-IV, whereas 

dementia does not appear until stage V-VI, when the brain is filled with NFTs and 

senile plaques (Braak et al., 2006; Ferrer, 2012). 

Although NFTs are considered a cardinal histopathological feature of Alzheimer's 

disease, these lesions can be found in association with many other diseases, such as 
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postencephalitic parkinsonism, posttraumatic dementia and amyotrophic lateral 

sclerosis/parkinsonism-dementia complex of Guam (Perl, 2010). 

Amyloid plaques 

Amyloid plaques, deriving from the deposition and aggregation of extracellular Aβ 

peptide in the brain, are considered as the major neuropathological hallmarks of AD 

(Kim et al., 2014). 

Aβ peptides with 40 or 42 aminoacids (Aβ40 or Aβ42) derive from the cleavage of the 

amyloid precursor protein (APP), a transmembrane protein containing a large 

extracellular domain, a hydrophobic transmembrane domain and a short intracellular 

domain (Serrano-Pozo et al., 2011). 

APP polypeptides can be different in terms of post-translational modifications and 

length. Indeed alternative splicing produces three major isoforms of APP (695, 751 and 

770 residues) which are differentially expressed: the 751 and 770 isoforms are 

expressed in both non-neuronal and neural cells, whereas the 695 isoform is highly 

expressed in neurons and less expressed in non-neuronal cells (Cavallucci et al., 2012). 

The APP protein goes through several proteolytic cleavages performed by enzyme 

complexes with α-, β- and γ-secretase activity, that cause the formation of large soluble 

secreted fragments and membrane-associated C-terminal fragments (CTF) (Figure 18). 

 

 

Figure 18: Schematic representation of APP processing. The APP transmembrane protein is cleaved 

sequentially by means two distinct pathways: the nonamyloidogenic pathway (left) and the amyloidogenic 

pathway (right). The initial cleavage of APP by α-secretase in the region containing Aβ sequence prevents the 

formation of Aβ peptide. By contrast, the alternative cleavage carried out by β-secretase leads to the release of 

Aβ peptide from the following γ-secretase cleavage (Cavallucci et al., 2012). 
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First of all APP protein can be processed through the prevalent non-amyloidogenic 

pathway, in which the α-secretase cleaves the APP protein leading to the formation of a 

membrane-retained CTF composed of 83 residues and a large N-terminal soluble 

fragment which is released in the extracellular space. After this first step, the CTF 

fragment is cleaved by the γ-secretase, with the production of a short fragment called 

p3. At the end of this process no Aβ peptides are produced. 

On the other hand, in the amyloidogenic pathway the first cleavage of the APP protein 

is performed by the β-secretase, with the production of a membrane-retained CTF of 99 

amino acids (C99), and a soluble fragment released in the extracellular space. The 

cleavage of C99 by the γ-secretase leads to the release of the Aβ peptide. 

The majority of Aβ peptides have 40 residues (Aβ40), but also a longer form of 42 

residues (Aβ42) can be produced. The Aβ42 peptide is more hydrophobic and prone to 

aggregation than the Aβ40 variant, and it has been demonstrated to be the most 

abundant form present in the amyloid plaques (Cavallucci et al., 2012). 

Both Aβ40 and Aβ42 peptides can be observed at low levels in the healthy brain, where 

they seem to play physiological functions such as maintaining the synaptic function and 

plasticity (Kamenetz et al., 2003). 

Aβ peptides tend to accumulate because an imbalance between Aβ production, 

aggregation and clearance occurs.  

Early-onset familial forms of AD usually present an increased Aβ production and 

aggregation, while sporadic AD forms are particularly characterized by a reduced 

clearance of Aβ (Crews and Masliah, 2010). 

There are different physical conformations of Aβ aggregates, such as soluble oligomers 

(oAβ), protofibrils (pfAβ), nonfibrillar insoluble oligomers, and fibrillar (fAβ) forms. 

Furthermore, amyloid plaques can be of two main types: diffuse and compact. Diffuse 

plaques contain expecially nonfibrillar insoluble oligomers of Aβ, while compact 

plaques are composed of fAβ and have been demonstrated to contain a larger numbers 

of microglial cells and astrocytes than adjacent brain regions. They also contain 

abnormal neurites (neuritic plaques) with abnormally phosphorylated tau. Moreover it 

has been demonstrated that there is a correlation between the density of neuritic plaques 

and the severity of dementia (Shah et al., 2010) (Figure 19). 

Aβ peptides and Aβ amyloid plaques typically are located outside the cell, but it seems 

that also intracellular Aβ can play an important role in AD (Friedrich et al., 2010). 
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Figure 19: A representative microphotograph of amyloid plaques in the AD brain. Amyloid plaques were 

visualized by immunostaining with an anti-Aβ42 specific antibody. Scale bar: 125 µm (LaFerla and Oddo, 

2005). 

 

Although the amyloid cascade hypothesis (that places Aβ deposition at the top of a 

sequence of events that eventually leads to AD) is still controversial and it is not yet 

established which form of Aβ is the pathogenic one, in vitro and in vivo evidences 

indicate that fAβ exerts powerful toxic effects on neurons, contributing directly to 

oxidative stress, mitochondrial dysfunction, impaired synaptic transmission, the 

disruption of membrane integrity, and impaired axonal transport (Crouch et al., 2008; 

LaFerla and Oddo 2005; Shah et al., 2010). Furthermore the fact that the first mutations 

demonstrated to cause inherited forms of familial AD were identified in the APP gene, 

provides further evidence that APP plays a central role in AD pathogenesis (Galimberti 

and Scarpini, 2012). 

Genetics of Alzheimer’s disease 

As previously mentioned, Alzheimer’s disease can be divided into early-onset familial 

AD (EO-FAD), affecting patients younger than 65 years, and late-onset (LOAD), 

affecting patients older than 65 years. Both the two forms of AD have a genetic 

component (Bettens et al., 2013). EO-FAD is most often caused by rare, fully penetrant 

mutations, and is usually characterized by Mendelian inheritance (Tanzi, 2012). LOAD, 

on the other hand, is caused by an interplay between genetic and environmental factors 

(defined as a disease with a complex genetic background) (Bettens et al., 2013). 

Early-onset familial Alzheimer’s disease (EO-FAD) 

Mutations able to cause EO-FAD have been observed at the level of three different 

genes: amyloid beta precursor protein (APP), presenilin 1 (PSEN1), and presenilin 2 

(PSEN2) (Table 2). Both clinical and pathological aspects of the disease can vary 
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according to the locus of the mutation and the precise position in the gene (Ridge et al., 

2013). 

 

Table 2: Early-onset familial Alzheimer’s disease genes and their pathogenic effects (Adapted from Tanzi, 

2012). 

 

 

In the case of APP gene, duplications (as in Down’s syndrome patients) are sufficient in 

many cases to cause EO-FAD, due to increased Aβ42 production and deposition. 

Mutations in this gene account for 13–16% of all EO-FAD cases (Raux et al., 2005; 

Sleegers et al., 2006) (Figure 20). 

 

 

Figure 20: Schematic diagram of APP mutations and their amyloidogenic effect. APP is proteolytically cleaved 

by α-, β- and γ-secretase activities, and α-secretase cleavage precludes toxic Aβ to be produced. FAD-linked 

genetic mutations on APP exhibit different effects on APP processing and amyloidogenic properties of Aβ 

peptides (Kitazawa et al., 2012). 

 

The Swedish, Arctic, and London variants are three different kinds of APP mutations 

that occur in different domains of the APP gene and lead to EO-FAD by different 

mechanisms. The Arctic mutation (inside the Aβ domain) is dominantly inherited and 

fully penetrant with an average age of onset of 57 years and leads to Aβ protofibril 

formation. The Swedish mutation is a double mutation that occurs upstream to the Aβ 

domain, causing an increase in total Aβ production and changes in its extracellular 

localization, while the London mutation occurs downstream to the Aβ domain, resulting 

in higher Aβ42 levels (Ridge et al., 2013). 
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PSEN1 gene is located in chromosome 14 (14q24.3) and has at least two isoforms. 185 

mutations in this gene were identified as responsible for genetic forms of AD (Cruts and 

Van Broeckhoven, 1998). According to the precise position of the mutation, different 

forms of EO-FAD can occur, with differences in age at onset, rate of progression and 

severity (Heckmann et al., 2004). PSEN1 is part of the γ-secretase complex, meaning 

that mutations in this locus lead basically to an increase of Aβ42 production. If the 

mutation falls upstream to the protein position 200, it causes a pathology similar to 

sporadic AD, whereas mutations falling at subsequent positions cause a more severe 

amyloid angiopathy (Ryan and Rossor, 2010; Ridge et al., 2013). 

PSEN2 gene is located in chromosome 1 (1q31-q42) and has two known isoforms. AD-

causing mutations in this locus are less common compared to PSEN1 and the resulting 

pathology is less severe. There are 14 pathogenic mutations known to occur in this 

locus, and, as for PSEN2 mutations, they seem to increase Aβ42 production (Ridge et 

al., 2013). 

Besides APP, PSEN1 and PSEN2, mutations in other three genes have been identified 

as possible causes of EO-FAD. An AD case occurred in a Belgian family has been 

linked to a missense mutation of the tau gene (Rademakers et al., 2003). Polymorphisms 

in the chromosome 7q36 have been reported to cause EO-FAD in a Dutch family, and 

also a missense mutation in the gene PEN2 have been found in an AD family 

(Rademakers et al., 2005; Sala Frigerio et al., 2005). 

Late-onset Alzheimer’s disease (LOAD) 

Together with the old age, inherited genetic risk factors, exhaustively reviewd by Karch 

and Goate, seem to play a fundamental role in the pathogenesis of at least 80% of AD 

cases (Tanzi, 2012). 

For many years, only one genetic risk factor, the APOE ε4 allele, has been implicated in 

late-onset and early-onset AD, but new technologies, such as large-scale genome-wide 

association studies (GWAS), that allow the analysis of millions of polymorphisms in 

thousands of subjects at a time, revealed new genes associated to LOAD risk (Bettens et 

al., 2013). These genes have been well described in the review by Karch and Goate 

published in 2014, and summarized below. 

Apolipoprotein E (APOE) is the most important risk factor for LOAD. APOE gene is 

located on chromosome 19q13.2 and encodes for three alleles (ε2, ε3, ε4). The ε4 allele 

is correlated to an increased AD risk, in particular: one APOEε4 allele increases AD 

risk 3-fold, and two APOEε4 alleles increase AD risk by 12-fold, with a decrease in age 
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of onset. On the contrary, the ε2 allele is associated with a decreased risk and later age 

of onset (Karch and Goate, 2014). 

APOE is involved in lipoprotein metabolism and plays several important roles in the 

central nervous system (Kim et al., 2009a). In particular, it is able to bind Aβ, altering 

the clearance of the soluble Aβ and its aggregation, and it can also regulate Aβ 

metabolism by interacting with the LRP1 receptor (Verghese et al., 2013). Indeed, 

APOEε4 allele carriers have been demonstrated to present a faster and higher Aβ 

deposition compared to APOEε4-negative individuals (Karch and Goate, 2014; Morris 

et al., 2010). 

Since 2009, European and international genome-wide association collaborations 

allowed the discovery of at least nine new risk loci for AD, involved in lipid 

metabolism, inflammatory response and endocytosis (Karch and Goate, 2014) (Figure 

21). 

 

 

Figure 21: Rare and common variants contribute to Alzheimer’s disease risk. GWAS, genome-wide 

association studies (Adapted from Karch and Goate, 2014). 

 

Besides APOE, variants of other two genes involved in cholesterol metabolism were 

found to be associated to AD: CLU and ABCA7. 

Clusterin (CLU) is an apolipoprotein, whose gene is located on chromosome 8p21.1, 

and it encodes three alternative transcripts. Single nucleotide polymorphisms (SNPs) at 

the level of this gene have been demonstrated to be protective against LOAD, or could 
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be linked to plasma clusterin levels (high levels of clusterin in the plasma have been 

associated with brain atrophy, disease severity, and disease progression). Clusterin 

expression has been observed to be higher in AD brains, where it can be detected at the 

level of amyloid plaques. Since purified clusterin is able to interact with Aβ influencing 

fibril formation in vitro, it could be involved in Aβ clearance, amyloid deposition, and 

neuritic toxicity (Calero et al., 2000; Rizzi et al., 2009; DeMattos et al., 2004; Karch 

and Goate, 2014). 

The ATP-binding cassette transporter A7 (ABCA7) is a transporter across the cellular 

membrane of substrates like cholesterol and can inhibit Aβ secretion. ABCA7 gene is 

present in the chromosome 19, and two different alternative transcripts can derive, both 

expressed in the brain (Kim et al., 2008). GWAS have identified several SNPs, inside or 

near the ABCA7 gene, which can be significantly associated to LOAD as risk factors 

(Vasquez et al., 2013; Kim et al., 2013; Karch and Goate, 2014). 

GWAS studies allowed the identification of gene variants associated to LOAD, 

involved also in neuroinflammation and dysregulation of the immune response, which 

are other two fundamental aspects of AD (Holtzman et al., 2011). 

In particular, it has been demonstrated that several SNPs occurring in the gene encoding 

for the complement receptor 1 (CR1) are associated to AD (Liu and Niu, 2009). 

Moreover, CR1 can be present as high-expression or low-expression alleles, 

determining a different amount of CR1 copies per cell: the higher is CR1 protein 

expression, the higher is the clearance of immune complexes, with a resulting lower risk 

of developing AD (Krych-Goldberg et al., 2002; Rogers et al., 2006; Karch and Goate, 

2014). 

SNPs identified near to CD33, a transmembrane receptor expressed in myeloid cells and 

microglia, seem to reduce LOAD risk (Malik et al., 2013). When CD33 is activated by 

the binding of sialic acid it can inhibit monocytes. Since CD33 expression is increased 

in microglia, and Aβ fagocytosis seems to be inhibited in immortalized microglial cells 

expressing CD33, genetic variations of this gene may influence Aβ clearance and other 

pathways mediated by microglia in the brain (Griciuc et al., 2013; Karch and Goate, 

2014). 

The MS4A gene cluster is composed of three genes that have been demonstrated to be 

associated with the inflammatory response: MS4A4A, MS4A4E, and MS4A6E. SNPs 

localized near to these genes have been associated to both an increase and a decrease in 

LOAD risk (Karch et al., 2012; Karch and Goate, 2014). 
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Finally, TREM2 that encodes for a transmembrane receptor expressed in microglia, is 

involved in the regulation of phagocytosis and inflammation. Missense mutations 

occurring in this gene seem to increase LOAD risk (Bertram et al., 2013; Karch and 

Goate, 2014). 

Also mutations in genes involved in endocytosis and synaptic functions have been 

demonstrated to be associated to LOAD risk: SNPs at the level of the bridging 

integrator 1 (BIN1) for example, that is involved in endocytosis, immune response, 

calcium homeostasis, tau processing and apoptosis, have been linked to an increased 

risk for LOAD (Ren et al., 2006; Chapuis et al., 2013; Karch and Goate, 2014). 

SNPs present at the 5’ of another gene, the phosphatidylinositol binding clathrin 

assembly protein (PICALM), mainly expressed in neurons and involved in APP 

trafficking, have been associate to a reduced LOAD risk, while few SNPs found in the 

gene encoding for the CD2-associated protein (CD2AP), that is involved in cytoskeletal 

reorganization and intracellular trafficking, are associated to an increased LOAD risk 

(Karch and Goate, 2014). 

Also SNPs located near to the gene EPH Receptor A1 (EPHA1) and sortilin-related 

receptor L1 (SORL1), involved in intercellular signaling and vesicle trafficking 

respectively, have been associated to reduced LOAD risk (Martínez et al., 2005; 

Rogaeva et al., 2007). Even if through an unknown mechanism, also rare coding 

variants of the phospholipase D3 gene (PLD3) seem to confer risk for LOAD (Cruchaga 

et al., 2014; Karch and Goate, 2014). 

Recently two rare mutations in the ADAM10 gene were reported, able to cause AD at 

an average age of 70 years in seven out of 1000 LOAD families tested (Kim et al., 

2009b). ADAM10 encodes for the main neuronal α-secretase, which cleaves APP 

protein avoiding the production of β-amyloid: the two mutations have been 

demonstrated to impair the α-secretase activity, with a resulting β-amyloid 

accumulation (Kim et al., 2009b; Tanzi, 2012). 

All these polymorphisms identified by the GWAS studies usually occur in >5% of the 

population, but their effect is quite small, with an increased or decreased risk of  ∼0.10- 

to 0.15-fold, considering that the risk associated to the presence of the APOEε4 allele is 

increased a four- to 15-fold. This means that probably a major part of the genetic 

features determining LOAD are still unknown and can not be explained with the 

currently known susceptibility genes (Tanzi, 2012). 
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Epigenetics of Alzheimer’s disease 

Recent studies performed on human patients and animal models have showed that 

epigenetic mechanisms, which determine how and when genes are expressed, without 

altering the genetic code, contribute to AD (Tsankova et al., 2007). 

Indeed many chronic neurological and psychiatric diseases may have at least a partial 

epigenetic aetiology (Gräff and Mansuy, 2008). In the specific case of AD, if we 

consider that genetic aspects, as previously mentioned, do not fully explain its 

pathogenesis, epigenetic modifications or environmental factors could likely contribute 

to some aspects of the disease. Epigenetic changes may indeed help to explain, for 

instance, why some family members develop the disease while others do not (Fraga et 

al., 2005). Evidences suggest that the interplay between genes and environment have an 

important role in the pathophysiology of different types of dementias through epigenetic 

mechanisms (Chouliaras et al., 2010). The best understood epigenetic mechanisms 

through which genome and environment influence the phenotype are DNA methylation 

and histone modifications (Alagiakrishnan et al., 2012). 

DNA methylation 

DNA methylation, which consists of an addition of a methyl group to the carbon 5 of 

the pyrimidine ring in the base cytosine, typically occurs in the CpG dinucleotides. In 

the human genome, there are regions, the CpG islands, where clusters of CpG 

dinucleotides are found concentrated, usually in or close to gene promoter regions. 

Methylation of cytosines in these regions avoids the binding of transcription factors and 

therefore gene transcription (Alagiakrishnan et al., 2012).  

The DNA methyltransferases (DNMT) enzymes catalyze the reactions of de novo DNA 

methylation and maintenance of methylation marks (Fitzsimos et al., 2014). 

Initial epigenetic studies on AD focused their attention on DNA methylation at the level 

of the APP gene, but studies made by different groups led to conflicting results: West 

and colleagues, for instance, observed hypomethylation of the APP gene promoter in an 

AD patient, whereas Barrachina and colleagues did not find any AD-related 

abnormalities in methylation at the level of this gene (West et al., 1995; Barrachina and 

Ferrer, 2009). While Tohgi and colleagues found an age-related decrease in promoter 

methylation of the APP gene in the human cerebral cortex (Tohgi et a., 1999; Fitzsimos 

et al., 2014). 
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It is still unclear whether APP gene methylation is specifically altered in AD or not, but 

strong evidence suggests the presence of a general altered DNA methylation in AD 

(Fitzsimos et al., 2014). Indeed studies have shown the presence, in the AD brain, of a 

severe reduction in S-adenosylmethionine (SAM) concentration, a methyl donor crucial 

for DNMTs activity, and in global DNA methylation (Morrison et al., 1996; Mastroeni 

et al., 2008). Additional studies have found reduced 5-mC levels in APP/PS1 transgenic 

mice and in the hippocampus, entorhinal cortex and cerebellum of AD patients 

(Chouliaras et al., 2013). Surprisingly, Aβ itself has been shown to affect DNA 

methylation (Chen et al., 2009; Fitzsimos et al., 2014). 

Although the consequences of an AD-related altered DNA methylation are still 

unknown, some affected genes have been identified: Scarpa and colleagues, for 

instance, showed that PS1 was hypomethylated. Since the protein encoded by PS1 is 

involved in Aβ production, increased PS1 expression may enhance Aβ formation 

(Scarpa et al., 2003; Fitzsimos et al., 2014).  

Histone modification 

Histones can undergo many different posttranslational modifications: acetylation, 

methylation, phosphorylation, ADP-ribosylation, ubiquitylation or SUMOylation of 

specific amino acid residues of N-terminal histone tails. Since histones are involved in 

DNA packaging, these modifications can influence DNA structure, by favouring either 

an open, euchromatin state resulting in transcriptional activation or a closed, 

heterochromatin state resulting in gene silencing. Depending on which histone residue 

is modified, the same post-translational modification can have different effects, but in 

general, however, histone acetylation activates gene transcription (Alagiakrishnan et al., 

2012). Besides DNA methylation, it has been suggested that also alterations in histone 

acetylation may be involved in AD pathogenesis. Indeed it has been demonstrated that 

aberrant histone acetylation levels are present in animal models of AD (Gräff et al., 

2011). Peleg and colleagues noticed an association between alterations in gene 

expression and abnormal H4 acetylation and impaired memory function in fear 

conditioning in aged mice. Interestingly, these deficits were compensated by the 

administration of HDAC (histone deacetylase) inhibitors in the hippocampus (Peleg et 

al., 2010). More recent studies have indicated that HDAC2, involved in the regulation 

of memory and synaptic plasticity, might be directly implicated. Using CK-p25 mice as 

model for AD-like neurodegeneration, Gräff and colleagues found a significant increase 

of HDAC2 in the hippocampus and prefrontal cortex of these mice with a parallel 
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hypoacetylation of H2bK5, H3K14, H4K5 and H4K12. Importantly, hypoacetylation 

negatively correlated with mRNA expression of genes related to learning, memory and 

synaptic plasticity. Finally, Gräff and colleagues validated their findings in postmortem 

human brain samples deriving from patients affected by sporadic AD at different Braak 

stages. With these experiments they demonstrated that HDAC2 is significantly 

increased in the hippocampus and entorhinal cortex of AD patients in any Braak stage, 

including I and II, suggesting that an altered HDAC2 activity might be one of the earlier 

events during the pathogenesis of AD (Gräff et al., 2012). 

The TgCRND8 mouse model of AD 

In the last years researchers have created several transgenic mouse models 

overexpressing APP and/or presenilin with one or more mutations linked to familial 

AD. By using these models it has been possible to recapitulate and study many of the 

features of AD, such as myloid neuropathology, cerebral amyloid angiopathy, synaptic 

loss, dystrophic neurites, reactive gliosis and impairments in synaptic plasticity, 

learning and memory. Each mouse model exhibits these characteristics to variable 

extents, and they can be useful means to investigate the roles of APP, Aβ, and amyloid 

pathology in the pathogenesis of AD (Chin, 2011). APP transgenic mice present many 

of the key features of AD except for neurofibrillary tangles (NFTs). Even if no 

mutations in tau have been linked to AD, in order to recapitulate both the main 

neuropathological hallmarks of AD, a lot of different transgenic mice expressing 

combinations of mutant APP, presenilin, and tau have been created so far (Ballatore et 

al., 2007). 

At present, none of the current mouse models of AD fully recapitulate the complex 

neuropathology of the human AD brain, but they are still usefull in the study of 

proteins, pathologies, and lesions involved in the pathogenesis of AD (Chin, 2011; 

Radde et al., 2008). 

The TgCRND8 mouse is an early-onset transgenic mouse model of Alzheimer’s 

disease. It encodes a double mutant form of amyloid precursor protein 695 (Swedish + 

Indiana) under the control of the PrP gene promoter. The Swedish double mutation 

increases the affinity of APP for the β-secretase, favouring the amyloidogenic pathway 

and increasing Aβ production; the Indiana mutation increases the processing of Aβ42 in 

relation to Aβ40 by the γ-secretase (Figure 20). 
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Cerebral Aβ amyloid deposits can be detected at 3 months of age in the hippocampus 

and neocortex as in other mouse models, and at 5 months is possible to observe the 

presence of dense-cored plaques and neuritic pathology. By 8 months of age, amyloid 

deposition spreads also to the cerebellum and brainstem. At 3 months, mice already 

present an impairment in acquisition and learning reversal in the reference memory 

version of the Morris water maze that can be related to the high production of Aβ42 at 

the cerebral level (Chishti et al., 2001). Gliosis and neuritic dystrophy are evident at 5 

months, while vascular deposition can be observed around 6 months. The mortality of 

these mice is extremely precocious, indeed only approximately 50% of them reach 9-10 

months of age (Chin, 2011). 
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Materials and methods 

Tissue samples 

The human genomic DNA samples used in the copy number variation (CNV) 

experiments were extracted from tissues of three different cohorts of patients. The 

Italian cohort comprised samples of temporal cortex taken from 11 patients affected by 

AD, and 13 healthy controls. These samples were provided by Prof. Tagliavini (Istituto 

Neurologico Carlo Besta, Milan). 

The Spanish cohort, received from Prof. Isidro Ferrer (Bellvitge Neuropathology 

Institute, Barcelona), comprised samples of frontal cortex from 10 AD patients at the 

final Braak stages V-VI (severe AD), 10 patients at Braak stages I-II (mild AD), and 7 

healthy controls. 

The Brazilian cohort, provided by Prof. Lea Grinberg (Brain Bank of Sao Paulo), 

comprised samples of frontal cortex, temporal cortex, hippocampus, cerebellum and an 

extra-nervous tissue: the kidney, taken from 10 AD patients at Braak stages IV-VI and 

10 controls at Braak stages 0-II. 

Clinical investigations were conducted according to the principles of the Declaration of 

Helsinki. All the material was anonymous and the specimens were coded by numbers. 

The TgCRND8 mice samples were provided by Prof. Scarpa and Dr. Fuso (Sapienza 

University, Rome). In particular we received hippocampus, cortex and kidney of 32 P0 

mice (16 WT + 16TgCRND8), 24 adult mice at 3 months of age (12 WT + 12 

TgCRND8), and 10 adult mice at 8 months of age (6 WT + 4 TgCRND8). Wild type 

and transgenic mice had a 129sv genetic background. 

Genomic DNA extraction 

Dissected tissues (almost 30 mg) were homogenized at room temperature in 2mL of 

lysis buffer (Tris pH 8.0 100mM; EDTA pH 8.0 5mM; SDS 0.5%; NaCl 150mM) using 

a glass-Teflon potter. RNA was digested by incubation at 37°C for 1 hour with Rnase A 

(40 µg/mL) (Sigma). After having added the Proteinase K (Roche) with a final 

concentration of 10 µg/mL samples were incubated O/N at 37°C. The day after, the 

genomic DNA was extracted using the phenol/chloroform/isoamyl alcohol method: 1 

volume of phenol (water-saturated, pH 8.0) (Sigma) was added to the samples, followed 

by a centrifugation at 10000 rpm for 20 minutes. The aqueous upper phase was 
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collected in a new tube, and 1 volume of phenol : (chloroform-isoamyl alcohol (24:1)) 

was added, followed by a centrifugation at 10000 rpm for 10 minutes. The upper 

aqueous phase was again collected in a new tube, 1 volume of chloroform : isoamyl 

alcohol (24:1) was added and centrifuged at 10000 rpm for 10 minutes. The resulting 

upper aqueous phase was finally collected in a new tube and DNA was precipitated by 

adding two volumes of 100% ethanol. DNA white flakes were transferred into fresh 

tubes containing 200 µL of 70% ethanol and centrifuged at 12000 rpm for 15 minutes at 

4°C in order to wash and gradually hydrate them. After ethanol removal, the DNA 

pellets were air dried and dissolved in 300 µL of Tris 10mM pH 8.0 O/N. The DNA 

quality was finally assessed by gel electrophoresis using a 0.9% ethidium bromide 

agarose gel. 

Genomic DNA quantification 

Since L1 sequences are extremely numerous in the mammalian genome, it was 

necessary to use a precisely quantified small amount of genomic DNA, to be able to 

discriminate small variations. According to the literature (Coufal et al., 2009), the 

optimal amount of genomic DNA for an L1 copy number variation analysis is 80 pg, 

corresponding approximately to 12 human genomes. 

In order to obtain such an accurate genomic dilution we took advantage of the Quant-

iT™ PicoGreen® dsDNA kit (Invitrogen), an ultrasensitive dsDNA quantification 

method that allows the quantification of dsDNA solutions in concentrations ranging 

from 25 pg/mL to 1000 ng/mL. 

First of all the purified genomic DNA concentration for each sample was 

spectrophotometrically measured using NanoDROP (Thermo Scientific). According to 

the starting concentration, DNA samples were diluted in TE buffer (10mM Tris-HCl, 1 

mM EDTA, pH 7.5) to a final concentration of 80 pg/µL. The supplied λ bacteriophage 

dsDNA was used to prepare a five-points standard curve at the following 

concentrations: 0.1 ng/mL, 0.5 ng/mL, 1ng/mL, 5 ng/mL, 10 ng/mL. Each point of the 

standard curve, the DNA samples and the blank were diluted in TE buffer to a final 

volume of 100 µL, loaded in duplicate in a microtiter plate, and 100 µL of working 

solution was added to each well (Quant-iT™ PicoGreenR dsDNA reagent 200X diluted 

in TE buffer). 

After a 5 minutes incubation at RT, standard curve, DNA samples and blank were 

measured in duplicate using SpectraMax M5 Multimode Microplate Reader (Molecular 
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Devices). By plotting the measured fluorescence versus DNA concentration, a standard 

curve plot was generated and its equation used to assess the DNA concentration of the 

DNA samples. Final DNA concentrations ranging from 60 to 100 pg/µL were accepted 

for the PCR analysis. 

Quantitative real-time PCR (qPCR) with Taqman probes 

The qPCR technique 

Quantitative Real-Time PCR is a technique that, through amplification and detection of 

nucleic acids, allows to determine the starting quantity of a template with accuracy, 

specificity and high sensitivity. Unlike conventional PCR where the amplification 

product is detected by an end-point method, with qPCR is possible to detect the 

amplicon at each step of amplification, as the reaction progresses. This detection is 

possible thanks to the use of fluorescent molecules, such as DNA-binding dyes or 

fluorescently labeled sequence-specific probes, whose fluorescent signal intensity is 

proportional to the amount of DNA amplified in each cycle. 

Unlike the DNA-binding dyes often used in gene expression analysis, the introduction 

of fluorescently labeled sequence-specific probes (such as Taqman probes) in qPCR 

experiments has increased the specificity of the signal and the reproducibility of the 

assay.  

In this study we performed multiplex qPCRs using Taqman probes differentially labeled 

(with FAM or VIC fluorophore) and specifically designed to hybridize with the target 

DNA sequences. The relative quantification of the target sequence was possible thanks 

to the co-amplification in the same tube of the target DNA sequence together with an 

internal control, a DNA sequence present in constant number between different 

individuals. 

The experiments were carried out using a 7900HT Fast Real Time PCR System 

(Applied Biosystem) with the following conditions: 

• 0.6 µL of (10 µM) target forward primer  

• 0.6 µL of (10 µM) target reverse primer  

• 0.2 µL of (10 µM) target probe  

• 0.6 µL of (10 µM) control forward primer  

• 0.6 µL of (10 µM) control reverse primer  

• 0.2 µL of (10 µM) control probe  
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• 10 µL of 2X iQ Multiplex Powermix (Biorad) 

• 1 µL of gDNA (=80 pg of DNA) 

• Up to 20 µL with water 

qPCR cycling program was set as represented in Figure 22. 

 

 

Figure 22: qPCR cycling conditions. 

 

Standard curves of genomic DNA ranging from 20 pg to 640 pg were used to verify that 

the 80 pg dilution tested was within the linear range of reaction. Primer efficiency and 

multiplexing efficacy was verified by linear regression to the standard curve with a 

slope near -3.32 representing acceptable amplification efficiency. 

Data obtained from the co-amplifications of the target DNA sequence and the internal 

invariable control were analyzed using the 2–∆∆Ct (Livak and Schmittgen, 2001) method.  

For each sample, the average Ct values of the duplicate for both target and control 

probes were first calculated and then the average value of the reference probe was 

subtracted to that of the test probe, obtaining the value of ∆Ct:  

∆Ct = average Ct test probe – average Ct reference probe 

The highest value of ∆Ct was chosen as calibrator and all samples were normalized 

relative to this calibrator value. In this way ∆∆Ct was calculated:  

∆∆Ct = ∆Ct sample – ∆Ct calibrator 

Finally, the ratio was calculated as follows: 

2–∆∆Ct = normalized amount of target 

At least 3 technical replicas of each assay were performed for each sample. 

Human L1 Taqman copy number variation assay 

The Taqman qPCR assays used in this study for the analysis of L1 copy number 

variation in the human genome were in part adapted from those published by Coufal 

and colleagues (Coufal et al., 2009), and in part designed in our laboratory (Figure 23). 
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Figure 23: The human L1 Taqman CNV assays. The assay that detects both the 5’-truncated and the full 

length forms of the L1 element was called ORF2 by Coufal and colleagues, even if designed in the 3’UTR 

portion. The ORF1 assay (designed by Coufal et al.) and the 5’UTR assay that we designed detect only the full 

length forms. 

 

This Taqman qPCR strategy was planned taking into account the fact that L1 5’UTR 

probes detect the L1 full length forms, corresponding to original L1 elements, whereas 

probes complementary to the ORF2 region detect the entire L1 repertoire, including 

both full length and truncated forms, which correspond to both original and 

retrotransposed L1 elements. 

In order to estimate the total amount of human L1 sequences present in the human 

genome, we employed a Taqman assay which detects the L1 ORF2 content (a portion of 

the L1 element that is present in both the full length and the 5’-truncated forms), and a 

probe that is specific for the invariant high copy number internal control SATA (α-

satellite sequences, about 1 million copies) (Table 3). 

In order to quantify the L1 full length form, we took advantage of the ORF1 Taqman 

assay published by Coufal and colleagues, using as invariant control an assay that we 

designed in our lab. Indeed, after an analysis of possible invariant genes at low copy 

number (compatible with the amount of full length L1 present in the human genome), 

the Taqman assay that we designed on the glycerhaldeyde 3-phosphate dehydrogenase 

or GAPDH (65 copies in the human genome) resulted as the most stable. 

Furthermore, since Coufal’s assay for the full length L1 amplifies the ORF1 portion, to 

be sure to measure the relative content of the complete L1 sequence, we designed a new 

further Taqman assay at the very beginning of L1 5’UTR, to be used with the GAPDH 

assay. The new 5’UTR Taqman assay was designed by alignment in the L1Base, and 

considering the analysis performed by Lavie and colleagues on L1 promoter region, to 

define the very beginning of the 5’UTR region (Lavie et al., 2004; Penzkofer et al., 

2005). 
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Table 3: The Taqman qPCR assays for the analysis of L1 copy number variation in the human genome. 

 

 

Data analysis was performed using the 2–∆∆Ct method (Livak and Schmittgen, 2001), as 

previously explained. Standardization was performed considering the highest control 

∆Ct value as calibrator.   

Mouse L1 Taqman copy number variation assay 

In order to measure L1 copy number variation in the mouse genome, we developed new 

Taqman assays based on those one used for the human genome. 

Since the murine L1 5’UTR region contains different repetitive monomers which 

characterize different L1 subfamilies, we designed specific probes for the 5’UTR of 

each active mouse L1 type (A, Tf and Gf), allowing us to discriminate between the 

different mouse L1 subfamilies. The same approach was used to design assays specific 

for the 3’UTR region of each L1 subfamily, taking advantage of a polymorphic region 

present in the 3’UTR sequence. On the other hand, we also designed probes and primers 

complementary to the ORF2 region of the L1 sequence able to detect the total amount 

of L1 sequences, without discriminating between the different L1 families present in the 

mouse genome (Figure 24 and Table 4). 

 

 

Figure 24: Schematic representation of L1 retrotransposition and multiplex quantitative PCR assays for L1 

copy number variation analysis in mouse. Different Taqman assays, represented with colored boxes, were 

designed on the ORF2 domain (L1 ORF2 probe), 3’UTR region (L1 3’UTR Gf, Tf, A) or 5’UTR region (L1 

5’UTR Gf, Tf, A). Since the vast majority of L1 insertions are truncated at the 5’end, L1 ORF2 probe detects 

the total number of L1 copies, including both full-length and truncated forms, as well as the 3’UTR probes 

designed to detect different L1 subfamilies(L1 Gf, L1 Tf, L1 A), whereas the 5’UTR probes for each L1 

subfamily measure the number of LINE1 full-length forms. 

 

In order to perform a relative quantification of the truncated and the full length L1 

copies, we used, as internal controls, Taqman probes designed on non-mobile repetitive 
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genomic sequences with high or low repeats number. In particular we designed an assay 

for a high copy number invariant sequence: the centromeric microsatellite sequence or 

MICSAT (about 500000 copies), that we used together with the assay that detects the 

total L1 sequences in the mouse genome (ORF2 probe) or the assay that detects the 

3’UTR sequence of the A or Tf family. Since the A and Tf families are the most ancient 

and still retrotransposing families in the mouse genome, they are highly numerous, and 

require an invariant control at high copy number. The 3’UTR sequence of the Gf 

family, which is much younger and less numerous, was quantified using another assay 

at low copy number, that we designed on the genomic sequence of glyceraldehyde 3-

phosphate dehydrogenase or GAPDH (362 copies). 

By doing this, we were able to assess and compare the amount of original full length L1 

and the number of total L1 elements (both full length and truncated forms). In addition, 

since in the mouse genome the original full length L1 elements account for barely 1% of 

the total amount of L1 elements, the relative quantification of ORF2 content represented 

an estimate of L1 rate of retrotransposition. 

In summary mouse samples were tested using the following combinations of assays: 

1) L1 ORF2/MICSAT: estimates the total amount of L1 elements (both intact and 

truncated forms) providing the rate of L1 retrotransposition; 

2) 3’UTR/GAPDH or MICSAT: provides the total number of L1s belonging to a 

specific family (both intact and truncated forms) and estimates of the rate of specific L1 

family retrotransposition; 

3) 3’ UTR/5’ UTR: represents the rate of L1 retrotransposition of specific L1 families. 

 

Table 4: The Taqman qPCR assays (primers and probe) for the analysis of L1 copy number variation in the 

mouse genome. 
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Data analysis was performed using the 2–∆∆Ct method (Livak and Schmittgen, 2001), as 

previously explained. Standardization was performed considering the highest control 

∆Ct value as calibrator.   

 

Statistical analysis 

Each qPCR assay was performed at least three times on all the samples. Boxplots report 

the maximum and minimum values, the median, 25% and 75% percentiles and the p-

values. 

The three replicas were analyzed individually and considering the mean values for each 

sample with the Wilcoxon rank sum test for equal medians, and with the paired, two-

tailed, t-student test using MATLAB® Statistics Toolbox.  
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SPlinkerette Analysis of Mobile elements (SPAM) 

Splinkerette PCR (spPCR) is a widely used PCR approach to clone flanking DNA 

regions of transposable elements and viruses in the genome. In this technique, genomic 

DNA is fragmented and ligated to a synthetic double stranded oligonucleotide (the 

splinkerette) that contains a compatible sticky end and a stable hairpin loop. Two 

rounds of nested PCR are then performed to amplify the genomic sequence between the 

integrant and the annealed splinkerette, followed by a sequencing reaction. The hairpin 

structure present in the adaptor was shown to increase the specificity of the ligation, in 

respect to other ligation-mediated PCRs reaction, and to prevent the amplification of 

unspecific products (Uren et al.; 2009). 

In this study we set up a protocol (SPAM) inspired by the spPCR, aimed at identifying 

L1 insertion sites in the genome (Figure 25). The vast majority of the spPCR protocols 

use enzymatic digestion to create DNA fragments, but this procedure can introduce 

amplification biases, linked to an uneven genomic distribution of restriction enzyme 

recognition sites (Koudijs et al., 2011). In order to avoid possible amplification biases 

we decided to substitute the enzymatic digestion with sonication, as previously done by 

Koudijs et al., and create 300 bp DNA fragments. 

 

Figure 25: The SPAM technique. a) Representation of the genome with an L1 insertion. b) Sonication of gDNA 

to the average fragments size of 300 bp. c) End-repair and A-adding reactions, to make the fragments blunt 

and added with an extra-A. d) Ligation of gDNA fragments to the adaptor. e) First round of PCR to amplify 

the genomic region flanking the L1 insertion. f) Nested PCR to make the amplification more specific. g) MiSeq 

Illumina sequencing of the purified amplicons. 
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We performed a first test of the SPAM technique on samples of DNA extracted from 

the temporal cortexes of three healthy controls of the Italian cohort (used in the CNV 

experiments). While for the preliminary SPAM experiment on AD, we used samples of 

frontal cortex and kidney from 3 AD patients and three healthy controls of the Brazilian 

cohort. 

Genomic DNA sonication 

For each sample 2 µg of genomic DNA in 100 µL of nuclease-free water (Ambion®) 

were sheared to obtain an average fragments size of 300 bp with the program reported 

in Table 5, using the Bioruptor NGS at IGA (Udine).  

 

Table 5: Sonication program for shearing genomic DNA to 300 bp fragments using the Bioruptor NGS. 

 

 

DNA fragmentation profiles (an example run is reported in Figure 26) were checked by 

Bioanalyzer run using a 2100 expert_High Sensitivity DNA Assay (Agilent 

Technologies). 

 

Figure 26: genomic DNA Fragmentation profile obtained with a Bioanalyzer run using a 2100 expert_High 

Sensitivity DNA Assay 

 

The sonicated aliquots were then concentrated to a volume of 30 µL by Speedvac 

concentrator in order to proceed with the following end-repair step. 

End-repair reaction 

Since the gDNA fragments after sonication present irregular sticky ends, samples were 

processed with an end-repair reaction (inspired by Illumina protocols for sequencing 

libraries preparation) in order to get blunt-ended fragments. The reaction was performed 

as follows: 
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• 30 µL of sonicated gDNA 

• 5 µL of 10X T4 Ligase buffer with 10 mM ATP (NEB) 

• 2 µL of 10 mM dNTPs 

• 1 µL of T4 DNA Polymerase (NEB) 

• 1 µL of Klenow large fragment (NEB) 

• 1 µL of Polynucleotide Kinase (NEB) 

• Up to 50 µL with water 

The reactions were incubated at 20°C for 30 minutes and then purified using the 

Qiaquick PCR purification kit (Qiagen) following manufacturer’s instructions. End-

repaired samples were eluted in 34 µL of elution buffer (Qiagen). 

A-adding reaction 

Before performing the ligation reaction to the adaptor, an extra-A at the 3’ends was 

added to the fragments, in order to make them compatible with the extra-T present at 

the 3’end of the adaptor. 

The reaction was set as follows: 

• 34 µL of end-repaired gDNA 

• 5 µL of NEB buffer 2 

• 1 µL of Klenow fragment (3’→5’ exo-) 

• 10 µL of 1 mM dATPs 

The reactions were incubated at 37°C for 30 minutes and then purified using the 

Qiaquick PCR purification kit (Qiagen) following manufacturer’s instructions. End-

repaired samples were eluted in 30 µL of water. 

Adaptor ligation 

In this protocol we used the adaptor sequence that was first reported by Mikkers and 

colleagues (Mikkers et al., 2002), but with a minor modification: since we fragmented 

the genomic DNA by sonication and not by enzymatic digestion, we eliminated the 

sticky end compatible with the enzymatic cut and added to the longest strand a 

protruding T, complementary to the extra-A of the genomic fragments (as previously 

done in the STA-PCR protocol by Yin and Largaespada, 2007) (Figure 27). 
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Figure 27: The SPAM adaptor structure. 

 

The adaptor was assembled as follows: two oligonucleotides (Sigma) of the adaptor, 

corresponding to the separated adaptor strands, were resuspended in TE buffer (pH 7.5) 

to a final concentration of 100 µM and equal amounts of both were mixed together to 

reach a final concentration of 50 µM. The oligonucleotides were denatured at 95°C for 

5 minutes and the annealing was performed by slow cooling to RT (the tube was kept in 

the switched off thermoblock until the solution reached the RT). 

The ligations of each end-repaired sample were performed as follows: 

• 8 µL of end-repaired and A-added gDNA 

• 5 µL of 10X T4 Ligase buffer with 10 mM ATP (NEB) 

• 2 µL of adaptor’s solution 

• 2.5 µL of T4 DNA Ligase (NEB) 

• Up to 50 µL with water 

The ligation reactions were performed at 16°C ON, plus 1 hour at 37°C after the 

addition of 0.5 µL more of enzyme, to make the ligation reaction more efficient. 

Three ligation reactions were performed per sample, pooled together and purified using 

the Qiaquick PCR purification kit (Qiagen) following manufacturer’s instructions. 

Ligated samples were eluted with 40 µL of 10 mM Tris-HCl pH 7.4, ready for PCR. 

PCR reactions 

In order to amplify the genomic region upstream to the 5’UTR of L1 insertions, we 

performed two sequential rounds of PCR, using forward primers specific to the adaptor 

sequence, and reverse primers specific to the very first part of L1’s 5’UTR sequence. 

Besides the specific portion, the primers used in the nested PCR contained also the tag 

sequences and the barcodes necessary for the Illumina MiSeq sequencing as reported in 

Figure 28. 
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Figure 28: Example of the SPAM nested primers’ structure 

 

The portions of the two forward primers specific to the adaptor sequence were already 

published by Uren and colleagues (Uren et al., 2009), while the reverse primers specific 

to the human L1’s 5’UTR were designed in our lab: 

• Human reverse primer #1 (5’→3’): 

CGTCCGTCACCCCTTTCTTTGACTCG 

• Human reverse primer #2 (5’→3’): 

CTTGCGCTTCCCAGGTGAGG 

The primary PCR reactions for each sample were performed in a thermocycler (ABI) 

with the following conditions: 

• 5 µL of purified ligated gDNA fragments 

• 1.2 µL of 10 µM 1° forward primer specific to the adaptor 

• 1.2 µL of 10 µM 1° reverse primer specific to L1’s 5’UTR 

• 1.25 µL of 10 mM dNTPs 

• 5 µL of 10X High Fidelity PCR buffer (Invitrogen) 

• 2 µL of 50 mM MgSO4 (Invitrogen) 

• 0.25 µL of Platinum® Taq High Fidelity (Invitrogen) 

• Up to 50 µL with water 

The protocol is reported in Table 6 
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Table 6: Primary SPAM PCR’s thermocycler program 

 

 

Three reactions of primary PCR for each sample were pooled together. The secondary 

nested PCRs were performed as follows with the protocol reported in Table 7: 

• 1 µL of primary PCR product 

• 1.2 µL of 10 µM 2° forward primer specific to the adaptor 

• 1.2 µL of 10 µM 2° reverse primer specific to L1’s 5’UTR 

• 1.25 µL of 10 mM dNTPs 

• 5 µL of 10X High Fidelity PCR buffer (Invitrogen) 

• 2 µL of 50 mM MgSO4 (Invitrogen) 

• 0.25 µL of Platinum® Taq High Fidelity (Invitrogen) 

• Up to 50 µL with water 

 

Table 7: Secondary SPAM PCR’s thermocycler program 

 

 

For each primary PCR three secondary PCR reactions were performed, mixed and 

purified using the Microcon® DNA Fast Flow Centrifugal Filters (Millipore) with the 

following procedure: sample denaturation at 95°C for 10 minutes, adding of cooled 

water up to 500 µL, loading of the sample in the centrifugal filter, centrifugation at 4°C 

for 18 minutes at 500 g, inversion of the filter in a new tube and centrifugation at 4°C 

for 2 minutes at 500 g to transfer the purified and concentrated sample. Samples were 

finally quantified by Nanodrop (Thermoscientific): an average concentration of 190 

ng/µL was obtained. 
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Control PCR 

In order to check L1 sequences’ enrichment after the nested PCR, before sequencing we 

performed a control PCR on serial dilutions of the nested product and of the 

corresponding genomic DNA using the following couple of primers, specific for the 

very first part of the human L1’s 5’UTR region: 

• Human forward control primer (5’→3’): 

AGGGAGTGCCAGACAGTG 

• Human reverse control primer (5’→3’): 

AATGCCTCGCCCTGCTTC 

For each sample the PCR was performed as follows with the protocol reported in Table 

8: 

• 1 µL of secondary PCR product 

• 1 µL of 10 µM forward control primer 

• 1 µL of 10 µM reverse control primer 

• 1.6 µL of 2.5 mM dNTPs 

• 2 µL of 10X Ex Taq buffer (Takara) 

• 0.1 µL of Ex TaqTM (Takara) 

• Up to 20 µL with water 

 

Table 8: Control PCR’s thermocycler program 

 

 

The PCR products were run on a 2.5% ethidium bromide agarose gel. 

MiSeq Illumina sequencing 

SPAM samples were sequenced at IGA (Udine) using the Illumina MiSeq technology 

(300bp paired-end set-up). Since different reverse nested primers with different 

barcodes were used to perform the secondary PCR, it was possible to sequence samples 

in multiplex, and repeating the runs allowed us to obtain as much reads as possible for 

each sample. 
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Bioinformatic analysis of SPAM-human samples  

We established a bioinformatics pipeline with a precise nomenclature: 

Reads: R1 and R2, single reads coming from paired end sequencing (forward and 

reverse sequences). 

Fragment: assembled reads (R1 + R2). 

MapFragment: fragment containing an L1 sequence and a mappable unique sequence. 

MapCluster: at least three MapFragments in at least one sample. 

Integration Site (IS): genomic region where one or more MapFragment have been 

mapped. 

Annotated Integration site (AIS): integration site located at less than 1000 bp far from 

an L1 in the database. 

Novel Integration site (NIS): integration site located at more than 1000 bp far from an 

L1 in the database. 

The first step of the analysis was to align the corresponding R1 and R2 to form a 

Fragment, discarding those pairs that didn’t align with at least 30bp and 80% identity. 

Then we selected Fragments containing the forward primer (specific for the splinker) 

and searched for the repetitive element’s sequence, by alignment of the Fragments to 

the reference sequence. Once discarded the fragments that did not contain the repeat, we 

trimmed the portions of the fragments that overlapped with the forward primer and the 

repeat’s sequence, and retained (after the trimming) only the sequences longer than 30 

nucleotides. These sequences were run with blastn against the reference human genome 

(Hg19) in order to map them. MapFragments were defined only if they had a unique 

alignment result with an identity >50%. 

These MapFragments could identify an AIS or a NIS, according to the presence or not 

of these insertion sites into the L1 database that we compiled. 

Then a gene ontology study was performed in order to test the enrichment of IS 

associated genes involved in particular cell functions. The final step of the analysis was 

the validation by PCR of some of the AIS and NIS detected with the SPAM technique. 

Validation PCRs 

After the bioinformatics analysis, we deepened the investigation of some AIS and NIS. 

In particular, for the first test of the SPAM technique on the three human samples, we 

chose 10 integration sites for each sample, that we found to be present in exons, introns, 

or in brain specific gene loci. We analyzed each of these integration sites (annotated and 
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novel) and we decided to select a group of 8 to be validated by PCR. These 8 IS were: 3 

different NIS defined by 5-10 MapFragments and found in only one sample, 3 NIS 

defined  by 1 MapFragment and found in only one sample, 1 NIS defined by more than 

100 MapFragment and found in only one sample, and finally 1 AIS defined by more 

than 100 MapFragment and found in all the three samples. 

For each of these 8 IS we performed a first round of PCR and a nested PCR using two 

couples of primers with the forward primers designed on the genomic DNA at the 

insertion site, and the reverse primers designed against the very beginning of the L1 

5’UTR: 

• First reverse validation primer (5’→3’): 

CTTGCGCTTCCCAGGTGAGG 

• Second reverse validation primer (5’→3’): 

AATGCCTCGCCCTGCTTC 

Primary PCRs were performed on genomic DNA and the corresponding SPAM product 

as follows with the protocol reported in Table 9: 

• 3 µL of genomic DNA or SPAM product 

• 1.2 µL of 10 µM 1° forward primer specific to the genomic sequence 

• 1.2 µL of 10 µM 1° reverse primer specific to L1’s 5’UTR 

• 4 µL of 2.5 mM dNTPs 

• 5 µL of 10X Ex Taq buffer (Takara) 

• 0.25 µL of Ex TaqTM (Takara) 

• Up to 50 µL with water 

 

Table 9: First validation PCR’s thermocycler program 

 

 

The nested PCR was performed as follows with the protocol reported in Table 10: 

• 1 µL of primary validation PCR product 

• 1 µL of 10 µM forward control primer 

• 1 µL of 10 µM reverse control primer 
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• 1.6 µL of 2.5 mM dNTPs 

• 2 µL of 10X Ex Taq buffer (Takara) 

• 0.1 µL of Ex TaqTM (Takara) 

• Up to 20 µL with water 

 

Table 10: Second validation PCR’s thermocycler program 

 

 

Both the PCR products were run on a 2.5% ethidium bromide agarose gel. 
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SPAM-technique adaptation to the roo-LTR in Drosophila 

We decided to adapt the SPAM technique for identifying also the insertion sites of the 

LTR portion of the roo element, the most abundant family of LTR retrotransposons in 

the Drosophila genome. 

The genomic DNA sample that we used was provided by Prof. Pimpinelli and Dr. 

Piacentini (Sapienza University, Rome), and it had already been extracted from a pool 

of adult carcasses. In order to understand if a less amount of Drosophila genomic DNA 

(<2µg, the quantity used in the protocol for human samples) could be used, we applied 

the SPAM technique on the same DNA sample, but starting from a different quantity: 

2µg and 500ng. 

Drosophila samples were treated as the human samples until the adaptor-ligation step, 

but since we were interested in the amplification of the genomic portion flanking the 

roo-LTR element, we designed two reverse primers specific for the roo’s LTR sequence 

that we used in the primary PCR reaction with the same conditions as for the human 

samples: 

• Drosophila reverse primer #1 (5’→3’): 

CTAAGGGACTATTTTAGGAGGCGGGGAA 

• Drosophila reverse primer #2 (5’→3’): 

CGGGGAACGATCTCAAGTGACTGACTC 

 

We designed also a couple of primers specific for the very first part of the roo LTR 

sequence to be used in the secondary PCR reaction: 

• Drosophila forward control primer (5’→3’): 

GACTTACAATTTTGGGCTCCGTTC 

• Drosophila reverse control primer (5’→3’): 

CGGGGAACGATCTCAAGTGACTGACTC 

 

The bioinformatics analysis of the two Drosophila samples was performed following 

the pipeline established for the human samples, but with few exceptions. In this case the 

good-quality Fragments were aligned to the roo LTR reference sequence, and, after the 

trimming step, they were stringently aligned to the dm3 Drosophila melanogaster 

reference genome in order to map them.  
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Results 

L1 retrotransposition in human AD samples 

In order to study L1 copy number variation in the human genome we decided to adopt 

the qPCR technique with Taqman probes. The Taqman qPCR assays used in this study 

were in part adapted from those published by Coufal and colleagues (Coufal et al., 

2009), and in part designed in our laboratory. 

In order to estimate the total amount of human L1 sequences present in the human 

genome, we employed a Taqman assay which detects the L1 ORF2 content (a portion of 

the L1 element that is present in both the full length and the 5’-truncated forms), and a 

probe that is specific for the invariant high copy number internal control SATA (both 

published by Coufal and colleagues). 

In order to quantify the L1 full length form, we took advantage of the ORF1 Taqman 

assay published by Coufal and colleagues, but using as invariant control an assay that 

we designed in our laboratory and that we selected after an analysis of possible 

invariant genes at low copy number: the glycerhaldeyde 3-phosphate dehydrogenase or 

GAPDH. 

Furthermore, to be sure to measure the relative content of the complete L1 sequence, we 

designed a new further Taqman assay at the very beginning of L1 5’UTR, to be used 

with the GAPDH assay. The new 5’UTR Taqman assay was designed by alignment in 

the L1Base, and considering the analysis performed by Lavie and colleagues on L1 

promoter region, to define the very beginning of the 5’UTR region (Lavie et al., 2004; 

Penzkofer et al., 2005). 

Each assay was performed three times on all the samples, and graphs for all the three 

replicas and for mean values across replicas are reported. 

  



Results 

70 

L1 retrotransposition in an Italian cohort 

Thanks to the collaboration with Prof. Tagliavini (Istituto Neurologico Carlo Besta, 

Milan), we collected post mortem samples of temporal cortex taken from 11 patients 

affected by AD, and 13 healthy controls (Table 11). 

 

Table 11: Italian cohort of post mortem temporal cortex samples from the Istituto Neurologico Carlo Besta, 

Milan. 

 

 

We measured the total amount of L1 sequences (both truncated and full length) with the 

ORF2 assay (Figure 29), and we observed that no differences between AD samples and 

controls were present.  Nevertheless a high variability was evident. 

 

Figure 29: qPCR analysis of total L1 copy number in temporal cortexes of AD patients and controls. Relative 

quantification obtained by qPCR with the ORF2 Taqman probe and SATA. Boxplots for all the three replicas 

and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum statistical test 

performed on CTRL (healthy controls) and AD (affected patients). Boxplots report the maximum and 

minimum values, the median, 25% and 75% percentiles and the p-values. 

 

Also the relative content of full length L1s, measured using both the ORF1 (Figure 30) 

and the 5’UTR (Figure 31) assays, in both cases did not vary between AD samples and 

controls. 
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Figure 30. qPCR analysis of L1 full length copy number in temporal cortexes of AD patients and controls. 

Relative quantification obtained by qPCR with the ORF1 Taqman probe and GAPDH. Boxplots for all the 

three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on CTRL (healthy controls) and AD (affected patients). Boxplots report the 

maximum and minimum values, the median, 25% and 75% percentiles and the p-values. 

 

 

Figure 31: qPCR analysis of L1 full length copy number in temporal cortexes of AD patients and controls. 

Relative quantification obtained by qPCR with the 5’UTR Taqman probe and GAPDH. Boxplots for all the 

three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on CTRL (healthy controls) and AD (affected patients). Boxplots report the 

maximum and minimum values, the median, 25% and 75% percentiles and the p-values. 
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L1 retrotransposition in a Spanish cohort 

We performed the qPCR with Taqman probes also on a Spanish cohort of samples that 

were collected thanks to the collaboration with Prof. Isidro Ferrer (Bellvitge 

Neuropathology Institute, Barcelona). They were post mortem samples of frontal cortex 

from 10 AD patients at the final AD Braak stages V-VI (late AD), 10 patients at Braak 

stages I-II (early AD), and 7 healthy controls (Table 12). 

 

Table 12: Spanish cohort of post mortem frontal cortex samples from the Bellvitge Neuropathology Institute, 

Barcelona. 

 

 

In this case we decided to compare the relative amount of L1’s full length forms present 

in the three groups of samples, using both the ORF1 and the 5’UTR assays. By using 

the ORF1 assay we observed a significant decrease (~8%) of full length L1 content in 

AD patients affected by early AD and late AD compared to healthy controls, with no 

differences detectable between the early and the late groups (Figure 32). 

 

Figure 32: qPCR analysis of L1 full length copy number in temporal cortexes AD patients at different stages of 

the disease and controls. Relative quantification obtained by qPCR with the ORF1 Taqman probe and 

GAPDH. Boxplots for all the three replicas and the mean across them are reported, with the p-value deriving 

from the Wilcoxon rank sum statistical test performed on CTRL (healthy controls), AD-E (patients affected by 

early AD) and AD-L (patients affected by late AD). Boxplots report the maximum and minimum values, the 

median, 25% and 75% percentiles and the p-values. (*p<0.05; **p<0.01). 
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On the other hand, analyzing L1’s full length forms using the 5’UTR assay, we detected 

a progressive and always significant decrease in the content of L1 full length sequences 

starting from the healthy controls group to the group of patients affected by late AD 

(Figure 33). In particular we observed a decrease of ~14% between controls and early 

AD patients, ~20% between controls and late AD patients, and finally ~7% between 

early and late AD patients. 

 

Figure 33:  qPCR analysis of L1 full length copy number in temporal cortexes of AD patients at different 

stages of the disease and controls. Relative quantification obtained by qPCR with the 5’UTR Taqman probe 

and GAPDH. Boxplots for all the three replicas and the mean across them are reported, with the p-value 

deriving from the Wilcoxon rank sum statistical test performed on CTRL (healthy controls), AD-E (patients 

affected by early AD) and AD-L (patients affected by late AD). Boxplots report the maximum and minimum 

values, the median, 25% and 75% percentiles and the p-values. (*p<0.05; **p<0.01; ***p<0.001). 
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L1 retrotransposition in a Brazilian cohort 

We collected genomic DNA extracted from samples of frontal cortex, temporal cortex, 

hippocampus, cerebellum and an extra-nervous tissue: the kidney. The tissues, stored at 

the Brain Bank of Sao Paulo (provided by Prof. Lea Grinberg) and belonging to a 

Brazilian cohort, had been taken from 10 AD patients at Braak stages IV-VI and 10 

patients at Braak stages 0-II (Table 13). 

 

Table 13: Brazilian cohort of post mortem tissue samples from the Brain Bank of Sao Paulo. For each 

individual we collected genomic DNA of frontal cortex, temporal cortex, hippocampus, cerebellum and kidney. 

 

 

At first we measured the total amount of L1 sequences (both truncated and full length) 

with the ORF2 assay, and in all the analyzed tissues we couldn’t be able to see any 

significant difference in the number of total L1 elements between patients and controls, 

probably because too abundant to allow the detection of small differences (Figure 34, 

Figure 35, Figure 36, Figure 37 and Figure 38). Nevertheless a high variability was 

evident. 

 

Figure 34: qPCR analysis of total L1 copy number in frontal cortexes of AD patients and controls. Relative 

quantification obtained by qPCR with the Taqman probe ORF2 and SATA. Boxplots for all the three replicas 

and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum statistical test 

performed on CTRL (controls) and AD (affected patients). Boxplots report the maximum and minimum 

values, the median, 25% and 75% percentiles and the p-values. 
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Figure 35: qPCR analysis of total L1 copy number in temporal cortexes of AD patients and controls. Relative 

quantification obtained by qPCR with the Taqman probe ORF2 and SATA. Boxplots for all the three replicas 

and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum statistical test 

performed on CTRL (controls) and AD (affected patients). Boxplots report the maximum and minimum 

values, the median, 25% and 75% percentiles and the p-values. 

 

 

Figure 36: qPCR analysis of total L1 copy number in hippocampus of AD patients and controls. Relative 

quantification obtained by qPCR with the Taqman probe ORF2 and SATA. Boxplots for all the three replicas 

and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum statistical test 

performed on CTRL (controls) and AD (affected patients). Boxplots report the maximum and minimum 

values, the median, 25% and 75% percentiles and the p-values. 
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Figure 37: qPCR analysis of total L1 copy number in cerebellum of AD patients and controls. Relative 

quantification obtained by qPCR with the Taqman probe ORF2 and SATA. Boxplots for all the three replicas 

and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum statistical test 

performed on CTRL (controls) and AD (affected patients). Boxplots report the maximum and minimum 

values, the median, 25% and 75% percentiles and the p-values. 

 

 

Figure 38: qPCR analysis of total L1 copy number in kidneys of AD patients and controls. Relative 

quantification obtained by qPCR with the Taqman probe ORF2 and SATA. Boxplots for all the three replicas 

and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum statistical test 

performed on CTRL (controls) and AD (affected patients). Boxplots report the maximum and minimum 

values, the median, 25% and 75% percentiles and the p-values. 

 

Then we compared the relative amount of L1’s full length forms present in all tissues 

using both the ORF1 and the 5’UTR assays. By using the ORF1 assay we observed a 
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significant decrease of full length L1 content in AD patients compared to controls in 

both the cortical tissues (frontal and temporal cortexes) (Figure 39 and Figure 40). 

Surprisingly, no differences were detected in the hippocampus (Figure 41), which is the 

most affected tissue in AD together with cerebral cortex, while a strong decrease was 

detected in the cerebellum (Figure 42), a tissue that is not primarily affected in AD. As 

expected, no significant differences were detected in the kidney (Figure 43). 

 

 

Figure 39: qPCR analysis of L1 full length copy number in frontal cortexes of AD patients and controls. 

Relative quantification obtained by qPCR with the Taqman probe ORF1 and GAPDH. Boxplots for all the 

three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on CTRL (controls) and AD (affected patients). Boxplots report the maximum and 

minimum values, the median, 25% and 75% percentiles and the p-values. (**p<0.01; ***p<0.001).  
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Figure 40: qPCR analysis of L1 full length copy number in temporal cortexes of AD patients and controls. 

Relative quantification obtained by qPCR with the Taqman probe ORF1 and GAPDH. Boxplots for all the 

three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on CTRL (controls) and AD (affected patients). Boxplots report the maximum and 

minimum values, the median, 25% and 75% percentiles and the p-values. (*p<0.05; **p<0.01). 

 

 

 

Figure 41: qPCR analysis of L1 full length copy number in hippocampus of AD patients and controls. Relative 

quantification obtained by qPCR with the Taqman probe ORF1 and GAPDH. Boxplots for all the three 

replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on CTRL (controls) and AD (affected patients). Boxplots report the maximum and 

minimum values, the median, 25% and 75% percentiles and the p-values. (*p<0.05). 
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Figure 42: qPCR analysis of L1 full length copy number in cerebellum of AD patients and controls. Relative 

quantification obtained by qPCR with the Taqman probe ORF1 and GAPDH. Boxplots for all the three 

replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on CTRL (controls) and AD (affected patients). Boxplots report the maximum and 

minimum values, the median, 25% and 75% percentiles and the p-values. (*p<0.05; **p<0.01; ***p<0.001). 

 

 

Figure 43: qPCR analysis of L1 full length copy number in kidneys of AD patients and controls. Relative 

quantification obtained by qPCR with the Taqman probe ORF1 and GAPDH. Boxplots for all the three 

replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on CTRL (controls) and AD (affected patients). Boxplots report the maximum and 

minimum values, the median, 25% and 75% percentiles and the p-values. (*p<0.05; **p<0.01; ***p<0.001). 
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When we performed the analysis of the full length L1 content with the 5’UTR Taqman 

probe, we observed a significant decrease in AD patients compared to controls at the 

level of frontal cortex (as for the ORF1 assay) (Figure 44), while in temporal cortex the 

difference was no longer present (Figure 45). No differences were detected in 

hippocampus (Figure 46), as with the ORF1 assay, while a significant difference was 

observed for both cerebellum and kidney (Figure 47 and Figure 48).  

 

 

Figure 44: qPCR analysis of L1 full length copy number in frontal cortexes of AD patients and controls. 

Relative quantification obtained by qPCR with the Taqman probe 5’UTR and GAPDH. Boxplots for all the 

three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on CTRL (controls) and AD (affected patients). Boxplots report the maximum and 

minimum values, the median, 25% and 75% percentiles and the p-values. (**p<0.01; ***p<0.001). 
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Figure 45: qPCR analysis of L1 full length copy number in temporal cortexes of AD patients and controls. 

Relative quantification obtained by qPCR with the Taqman probe 5’UTR and GAPDH. Boxplots for all the 

three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on CTRL (controls) and AD (affected patients). Boxplots report the maximum and 

minimum values, the median, 25% and 75% percentiles and the p-values. 

 

 

Figure 46: qPCR analysis of L1 full length copy number in hippocampus of AD patients and controls. Relative 

quantification obtained by qPCR with the Taqman probe 5’UTR and GAPDH. Boxplots for all the three 

replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on CTRL (controls) and AD (affected patients). Boxplots report the maximum and 

minimum values, the median, 25% and 75% percentiles and the p-values. 
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Figure 47: qPCR analysis of L1 full length copy number in cerebellum of AD patients and controls. Relative 

quantification obtained by qPCR with the Taqman probe 5’UTR and GAPDH. Boxplots for all the three 

replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on CTRL (controls) and AD (affected patients). Boxplots report the maximum and 

minimum values, the median, 25% and 75% percentiles and the p-values. (**p<0.01; ***p<0.001). 

 
 

 

Figure 48: qPCR analysis of L1 full length copy number in kidneys of AD patients and controls. Relative 

quantification obtained by qPCR with the Taqman probe 5’UTR and GAPDH. Boxplots for all the three 

replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on CTRL (controls) and AD (affected patients). Boxplots report the maximum and 

minimum values, the median, 25% and 75% percentiles and the p-values. (*p<0.05; **p<0.01). 
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L1 retrotransposition in a transgenic AD mouse model 

By performing the copy number variation assay on human post mortem samples we 

observed a reduced L1 full length content in samples of AD patients compared to 

healthy controls. This decreased amount of L1 full length sequences in AD patients 

could be due to a deficient rate of retrotransposition during the embryonic development 

of these individuals, or could be an inherited trait, both able to make these individuals 

prone to the development of AD. Another cause of this decrease in L1 sequences could 

be simply cell death in neurons. 

In order to investigate whether a change in the L1 rate of retrotransposition occurs at the 

first stage of the disease and triggers cell death, we developed new Taqman assays 

based on those one used for the human genome, to study L1 copy number variation in a 

severe and early onset transgenic AD mouse model: the TgCRND8 mouse.  

Since the murine L1 5’UTR region contains different repetitive monomers which 

characterize different L1 subfamilies, we designed specific probes for the 5’UTR of 

each active mouse L1 type (A, Tf and Gf), allowing us to discriminate between the 

different mouse L1 subfamilies. The same approach was used to design assays specific 

for the 3’UTR region of each L1 subfamily, taking advantage of a polymorphic 

sequence present in the 3’UTR sequence. On the other hand, we also designed probes 

and primers complementary to the ORF2 region of the L1 sequence able to detect the 

total amount of L1 sequences, without discriminating between the different L1 families 

present in the mouse genome 

In order to perform a relative quantification of the truncated and the full length L1 

copies, as internal controls we used Taqman probes designed on non-mobile repetitive 

genomic sequences with high or low repeats number. In particular we designed an assay 

for a high copy number invariant sequence, the centromeric microsatellite sequence or 

MICSAT (about 500000 copies), and an assay for a low copy number control, the 

glyceraldehyde 3-phosphate dehydrogenase or GAPDH (362 copies). 

The qPCR experiments were performed on samples from TgCRND8 and control mice, 

provided by Prof. Scarpa and Dr. Fuso (Sapienza University, Rome) (Table 14). 

Recent works demonstrated that the bulk of L1 retrotransposition occurs during 

embryogenesis (Kano et al., 2009). To assess if in transgenic mice a perturbation in L1 

copy number occurs before birth or during aging together with amyloid deposition, we 

tested P0 mice and mice at two stages of the adulthood (3 and 8 months). 
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Table 14: Mice samples used in the CNV experiment. We collected cortex, hippocampus and kidney samples 

from wt and TgCRND8 mice at various ages: P0, 3 months and 8 months. 

 

Each assay was performed three times on all the samples, and graphs for all the three 

replicas and for mean values across replicas are reported. 

L1 retrotransposition at P0 

First of all we analyzed L1 copy number variation in mice at P0: in particular we 

analyzed cortex, hippocampus and kidney from 16 WT and 16 TgCRND8 mice. We 

first measured the content of all L1 sequences present in the mouse genome using the 

ORF2 assay, normalizing on the high copy number control MICSAT. 

In the case of cortex samples (Figure 49) we were able to see a statistically significant 

higher amount of ~7% of L1 sequences in TgCRND8 mice compared to controls, while 

in hippocampus and kidney we didn’t see any difference (Figure 50 and Figure 51). 

 

 

Figure 49: qPCR analysis of total L1 copy number in cortexes of TgCRND8 and control mice at P0. Relative 

quantification obtained by qPCR with the Taqman probe ORF2 and MICSAT. Boxplots for all the three 

replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report the maximum and 

minimum values, the median, 25% and 75% percentiles and the p-values. (*p<0.05; **p<0.01). 
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Figure 50: qPCR analysis of total L1 copy number in hippocampus of TgCRND8 and control mice at P0. 

Relative quantification obtained by qPCR with the Taqman probe ORF2 and MICSAT. Boxplots for all the 

three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report the maximum and 

minimum values, the median, 25% and 75% percentiles and the p-values. 

 

 

Figure 51: qPCR analysis of total L1 copy number in kidneys of TgCRND8 and control mice at P0. Relative 

quantification obtained by qPCR with the Taqman probe ORF2 and MICSAT. Boxplots for all the three 

replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report the maximum and 

minimum values, the median, 25% and 75% percentiles and the p-values. 

 

Since we observed a higher amount of L1s in the cortex of transgenic mice, we decided 

to go deeper in the study of L1 sequences, analyzing separately the three principal L1 
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families in the mouse cortex. The relative content of L1 elements from A, Tf and Gf 

families was measured using the 3’UTR-MICSAT/GAPDH assay. 

In accordance with our first results, we observed a significant increase of L1 sequences 

for each L1 family in transgenic mice compared to controls. In particular we detected an 

increase of ~12% of L1-A elements, ~13% of L1-Tf elements and ~6% of L1-Gf 

elements (Figure 52, Figure 53 and Figure 54). 

 

 

Figure 52: qPCR analysis of total L1-A copy number in cortexes of TgCRND8 and control mice at P0. Relative 

quantification obtained by qPCR with the Taqman probe 3’UTR-A and MICSAT. Boxplots for all the three 

replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report the maximum and 

minimum values, the median, 25% and 75% percentiles and the p-values. (***p<0.001). 
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Figure 53: qPCR analysis of total L1-Tf copy number in cortexes of TgCRND8 and control mice at P0. 

Relative quantification obtained by qPCR with the Taqman probe 3’UTR-Tf and MICSAT. Boxplots for all 

the three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank 

sum statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report the maximum 

and minimum values, the median, 25% and 75% percentiles and the p-values. (***p<0.001). 

 

 

 

Figure 54: qPCR analysis of total L1-Gf copy number in cortexes of TgCRND8 and control mice at P0. 

Relative quantification obtained by qPCR with the Taqman probe 3’UTR-Gf and GAPDH. Boxplots for all the 

three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report the maximum and 

minimum values, the median, 25% and 75% percentiles and the p-values. (*p<0.05). 

 

In order to understand if the higher amount of L1 elements detected in transgenic mice 

at P0 could be due to an increase of retrotransposition during embryogenesis, we 
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measured on these samples also the rate of retrotransposition with the 3’UTR-5’UTR 

assays for each single family (see chapter “Materials and methods”). 

Surprisingly, besides a strong increase in the rate of retrotranpsosition for the A family 

in transgenic cortexes, in the case of Tf family we observed even a dicrease in rate of 

retrotransposition, while in Gf family no differences were detectable (Figure 55, Figure 

56 and Figure 57). 

 

 

Figure 55: qPCR analysis of L1-A rate of retrotransposition in cortexes of TgCRND8 and control mice at P0. 

Relative quantification obtained by qPCR with the Taqman probes 3’UTR-A and 5’UTR-A. Boxplots for all 

the three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank 

sum statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report the maximum 

and minimum values, the median, 25% and 75% percentiles and the p-values. (***p<0.001). 

Figure 54 
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Figure 56: qPCR analysis of L1-Tf rate of retrotransposition in cortexes of TgCRND8 and control mice at P0. 

Relative quantification obtained by qPCR with the Taqman probes 3’UTR-Tf and 5’UTR-Tf. Boxplots for all 

the three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank 

sum statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report the maximum 

and minimum values, the median, 25% and 75% percentiles and the p-values. (p<0.05). 

 

 

 

 

Figure 57: qPCR analysis of L1-Gf rate of retrotransposition in cortexes of TgCRND8 and control mice at P0. 

Relative quantification obtained by qPCR with the Taqman probes 3’UTR-Gf and 5’UTR-Gf. Boxplots for all 

the three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank 

sum statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report the maximum 

and minimum values, the median, 25% and 75% percentiles and the p-values. (p<0.05). 
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L1 retrotransposition at 3 months of age 

We observed a perturbation of L1 retrotransposition before P0. In order to verify if this 

variation was maintained or rescued during postnatal development, we analyzed the L1 

content in cortex, hippocampus and kidney of 12 WT + 12 TgCRND8 mice at 3 months 

of age. 

The total amount of L1 was evaluated by qPCR with the ORF2-MICSAT assay. 

Surprisingly we couldn’t detect any difference in the total L1 content in cortex and 

kidney, but we observed a slight but significant increase (~7%) in the hippocampus of 

transgenic mice (Figure 58, Figure 59 and Figure 60). 

 

 

Figure 58: qPCR analysis of total L1 copy number in cortexes of TgCRND8 and control mice at 3 months. 

Relative quantification obtained by qPCR with the Taqman probe ORF2 and MICSAT. Boxplots for all the 

three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report the maximum and 

minimum values, the median, 25% and 75% percentiles and the p-values. 
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Figure 59: qPCR analysis of total L1 copy number in hippocampus of TgCRND8 and control mice at 3 

months. Relative quantification obtained by qPCR with the Taqman probe ORF2 and MICSAT. Boxplots for 

all the three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon 

rank sum statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report the 

maximum and minimum values, the median, 25% and 75% percentiles and the p-values. (*p<0.05; **p<0.01). 

 

 

 

Figure 60: qPCR analysis of total L1 copy number in kidneys of TgCRND8 and control mice at 3 months. 

Relative quantification obtained by qPCR with the Taqman probe ORF2 and MICSAT. Boxplots for all the 

three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report the maximum and 

minimum values, the median, 25% and 75% percentiles and the p-values. 
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To further analyze L1 copy number variation in the transgenic hippocampus, we 

measured the three L1 families content only in this cerebral region. The relative content 

of L1 elements from A, Tf and Gf families was measured using the 3’UTR-

MICSAT/GAPDH assay. 

In accordance with our first results, we observed a significant increase (~9%) of L1 

sequences for the A family in transgenic mice compared to controls (Figure 61), but no 

differences were detected for the Tf and the Gf families (Figure 62 and Figure 63). 

 

 

Figure 61: qPCR analysis of total L1-A copy number in hippocampus of TgCRND8 and control mice at 3 

months. Relative quantification obtained by qPCR with the Taqman probe 3’UTR and MICSAT. Boxplots for 

all the three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon 

rank sum statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report the 

maximum and minimum values, the median, 25% and 75% percentiles and the p-values. (*p<0.05). 
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Figure 62: qPCR analysis of total L1-Tf copy number in hippocampus of TgCRND8 and control mice at 3 

months. Relative quantification obtained by qPCR with the Taqman probe 3’UTR and GAPDH. Boxplots for 

all the three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon 

rank sum statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report the 

maximum and minimum values, the median, 25% and 75% percentiles and the p-values. 

 

 

Figure 63: qPCR analysis of total L1-Gf copy number in hippocampus of TgCRND8 and control mice at 3 

months. Relative quantification obtained by qPCR with the Taqman probe 3’UTR and GAPDH. Boxplots for 

all the three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon 

rank sum statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report the 

maximum and minimum values, the median, 25% and 75% percentiles and the p-values. (*p<0.05). 
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In order to understand if the higher amount of L1-A elements detected in transgenic 

mice at 3 months could be due to an increase of retrotransposition, we measured on 

these samples also the rate of retrotransposition with the 3’UTR-5’UTR assays for each 

single family (see chapter “Materials and methods”). 

As expected, considering the previous results, we observed a strong increase in the rate 

of retrotranpsosition for the A family in transgenic hippocampus (Figure 64), while for 

Tf and Gf families no differences were detectable (Figure 65 and Figure 66). 

 

 

Figure 64: qPCR analysis of L1-A rate of retrotransposition in hippocampus of TgCRND8 and control mice at 

3 months. Relative quantification obtained by qPCR with the Taqman probes 3’UTR-A and 5’UTR-A. 

Boxplots for all the three replicas and the mean across them are reported, with the p-value deriving from the 

Wilcoxon rank sum statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report 

the maximum and minimum values, the median, 25% and 75% percentiles and the p-values. (*p<0.05; 

**p<0.01). 
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Figure 65: qPCR analysis of L1-Tf rate of retrotransposition in hippocampus of TgCRND8 and control mice 

at 3 months. Relative quantification obtained by qPCR with the Taqman probes 3’UTR-Tf and 5’UTR-Tf. 

Boxplots for all the three replicas and the mean across them are reported, with the p-value deriving from the 

Wilcoxon rank sum statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report 

the maximum and minimum values, the median, 25% and 75% percentiles and the p-values. 

 

 

 

 

Figure 66: qPCR analysis of L1-Gf rate of retrotransposition in hippocampus of TgCRND8 and control mice 

at 3 months. Relative quantification obtained by qPCR with the Taqman probes 3’UTR-Gf and 5’UTR-Gf. 

Boxplots for all the three replicas and the mean across them are reported, with the p-value deriving from the 

Wilcoxon rank sum statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report 

the maximum and minimum values, the median, 25% and 75% percentiles and the p-values. 
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L1 retrotransposition at 8 months of age 

Our experiments showed the presence of a higher amount of L1 elements in the cortex 

of transgenic mice at P0, but this increase was not present at 3 months. On the other 

hand at 3 months we observed an increase in L1 content at the level of the 

hippocampus. The increase seen in the cortex at P0 could be linked to an abnormal L1 

retrotransposition occurred in the process of cortical neural differentiation during the 

embryonic development. This accumulation at P0 could have led to cell death and only 

those cells in which L1 was less active survived to adulthood. At the same time, the 

accumulation of L1 sequences in the hippocampus at 3 months could be due to an 

abnormal L1 retrotransposition occurred in the process of hippocampal neurogenesis 

during adulthood. 

In order to understand if neurodegeneration could be one of the possible mechanisms 

responsible for the lack of difference in L1 content in cortexes at 3 months, we decided 

to test aging mice at 8 months. TgCRND8 mice exhibit marked premature mortality, 

with only approximately 50% of mice reaching 9–10 months. At 8 months transgenic 

mice present cerebral amyloid depositions in the hippocampus, neocortex, but also in 

the cerebellum and brainstem, together with severe gliosis, neuritic dystrophy and 

vascular depositions. 

The total amount of L1 sequences was measured in cortex, hippocampus and kidney of 

6 WT + 4 TgCRND8 mice at 8 months of age. In all the three tissues we did not observe 

any difference between transgenic and control mice (Figure 67, Figure 68 and Figure 

69). This result may support the hypothesis that neurodegeneration, parallel to aging 

and progression of the disease, depletes L1 content in the hippocampus of transgenic 

mice, preventing us from detecting differences between TgCRND8 mice and controls at 

8 months. 
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Figure 67: qPCR analysis of total L1 copy number in cortexes of TgCRND8 and control mice at 8 months. 

Relative quantification obtained by qPCR with the Taqman probe ORF2 and MICSAT. Boxplots for all the 

three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report the maximum and 

minimum values, the median, 25% and 75% percentiles and the p-values. 

 

 

Figure 68: qPCR analysis of total L1 copy number in hippocampus of TgCRND8 and control mice at 8 

months. Relative quantification obtained by qPCR with the Taqman probe ORF2 and MICSAT. Boxplots for 

all the three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon 

rank sum statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report the 

maximum and minimum values, the median, 25% and 75% percentiles and the p-values. 
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Figure 69: qPCR analysis of total L1 copy number in kidneys of TgCRND8 and control mice at 8 months. 

Relative quantification obtained by qPCR with the Taqman probe ORF2 and MICSAT. Boxplots for all the 

three replicas and the mean across them are reported, with the p-value deriving from the Wilcoxon rank sum 

statistical test performed on WT (control mice) and TG (TgCRND8 mice). Boxplots report the maximum and 

minimum values, the median, 25% and 75% percentiles and the p-values. 
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SPlinkerette Analysis of Mobile elements (SPAM) 

To study L1 insertion sites we developed a new technique based on splinkerette PCR 

(spPCR), a widely used PCR approach to clone flanking DNA regions of repetitive 

elements in the genome. In this technique, genomic DNA is fragmented (usually by 

enzymatic digestion) and ligated to a synthetic double stranded adaptor (splinkerette). 

Two rounds of PCR are then performed to amplify the genomic sequence between the 

repetitive element and the splinkerette, followed by a sequencing reaction.  

In order to avoid amplification biases due to the genomic fragmentation by enzymatic 

digestion, we substituted it with genomic DNA shearing by sonication (see chapter 

“Materials and methods” for the detailed protocol). 

At first we tested the SPAM technique on three DNA samples extracted from the 

temporal cortex of three human healthy donors. DNA samples were treated as reported 

in chapter “Materials and methods”, and run in a MiSeq sequencing 2x300bp in 

multiplex.  

In our laboratory the bioinformaticians developed a precise and reproducible 

bioinformatics pipeline with a specific nomenclature: 

Reads: R1 and R2, single reads coming from paired end sequencing (forward and 

reverse sequences). 

Fragment: assembled reads (R1 + R2). 

MapFragment: fragment containing an L1 sequence and a mappable unique sequence. 

MapCluster: at least three MapFragments in at least one sample. 

Integration Site (IS): genomic region where one or more MapFragment have been 

mapped. 

Annotated Integration site (AIS): integration site located at less than 1000 bp far from 

an L1 in the database. 

Novel Integration site (NIS): integration site located at more than 1000 bp far from an 

L1 in the database. 

We performed a quality filtering (Phred score for each nucleotide) of the reads (R1 and 

R2) and we aligned the corresponding R1 and R2 to form a fragment, discarding those 

pairs that didn’t align with at least 30bp and 80% identity. We selected the fragments 

containing the forward primer (specific for the adaptor) and the human L1 sequence 

using blastn. Once discarded the fragments that did not contain the repeat, we trimmed 

the portions of the fragments that overlapped with the forward primer and the L1 

sequence, and retained only the genomic sequences longer than 30 nucleotides. These 
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sequences were aligned with blastn against the reference human genome (Hg19) and 

defined as MapFragments only if they had a unique alignment with an identity >50% 

(all data reported in Table 15). 

 

Table 15: Step-by-step analysis of the human SPAM samples. Reads are the total forward and reverse 

sequences obtained by sequencing. Fragments are the total assembled reads (100%) that underwent the 

following trimming, based on alignment to the L1 reference sequence and to the reference human genome 

(Hg19). Mapclusters are defined by at least three MapFragments.  

 

 

In order to identify an IS as annotated or novel, we created an L1-database, collecting 

all the L1 genomic coordinates reported in literature, Repeat Masker and db RIP, and 

this allowed us to obtain a list of 8930 full length L1 sequences (length ≥6000bp) and 

850898 total L1 sequences (Baillie et al., 2011; Bundo et al., 2014; Evrony et al., 2012; 

Ewing et al., 2010; Huang et al., 2010; Iskow et al., 2010; Shukla et al., 2013; Stewart et 

al., 2011; Xing et al., 2009). 

Then we decided to define an AIS as an IS present at less than 1000 bp far from an L1 

in the database, and a NIS as an IS located at more than 1000 bp far from an L1 in the 

database, both determined by at least 3 MapFragments (Table 16). 

 

Table 16: Total number of AIS and NIS for each sample, defined by at least 3 MapFragment. The two values 

are reported also normalized by the initial total amount of MapFragments. MF, MapFragment. The ratio of 

NIS and AIS is reported. 

 

 

For both AIS and NIS we obtained IS specific for each single patient, and IS common 

between the three (Figure 70). In the case of AIS, ~56% of integration sites were 

common, while only the ~2% was common for NIS.  
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Figure 70: Venn diagram of common and exclusive AIS and NIS obtained for each sample. 

 

Then a gene ontology study of the total AIS and NIS detected in the three samples was 

performed using the Gene Functional Classification Tool DAVID: from this analysis it 

came out an enrichment of IS associated genes involved in brain functions, such as 

neuron development and differentiation. Surprisingly, in the case of genes involved in 

some brain functions such as axon development and guidance, we observed the 

presence of only NIS, suggesting that L1 mobilization may have a role in neuron and 

axon plasticity (Figure 71). 

 

 

Figure 71: Bar diagram of Gene Ontology analysis performed with DAVID on detected AIS and NIS. 

 

After the bioinformatics analysis, we deepened the investigation of some AIS and NIS. 

In particular, we chose 10 integration sites for each sample that we found to be present 

in exons, introns, or in brain specific gene loci. We analyzed each of these integration 

sites (annotated and novel) looking for the presence of the adaptor sequence, the L1 

5’UTR sequence, and mapping the genomic portion in the human reference sequence. 
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We decided to select a group of 8 IS to be validated by PCR. These 8 IS were: 3 

different NIS defined by 5-10 MapFragments and found in only one sample, 3 NIS 

defined  by 1 MapFragment and found in only one sample, 1 NIS defined by more than 

100 MapFragment and found in only one sample, and finally 1 AIS defined by more 

than 100 MapFragment and found in all the three samples. 

For each of these 8 IS we performed a first round of PCR and a nested PCR using two 

couples of primers with the forward primers designed on the genomic DNA at the 

insertion site, and the reverse primers designed against the very beginning of the L1 

5’UTR (example of an analyzed sequence with designed primers is reported in Figure 

72). 

 

 

Figure 72: Analysis of 1 NIS defined by 5-10 MapFragments present only in sample 1. The sequence 

highlighted in green represents the final part of the ligated adaptor. The sequence highlighted in yellow 

represents the very first part of the L1 5’UTR. The not-highlighted sequence corresponds to the genomic part 

in which the integration occurred. The underlined portions are the sequences on which the two couples of 

primers for the validation PCRs were designed. 

 

Here we report the validations of one NIS with 5-10 MapFragments detected only in 

sample 1 (amplicon length: 190bp), one NIS with 1 MapFragment detected only in 

sample 3 (amplicon length: 105bp), and one AIS with 100 MapFragments detected in 

all the samples (amplicon length: 242bp) (Figure 73). 
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Figure 73: IS validations. Electrophoretic run on agarose gel of the validation PCRs of two NIS and one AIS 

detected by the bioinformatic analysis of the SPAM experiment. A: NIS with 5-10 MapFragments detected 

only in sample 1. B: NIS with 1 MapFragment detected only in sample3. C: AIS with 100 MapFragment 

detected in all the three samples. Specific bands are indicated in red. 

 

The two NIS were confirmed with a specific band present in the SPAM product of the 

corresponding DNA sample, but no bands, except for some aspecific products, were 

detected in the PCR performed on the genomic DNA, probably because these NIS were 

poorly represented and not detectable in a pool of genomes. On the other hand, the band 

specific for the AIS was, as expected, present in all the three samples and in both the 

PCRs performed on the genomic DNA and on the SPAM product. 
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L1 insertion sites in frontal cortex and kidney of AD patients 

and controls 

In order to verify whether in AD patients there is a different pattern of distribution of L1 

elements, we applied the SPAM technique to samples of frontal cortex and kidney of 3 

AD patients and 3 controls (from the Brazilian cohort). 

DNA samples were treated as reported in the chapter “Materials and methods”, and 

underwent a first preliminary run with Illumina MiSeq sequencing 2x300bp in 

multiplex (further sequencing runs will be necessary in the future to complete the 

analysis with a deeper coverage and with 2 more samples for each group). 

We applied on these samples the same pipeline established for the first test of SPAM on 

human samples, aligning R1 with R2 and filtering by quality and complementarity for 

the L1 sequence and the human genome (Table 17). 

 

Table 17: Step-by-step analysis of the human AD and CTRL SPAM samples. FC, frontal cortex, K, kidney. 

 

 

In this case we obtained a smaller amount of aligned MapFragments (compared to the 

first samples analyzed) probably because during the preparation of these samples they 

were not gel-purified as the previous one, and this caused the presence, during the 

sequencing, of short sequences that were preferentially sequenced, but were not suitable 

for the following analysis. Moreover, we obtained on average shorter Fragments than 

Sample Tissue Reads Fragments
Fragments aligned

over L1 Ref seq

MapFragments 

aligned over Hg19

FC
R1: 1565238

R2: 1565238
635730 (100 %) 548281(86.24 %) 36122 (5.68 %)

K
R1: 1347169

R2: 1347169
631604 (100%) 545266 (86 %) 91025 (14.41%)

FC
R1: 1017622

R2: 1017622
393910 (100%) 329672 (83 %) 16363 (4.15 %)

K
R1: 2854513

R2: 2854513
1024634 (100%) 778558(76 %) 26034 (2.54%)

FC
R1: 2251827

R2: 2251827
738608(100%) 549465 (74 %) 10702(1.45%)

K
R1: 1890426

R2: 1890426
729034 (100%) 608133 (83 %) 41415(5.68 %)

FC
R1: 3361839

R2: 3361839
1550023 (100%) 1270944 (82 %) 76232 (4.92 %)

K
R1: 4001288

R2: 4001288
1729861 (100 %) 1374564 (79 %) 85778 (4.96 %)

FC
R1: 1843873

R2: 1843873
739446 (100 %) 624957 (84 %) 32876 (4.45 %)

K
R1: 1845406

R2: 1845406
701756 (100%) 560397(80%) 30812 (4.39 %)

FC
R1: 3051473

R2: 3051473
1307753 (100 %) 1063881 (81 %) 59025 (4.51 %)

K
R1: 2927667

R2: 2927667
1183817 (100%) 886506 (75 %) 32242 (2.72 %)

AD

CTRL

5248

7466

9345

6868

9269

929



Results 

105 

those obtained in the first test, and this forced us to discard a lot of Fragments 

containing a genomic portion not long enough to be mapped in the reference genome. 

As shown in Figure 74, for each sample analysed, the MapFragments fell at 211 bp 

from the beginning of the L1’s 5’UTR region, according to the designing of the primers. 

 

 

Figure 74: Example of MapFragments’ mapping on the L1 sequence. The MapFragments for each sample 

mapped at 211bp from the beginning of L1’s 5’UTR as expected, according to the designing of primers used in 

the SPAM protocol. 

 

Based on the distance (> or <1000 bp) from an L1 annotated in our database, we defined 

AIS and NIS, determined by at least 1 MapFragments. 1 MapFragment was chosen, 

instead of 3 (as for the previous experiment), since much less reads and MapFragments 

were obtained for this preliminary sequencing. When further sequencing runs will be 

performed, more stringent parameters will be used. 

The total amount of AIS and NIS are reported in Table 18, and values were also 

normalized on the initial number of MapFragments obtained for each sample. We 

decided to do this normalization taking into account the unbalanced number of 

MapFragments that we obtained for each sample.   

 

Table 18: Total number of AIS and NIS for each sample, defined by at least 1 MapFragment. The two values 

are reported also normalized by the initial total amount of MapFragments. MF, MapFragment. The ratio of 

NIS and AIS is reported. 

 

Sample Tissue

AIS

Defined by at least 

1 MapFragment

NIS

Defined by at least 

1 MapFragment

Normalized AIS

(AIS/MF)*10000

Normalized NIS

(NIS/MF)*10000
NIS/AIS

FC 2659 1663 736.12 460.38 0.6

K 21893 23969 2405.16 2633.23 1.1

FC 2332 1447 1425.17 884.31 0.6

K 2763 2284 1061.30 877.31 0.8

FC 1275 261 1191.37 243.88 0.2

K 9381 10025 2265.12 2420.62 1.1

FC 3537 2396 463.98 314.30 0.7

K 3763 2649 438.69 308.82 0.7

FC 2185 1085 664.62 330.03 0.5

K 9012 9700 2924.83 3148.12 1.1

FC 3814 2824 646.17 478.44 0.7

K 5448 5144 1689.72 1595.43 0.9

AD

5248

7466

9345

CTRL

6868

9269

929
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The ratio between NIS and AIS can be considered a measure of somatic mobilization of 

full length L1s. Lower the ratio, lower the number of NIS respect to the annotated ones; 

higher the ratio, higher the number of NIS respect to the AIS detected. 

By plotting the average values of these ratios for AD and control tissues (Figure 75), we 

observed that the ratio is higher in kidney than in frontal cortex, suggesting a high rate 

of retrotransposition in the kidney, and that in AD frontal cortexes there is a lower ratio 

compared to the controls, in accordance with the qPCR data. 

 

 

Figure 75: Average values of NIS/AIS ratios for AD and control tissues (K, kidney; FC, frontal cortex). These 

ratios allow us to avoid the bias of sequencing depth and differences in chromatin accessibility. Boxplots 

report the maximum and minimum values, the median, 25% and 75% percentiles. 

 

We checked for common and exclusive AIS and NIS between frontal cortex and kidney 

of each samples, and, as seen for the test samples, common IS were more abundant for 

AIS than for NIS (Figure 76). 

 

 

Figure 76: Venn diagram of common and exclusive AIS and NIS between frontal cortex and kidney of each 

sample. 
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We then calculated a value for each IS that we called MPM (MapFragments per 

million), to normalize the number of MapFragments defining each IS with the total 

number of MapFragments detected in the corresponding sample. 

We chose a common cutoff of MPM for all the NIS, and we performed a Gene 

Ontology analysis on NIS associated genes considering samples above the cutoff (cutoff 

= 25 MPM). 

In, Table 19 and Table 20 are reported the gene ontology results with the lowest p-value 

scores obtained for each sample.  
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Table 19: Gene ontology analysis of NIS associated genes for AD patients with a cutoff of MPM above 25. 

Background frequency corresponds to the total number of genes associated to the term in the human genome; 

sample frequency corresponds to the AIS associated genes found for the term. The first 10 results with the 

smallest p-value are shown. p<0.05 
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Table 20: Gene ontology analysis of NIS associated genes for control patients with a cutoff of MPM above 25. 

Background frequency corresponds to the total number of genes associated to the term in the human genome; 

sample frequency corresponds to the AIS associated genes found for the term. The first 10 results with the 

smallest p-value are shown. p<0.05. 

 



Results 

110 

We also performed a further GO analysis on NIS associated genes that were common 

between samples of the same group (AD or controls). In Table 21 are reported the gene 

ontology results with the lowest p-value scores obtained for each group of sample 

(complete tables are reported in Appendix A). 

 

Table 21: Gene ontology of NIS associated genes, found common between AD samples (frontal cortex and 

kidney) and healthy controls. Background frequency corresponds to the total number of genes associated to 

the term in the human genome; sample frequency corresponds to the AIS associated genes found for the term. 

The first 10 results with the smallest p-value are shown. p<0.05. 

 

 

The next step was to check whether the AIS and NIS that we discovered were inserted 

in genomic loci involved in the pathogenesis of early-onset familial AD (EO-FAD) or 

late-onset AD (LOAD). We used as reference the list of functional classes of AD genes 

reported in the paper published by Karch and colleagues (Karch et al., 2014), and, on a 

total of 42 AD-associated genes, we found on average a greater number of both AIS and 

NIS in the kidney of AD patients compared to the healthy controls, and a lower amount 

of AIS and NIS in the frontal cortex of AD patients compared to healthy controls (Table 

22). 

 

Table 22: Total number of AIS and NIS discovered in AD-associated genes in frontal cortex and kidney of 

both AD patients and healthy controls. 

 

Sample Tissue

AIS

Defined by at least 

1 MapFragment

NIS

Defined by at least 

1 MapFragment

Normalized AIS

(AIS/MF)*10000

Normalized NIS

(NIS/MF)*10000
NIS/AIS

FC 6 13 1.66 3.60 2.2

K 51 62 5.60 6.81 1.2

FC 4 4 2.44 2.44 1.0

K 4 11 1.54 4.23 2.8

FC 1 1 0.93 0.93 1.0

K 16 21 3.86 5.07 1.3

FC 6 8 0.79 1.05 1.3

K 5 8 0.58 0.93 1.6

FC 1 4 0.30 1.22 4.0

K 18 24 5.84 7.79 1.3

FC 9 9 1.52 1.52 1.0

K 7 13 2.17 4.03 1.9

AD

5248

7466

9345

CTRL

6868

9269

929
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We decided to focus our attention on one of the most important genes linked to AD: the 

amyloid beta precursor protein gene APP, and we observed the presence of 14 total L1 

insertions (AIS and NIS) for the AD patients (frontal cortex and kidney) (Figure 77), 

and 8 insertions for the healthy controls (Figure 78). 

 

 

Figure 77: Genome Browser view of AIS and NIS falling in the APP gene ± 50 kb. Data are reported for both 

the frontal cortex and kidney of AD patients. 

 

The insertions detected for the control patients were all intronic, on an annotated L1 full 

length or outside the gene (we considered a genomic area from 50 kb upstream and 

downstream the APP gene). The insertions detected for the AD patients were intronic, 

outside the gene, in the annotated full length L1 and one was also partially overlapping 

with an intron and an exon. 

 

 

Figure 78: Genome Browser view of AIS and NIS falling in the APP gene ± 50 kb. Data are reported for both 

the frontal cortex and kidney of healthy controls. 
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Scaling the SPAM protocol to the Drosophila melanogaster’s 

roo element 

To prove the scalability of this new SPAM technique, we tried to apply it also to a 

different organism and a different repetitive element. In particular we adapted it for 

identifying the insertion sites of the roo element, the most abundant family of LTR 

retrotransposons in the Drosophila genome. 

In order to understand if a less amount of Drosophila genomic DNA (<2µg, the quantity 

used in the protocol for human samples) could be used, we applied the SPAM technique 

on the same DNA sample (extracted from a pool of adult Drosophila carcasses), but 

starting from a different quantity: 2µg and 500ng. 

The protocol that we used was the same of human samples, except for the primers 

specific for roo-LTR, used in the two final steps of PCR. The two PCR products were 

finally purified and run with an Illumina MiSeq 2x300bp sequencing in 2-plex. 

After the bioinformatics quality filtering (Phred score for each nucleotide), only the 

~45% of the reads were selected. We aligned the corresponding R1 and R2 to form a 

fragment, discarding those pairs that didn’t align with at least 30bp and 80% identity. 

We checked for the presence in the fragment of the forward primer (specific for the 

splinker) and we aligned it to the roo-LTR reference sequence. Once discarded the 

fragments that did not contain the repeat (~5% per sample), we trimmed the portions of 

the fragments that overlapped with the forward primer and the roo-LTR sequence, and 

retained only the sequences longer than 30 nucleotides. These sequences were 

stringently aligned over the dm3 Drosophila melanogaster reference genome in order to 

map them, and defined as MapFragments only if they gave a unique alignment result 

with an identity >50%. The major loss of fragments (~82 %) was due to the fact that 

they did not contain a genomic part long enough to allow the mapping (Table 23). 

 

Table 23: Results of the bioinformatic pipeline on Drosophila samples. Reads were filtered by quality, 

overlapping on each other, alignment over the roo-LTR reference sequence and on the dm3 Drosophila 

melanogaster reference genome. 
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The next step was to identify AIS and NIS, defined by one or more than one 

MapFragment (Table 24, Table 25, Table 26, Table 27 and Table 28). We decided to 

increase the stringency of this parameter because with 1 MapFragment we obtained an 

unexpectedly high number of NIS, and we observed a progressive decrease in the total 

number of both AIS and NIS.  

This allowed us to verify that there was a substantial difference in the number of AIS 

and NIS detected in the two samples if defined by at least 1 MapFragment, while with 

more stringent cutoffs these differences between the two samples became flat.  

In the Drosophila genome there are 541 annotated roo-LTR insertions, and even with 

AIS defined by at least 1 MapFragment we didn’t detect them all, probably because the 

system was saturated by the high number of NIS that we found. 

 

Table 24: Total number of AIS and NIS in the two samples, defined by at least 1 MapFragment. The two 

values are reported also normalized by the initial total amount of MapFragments. MF, MapFragment. 

 

 

Table 25: Total number of AIS and NIS in the two samples, defined by at least 2 MapFragments. The two 

values are reported also normalized by the initial total amount of MapFragments. MF, MapFragment. 

 

 

Table 26: Total number of AIS and NIS in the two samples, defined by at least 3 MapFragments. The two 

values are reported also normalized by the initial total amount of MapFragments. MF, MapFragment. 
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Table 27: Total number of AIS and NIS in the two samples, defined by at least 5 MapFragments. The two 

values are reported also normalized by the initial total amount of MapFragments. MF, MapFragment. 

 

Table 28: Total number of AIS and NIS in the two samples, defined by at least 10 MapFragments. The two 

values are reported also normalized by the initial total amount of MapFragments. MF, MapFragment. 

 

 

 

We also checked for common and exclusive AIS and NIS obtained for the two samples, 

considering all the 5 cutoffs: with a cutoff of 1 MapFragment almost half of the AIS 

detected for the two samples was in common, while a very small percentage of NIS was 

found to be present in both the samples (Figure 79, Figure 80, Figure 81, Figure 82 and 

Figure 83). With more stringent cutoffs we observed the percentage of common IS 

becoming higher and reach the ~90% for those AIS and NIS defined by at least 10 

MapFragments.  

 

Figure 79: Venn diagram of common and exclusive AIS and NIS defined by at least 1 MapFragment for the 

2µg and the 500ng samples. 
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Figure 80: Venn diagram of common and exclusive AIS and NIS defined by at least 2 MapFragments for the 

2µg and the 500ng samples. 

 

Figure 81: Venn diagram of common and exclusive AIS and NIS defined by at least 3 MapFragments for the 

2µg and the 500ng samples. 

 

 

Figure 82: Venn diagram of common and exclusive AIS and NIS defined by at least 5 MapFragments for the 

2µg and the 500ng samples. 

 

 

Figure 83: Venn diagram of common and exclusive AIS and NIS defined by at least 10 MapFragments for the 

2µg and the 500ng samples. 
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Combining together overlapping or “book-ended” MapFragments, 4757 total IS 

(defined by 1 or more MapFragments) were obtained for the 2 µg sample and 2455 for 

the 500 ng sample. The 70% of all these IS fell inside a gene. The MapFragments of the 

2 µg sample covered 2307 Drosophila genes while the MapFragments of the 500 ng 

sample covered 1315 genes. 

We performed a gene ontology (GO) analysis of the NIS associated genes (found in the 

2µg sample), and we did it for NIS defined by 1,2,3,5 and 10 MapFragments (the 

complete GO analysis are reported in the chapter “Supplementary”). The number of 

biological functions (terms) that we found, varied with the number of MapFragments 

defining the NIS: for NIS defined by at least 1 MapFragments we found 406 terms, and 

30 for NIS defined by at least 10 MapFragments (Table 29).  

 

Table 29: Gene ontology of NIS associated genes (defined by at least 1 and 10 MapFragments). Background 

frequency corresponds to the total number of genes associated to the term in Drosophila; sample frequency 

corresponds to the NIS associated genes found for the term. The first 10 results with the smallest p-value are 

shown. p<0.05 

 

 

We performed also a GO analysis of the AIS associated genes that we found in the 2 µg 

sample, doing it for AIS defined by 1,2,3,5 and 10 MapFragments (complete GO 

analysis are reported in the chapter “Supplementary”) (Table 30).  

 

Table 30: Gene ontology of AIS associated genes (defined by at least 1 and 10 MapFragments). Background 

frequency corresponds to the total number of genes associated to the term in Drosophila; sample frequency 

corresponds to the AIS associated genes found for the term. The first 10 results with the smallest p-value are 

shown. p<0.05 

  

 

We finally performed a GO analysis of the genes associated to the roo-LTR annotated 

in our database that we didn’t detect with our technique (Table 31). Some of these genes 
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were found to be involved in biological functions important during development. Since 

the DNA used in this experiment came from a pool of adult Drosophila carcasses, it 

could be that roo-LTR inserted in genomic loci silent during adulthood were 

inaccessible to the technique and therefore not detectable. 

 

Table 31: Gene ontology of genes associated to the roo-LTR annotated in our database that we didn’t detect. 

Background frequency corresponds to the total number of genes associated to the term in Drosophila; sample 

frequency corresponds to the AIS associated genes found for the term. The first 10 results with the smallest p-

value are shown. p<0.05 
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Discussion 

 

Since their discovery in maize by Barbara McClintock in the 40s, TEs have been 

identified in every eukaryotic genome analysed (Akagi et al., 2013).  

TEs are a class of repetitive DNA sequences able to mobilize and change location in the 

genome, and were demonstrated to make up almost 50% of the human genome and 

slightly less in the mouse (Lander et al., 2001; Waterston et al., 2002). 

According to their structure and mechanism of mobilization, different types of TEs have 

been identified, but the autonomous non-LTR retrotransposon Long Interspersed 

Nuclear Element-1 (L1) is for sure the most impactful and still active TE in the human 

and mouse genome (Richardson et al., 2014). 

Historically thought to transpose only during gametogenesis and in tumours, L1s were 

recently demonstrated to be active in the mouse, rat and human neural progenitor cells 

(NPCs) (Thomas and Muotri, 2012). Moreover, they were shown to be more abundant 

in the human hippocampus, than in other non-nervous tissues such as liver and heart, 

challenging the dogma that neurons are genetically stable entities, and introducing the 

concept of neuronal mosaicism (Coufal et al., 2009; Reilly et al., 2013). 

Besides human diseases caused by the direct effect of L1 insertion, some neurological 

diseases (Rett syndrome and ataxia telangiectasia) were demonstrated to misregulate L1 

retrotransposition, which could contribute to some pathological aspects of the diseases 

(Muotri et al., 2010; Coufal et al., 2011; Thomas et al., 2012), however it is still 

unknown how or even if L1 retrotransposition can directly cause neurological disorders 

(Erwin et al., 2014). 

Alzheimer’s disease (AD), the leading cause of dementia in the elderly, is a progressive 

neurodegenerative disorder characterized by progressive loss of memory and other 

cognitive functions. Since his first description in 1907 by the German neuropathologist 

Alois Alzheimer, great steps forward have been made towards the comprehension of 

this complex disease, but no effective drug treatments able to revert or prevent AD have 

been discovered yet (Kosik, 2013). 

It has been recently demonstrated that AD patients suffer from vitamin B12 deficiency 

and high homocystein content in blood, which contribute to the disregulation of S-

adenosylmethionine synthesis and DNA methylation (Scarpa et al., 2006), and that the 

level of methylation markers such as 5-methylcytidine are lower in AD postmortem 
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hippocampus compared to controls (Chouliaras et al., 2013). Since altered methylation 

at the genomic level can cause modifications in the expression and mobilization of L1 

elements (Muotri et al., 2010), we asked ourselves if there could be any detectable 

change in L1 content in AD. 

We collected human post mortem tissues of AD patients and healthy controls from three 

cohorts of different nationalities: Italian, Spanish and Brazilian, and we measured the 

content of L1 sequences by qPCR with Taqman probes, using assays in part adapted 

from those published by Coufal and colleagues (Coufal et al., 2009), and in part 

designed in our laboratory. In order to estimate the total amount of human L1 sequences 

present in the human genome, we employed a Taqman assay which detects the L1 

ORF2 content, and an assay specific for the invariant high copy number internal control 

SATA (both published by Coufal and colleagues). 

While, in order to quantify the L1 full length forms, we took advantage of the ORF1 

Taqman assay published by Coufal and colleagues, using as invariant control an assay 

at low copy number designed in our laboratory: the glycerhaldeyde 3-phosphate 

dehydrogenase or GAPDH. In order to be sure to measure the relative content of the 

complete L1 sequence, we designed a further Taqman assay at the very beginning of L1 

5’UTR, to be used with the GAPDH assay. 

With the qPCR analysis performed on the Italian cohort (composed of samples of 

temporal cortex from AD patients and controls) we couldn’t be able to see any 

significant difference neither in the content of the full length L1s (with both ORF1 and 

5’UTR assays), nor in the total content of L1 sequences (with the ORF2 assay). In all 

the three experiments we noticed a high variability, which was probably linked to the 

young and variable age inside each group, which possibly prevented us from detecting 

any small difference. Furthermore, it was not clear at which stages were both the 

controls and patients. For a meaningful analysis of this group an increased number of 

individuals will be needed. This will allow a better stratification of patients and a more 

uniform age. 

We then moved to the Spanish cohort: in this case we wanted to measure the content of 

full length L1 sequences (with the ORF1 and 5’UTR assays), taking into account the 

staging of AD. In particular we analyzed samples of frontal cortex from patients 

affected by severe AD (Braak stages V-VI), patients affected by mild AD (Braak stages 

I-II), and healthy controls. With this analysis we observed a progressive and significant 

decrease in the content of L1 full length sequences from stage to stage, starting from the 
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healthy controls group to the group of patients affected by severe AD. Notably, we 

observed a decrease of ~14% between the control group and the mild AD patients, and a 

decrease of ~7% between the mild AD patients and the severe AD patients. 

Since a decrease in the global level of DNA methylation had been previously 

demonstrated in AD patients, we actually expected to detect a higher amount of L1 

sequences in AD tissues compared to controls, deriving from a higher mobilization of 

L1s thanks to a lower methylation of L1’s promoter. At the same time, a higher 

mobilization of L1 elements in AD patients could have been toxic to neuronal cells, 

causing cell death, and therefore the detection of a lower amount of L1 elements 

compared to the controls. 

Since a high inter-individual variability in the content of L1 sequences inside the same 

group of samples had been observed, and extra-nervous tissues such as liver and heart 

had been previously demonstrated to contain quite stable amounts of L1s (Coufal et al., 

2009), we thought that analyzing an extra-brain tissue would have allowed us to use it 

as an intra-individual normalizer, in order to better detect differences between AD 

patients and controls in the brain.  

The Brazilian cohort was composed of samples from patients affected by severe AD 

(Braak stages IV-VI) and 10 controls at Braak stages 0-II. The DNA was extracted from 

samples of frontal cortex, temporal cortex, hippocampus, cerebellum and an extra-

nervous tissue: the kidney. By qPCR with Taqman probes we analyzed both the amount 

of total L1 sequences and the amount of only the full length L1s. 

Also in this case, we couldn’t observe any difference in the total amount of L1 

sequences between AD patients and controls (with the ORF2 assay), but differences 

were detectable for the full length: by using the ORF1 assay we observed a significant 

decrease of full length L1 content in AD patients compared to controls in both the 

cortical tissues (frontal and temporal cortexes). Surprisingly, no differences were 

detected in the hippocampus, which is the most affected tissue in AD together with 

cerebral cortex, while a strong decrease was detected in the cerebellum, a tissue that is 

not primarily affected in AD. As expected, no significant differences were detected in 

the kidney. 

When we performed the analysis of the full length L1 content with the 5’UTR assay, we 

observed a significant decrease in AD patients at the level of frontal cortex (as for the 

ORF1 assay), while in temporal cortex the difference was no longer present. 

Unfortunately, replicas of the ORF1 assay on this tissue were highly variable and the 
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statistical significance very weak, so that a further analysis will be needed. No 

differences were detected in hippocampus, as with the ORF1 assay, while a significant 

difference was observed for both cerebellum and kidney. 

Summarizing the qPCR data obtained on human samples, we demonstrated that both the 

Spanish and the Brazilian cohort presented a less amount of full length L1 sequences in 

the frontal cortex of AD patients compared to controls. The same strong decrease of full 

length L1s was detected also in the cerebellum of AD patients from the Brazilian 

cohort. This latter result was quite unexpected, since the cerebellum is not primarily 

affected in AD. 

The data obtained for the temporal cortex were statistically unclear in the case of the 

Brazilian cohort, and not significant for the Italian cohort, leading to the conclusion that 

probably there are not detectable differences in this tissue, even if it is one of the most 

damaged cortical structures together with the frontal cortex.  

The most unexpected result actually regarded the kidney: this tissue was meant to be 

our intra-individual control, and instead turned out to contain a less amount of L1 

sequences, as if it was affected like the brain. 

These data can be accounted for two alternative models. 

1. If we assume that in AD patients there is a lower degree of DNA methylation, 

we can speculate that a higher retrotransposition of L1 elements in certain 

neurons of frontal cortex and cerebellum caused the death of these cells, 

eventually leading to the detection of a lower amount of L1 sequences in AD 

patients. To explain the surprising fact that no differences were detected in the 

hippocampus, we may speculate that it may had been compensated by a higher 

neurogenesis, as demonstrated to be present in the hippocampus of AD patients 

(Martinez-Canabal, 2014). This would have led to the detection of an equal 

amount of L1 sequences in AD patients and controls. 

2. Alternatively, AD patients may present less L1 sequences due to a deficit of 

retrotransposition during embryonic development. According to this hypothesis, 

AD patients would have been genetically prone to the development of the 

disease from birth, and the severity of the disease could have been linked 

directly to the amount of L1 sequences. 

In order to investigate which one of the two models is valid, we resorted to the 

TgCRND8 mouse model. This mouse expresses the human APP protein with Swedish 

and Indiana mutations under control of the PrP promoter, it is a very aggressive model 



Discussion 

123 

of amyloidosis, exhibiting marked premature mortality, with only approximately 50% 

of mice reaching 9–10 months of age. 

First of all, we designed specific assays for the 5’UTR and the 3’UTR regions of each 

active mouse L1 family (A, Tf and Gf), and an assay for the ORF2 region of the L1, 

able to detect the total amount of L1 sequences, without discriminating between the 

different L1 families. Moreover we designed assays for high (MICSAT) and low 

(GAPDH) copy number internal controls in order to perform the relative quantification 

of truncated and full length L1 copies. 

To assess if in transgenic mice a perturbation in L1 copy number occurs before birth or 

during aging together with amyloid deposition, we tested samples of cortex, 

hippocampus and kidney from P0 mice and mice at two stages of the adulthood (3 and 8 

months). 

We first measured the content of all L1 sequences present in the tissues of P0 mice 

using the ORF2-MICSAT assay: in the case of cortex samples we were able to see a 

statistically significant higher amount of ~7% of L1 sequences in TgCRND8 mice 

compared to controls, while in hippocampus and kidney we didn’t see any difference. 

We then decided to deepen the study of L1 sequences in the P0 cortex, analyzing 

separately the three principal L1 families with the 3’UTR-MICSAT/GAPDH assay, 

which measures the relative content of L1 elements. In accordance with our first results, 

we observed a significant increase of L1 sequences for each L1 family in transgenic 

mice compared to controls. In particular, we detected an increase of ~12% of L1-A 

elements, ~13% of L1-Tf elements and ~6% of L1-Gf elements. 

In order to understand if the higher amount of L1 elements detected in transgenic mice 

could be due to an increase of retrotransposition during embryogenesis, we measured on 

these samples also the rate of retrotransposition with the 3’UTR-5’UTR assays for each 

single family. Surprisingly, besides a strong increase in the rate of retrotransposition for 

the A family in transgenic cortexes, in the case of Tf family we observed even a 

decrease in rate of retrotransposition, while in Gf family no differences were detectable. 

In order to verify if the variations observed in P0 mice were maintained or rescued 

during postnatal development, we analysed the L1 content in cortex, hippocampus and 

kidney mice at 3 months of age. 

Surprisingly, by qPCR with the ORF2-MICSAT assay we couldn’t detect any 

difference in the total L1 content in cortex and kidney, but we observed a slight but 

significant increase (~7%) in the hippocampus of transgenic mice. We then decided to 



Discussion 

124 

analyse in the hippocampus the relative content of each single L1 family using the 

3’UTR-MICSAT/GAPDH assay. In accordance with our first results, we observed a 

significant increase (~9%) of L1 sequences for the A family in transgenic mice 

compared to controls, but no differences were detected for the Tf and the Gf families.  

As for the P0 mice, we measured on these samples also the rate of retrotransposition 

with the 3’UTR-5’UTR assay, and, as expected, we observed a strong increase in the 

rate of retrotranpsosition for the A family in transgenic hippocampus, while for Tf and 

Gf families no differences were detected. 

These experiments confirmed the first hypothesis that we formulated according to the 

results obtained for the human samples. Indeed, in the cortex of transgenic mice at P0 

we observed the presence of a higher amount of L1 elements, but this increase was not 

present at 3 months of age. On the other hand, at 3 months we observed an increase in 

L1 content at the level of the hippocampus. The increase seen in the cortex at P0 could 

have been linked to an abnormal L1 retrotransposition occurred in the process of 

cortical neural differentiation during the embryonic development. This accumulation of 

L1s at P0 could have led to cell death and only those cells in which L1 was less active 

survived to adulthood. At the same time, the accumulation of L1 sequences in the 

hippocampus at 3 months could have been linked to an abnormal L1 retrotransposition 

occurred in the process of hippocampal neurogenesis during adulthood. 

In order to understand if neurodegeneration is one of the possible mechanisms 

responsible for the lack of difference in L1 content in cortexes at 3 months, we decided 

to test aging mice at 8 months. The total amount of L1 sequences (with the ORF2-

MICSAT assay) was measured in cortex, hippocampus and kidney of mice at 8 months 

of age. In all the three tissues we did not observe any difference between transgenic and 

control mice. This result may support the hypothesis that neurodegeneration, parallel to 

aging and progression of the disease, depleted L1 content in the hippocampus of 

transgenic mice, preventing us from detecting differences between TgCRND8 mice and 

controls at 8 months. Further experiments, such as tests of L1 retrotransposition on 

single cells in this mouse model of AD, will be necessary to confirm our hypothesis. 

The observation of an altered L1 content in both human sporadic AD samples and a 

transgenic mouse model of the disease brought out the question if there could be any 

differential pattern of distribution of L1 sequences in the AD pathologic context, 

compared to controls. 
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To study L1 insertion sites we decided to develop a new technique based on splinkerette 

PCR (spPCR), that we called SPlinkerette Analysis of Mobile elements (SPAM). 

The protocol comprises a step of genomic DNA fragmentation by sonication, the end-

repair of these fragments and their ligation to a synthetic double stranded adaptor 

(splinkerette), followed by two rounds of PCR, to amplify the genomic sequence 

between the repetitive element and the splinkerette, and finally sequencing. 

At first we tested the SPAM technique on three DNA samples of temporal cortex from 

three human healthy donors. The sequencing output was analysed using the 

bioinformatics pipeline that we developed, and according to the position in respect of 

the annotated L1 sequences (collected in our L1 database), we defined a total of (on 

average) 1450 AIS (annotated integration sites) and 180 NIS (novel integration sites) 

for each sample. In the case of AIS, ~56% of the total integration sites detected were in 

common between the three samples, while for NIS only the ~2% was in common, 

indicating a high somatic variability in the integration sites of newly retrotransposed 

L1s. 

A gene ontology (GO) study of the total AIS and NIS detected in the three samples 

revealed an enrichment of IS associated genes involved in brain functions, such as 

neuron development and differentiation. Surprisingly, in the case of genes involved in 

some brain functions such as axon development and guidance, we observed the 

presence of only NIS, suggesting that L1 mobilization may have a role in neuron and 

axon plasticity. The AIS and NIS that we selected were all validated by PCR: AIS were 

detected in both the SPAM product and the genomic DNA as expected, while NIS were 

detected only in the SPAM product, probably because present in only one or few cells, 

and therefore too poorly represented to be detected. 

A preliminary SPAM experiment was performed on genomic DNA from frontal cortex 

and kidney of 3 AD patients and 3 controls. The low deepness of the sequencing and the 

high multiplex degree (sequencing runs will be repeated in order to obtain balanced and 

comparable results for all the samples) prevented us from obtaining a quantitative result, 

but interesting issues emerged. 

We first normalized each amount of AIS and NIS on the initial number of 

MapFragments obtained for each sample, in order to avoid the bias of sequencing depth. 

Then we considered the ratio between NIS and AIS as a measure of somatic 

mobilization of full length L1s. Lower the ratio, lower the number of NIS respect to the 
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annotated ones; higher the ratio, higher the number of NIS respect to the AIS detected. 

This ratio allowed us to abolish differences in chromatin accessibility between samples. 

By plotting the average values of these ratios for AD and control tissues, we observed 

that the ratio is higher in kidney than in frontal cortex, suggesting a high rate of 

retrotransposition in the kidney, and that in AD frontal cortexes there is a lower ratio 

compared to the controls, in accordance with the qPCR data. 

When we focused our attention on a list of AD-related genes (comprising genes 

involved in genetic and sporadic forms of the disease) we observed that in these genes 

the NIS/AIS ratio is high, suggesting that AD genes may be hotspots for L1 

mobilization. Finally, when we looked in particular at the APP gene, we noticed that 

AD patients (frontal cortex and kidney) presented a higher amount of IS than controls. 

This analysis will be clearly integrated with further sequencing experiments in order to 

obtain more reliable and quantitative data. Validations by PCR will be performed in 

order to validate AIS and NIS discovered in AD associated genes (not only in APP). 

The analysis will be applied on a great number of AD samples and controls in order to 

establish whether AD patients present a real differential pattern of distribution of L1 

sequences. The SPAM technique seems to be suitable for integration sites discovery 

analysis, and these results, although preliminary, give us an idea of the unexpected 

complexity in terms of AIS and NIS integration sites present in the human genome. 

The final part of this work regarded the adaptation and the application of the SPAM 

technique to a different repetitive element, the roo element, in a different organism: the 

Drosophila melanogaster. 

The primers used in the human SPAM PCRs were substituted with primers specific for 

the roo-LTR sequence, while the bioinformatics pipeline remained constant, except for 

the alignment, which was performed on the roo-LTR reference sequence and the dm3 

Drosophila melanogaster reference genome. We applied this protocol to two different 

quantities of the same genomic DNA (from adult carcasses), in order to understand if it 

was possible to reduce the starting input, and we analyzed the detected integration sites 

using in parallel different cutoffs of MapFragments. We observed that increasing the 

stringency of the parameters, the number of total IS decreased for both samples, until no 

relevant differences were detectable between the two samples. What we found 

surprising, was that we detected a huge amount of NIS, that probably saturated the 

system, preventing us from detecting all the annotated roo-LTR sequences present in 

the Drosophila genome. 
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Performing a gene ontology study on the genes associated to the roo-LTR annotated in 

our database that we didn’t detect, we noticed that some of these genes were found to be 

involved in biological functions important during development. Since the DNA used in 

this experiment came from a pool of adult carcasses, it could be that roo-LTRs inserted 

in genomic loci silent during adulthood were inaccessible to the technique and therefore 

not detectable. 

The SPAM technique therefore can be considered a scalable approach, suitable for the 

integration sites discovery of different kinds of repetitive elements in different 

organisms. 
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Appendix A: Human Gene Ontology Tables 

 

Table A.1: Gene ontology of NIS associated genes, found common between AD samples (frontal cortex and 

kidney). Background frequency corresponds to the total number of genes associated to the term in the human 

genome; sample frequency corresponds to the AIS associated genes found for the term. p<0.05 
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Table A.2: Gene ontology of NIS associated genes, found common between healthy controls (frontal cortex and 

kidney). Background frequency corresponds to the total number of genes associated to the term in the human 

genome; sample frequency corresponds to the AIS associated genes found for the term. p<0.05. 

 

 

 

 

 

 

 



Appendix B: Drosophila Gene Ontology Tables 

165 

Appendix B: Drosophila Gene Ontology Tables 

 

Table B.1: Gene ontology of NIS associated genes (defined by at least 1 MapFragment). Background frequency 

corresponds to the total number of genes associated to the biological function in Drosophila; sample frequency 

corresponds to the NIS associated genes found for the term. p<0.05. 
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Table B.2: Gene ontology of NIS associated genes (defined by at least 10 MapFragments). Background 

frequency corresponds to the total number of genes associated to the biological function in Drosophila; sample 

frequency corresponds to the NIS associated genes found for the term. p<0.05. 
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Table B.3: Gene ontology of AIS associated genes (defined by at least 1 MapFragment). Background frequency 

corresponds to the total number of genes associated to the biological function in Drosophila; sample frequency 

corresponds to the NIS associated genes found for the term. p<0.05. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix B: Drosophila Gene Ontology Tables 

168 

Table B.4: Gene ontology of AIS associated genes (defined by at least 10 MapFragments). Background 

frequency corresponds to the total number of genes associated to the biological function in Drosophila; sample 

frequency corresponds to the NIS associated genes found for the term. p<0.05. 
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Table B.5: Gene ontology of genes associated to the roo-LTR annotated in our database that we didn’t detect 

with the SPAM technique. Background frequency corresponds to the total number of genes associated to the 

term in Drosophila; sample frequency corresponds to the AIS associated genes found for the term. p<0.05. 
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