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RESUME

Les rétrotransposons constituent presque la moitié de notre génome. Ce sont des
éléments génétiques mobiles, également connus sous le hom de génes sauteurs.
Seule la sous-famille L1HS appartenant aux Long Interspersed Elements (LINEs) a
gardé une capacité de mobilité autonome chez 'lHomme moderne. Leur mobilisation
dans la lignée germinale, mais aussi dans certains tissus somatiques, contribue a la
diversité du génome humain ainsi qu’a certaines maladies comme le cancer. Ainsi,
de nouvelles copies de L1s peuvent directement s'intégrer dans des séquences
codantes ou régulatrices, et altérer leur fonction. Les séquences L1 contiennent
elles-mémes plusieurs éléments cis-régulateurs (promoteurs sens et antisens,
signaux de polyadénylation, sites d’épissage cryptiques). Aussi, des insertions de L1
a proximité d’'un géne ou dans des séquences introniques peuvent produire des
altérations génétiques plus subtiles et dont I'impact est plus difficiles a prédire. Ce
phénoméne n’est pas limité aux nouvelles insertions. En effet, la dérépression de
copies L1 préexistantes et héritées peut également altérer des génes a proximite,
notablement en générant des transcrits L1 chimériques. Cette situation se produit
dans certains cancers et pourrait contribuer a la tumorigénicité. Afin d'explorer
'ensemble des altérations géniques induites par les éléments L1s, nous avons
développé un logiciel dédié a l'analyse des données de séquengage d'ARN qui
permet : (i) d'identifier des transcrits chimériques avec les L1s et les transcrits
antisens produits par les L1s; et (ii) d'annoter ces transcrits chimériques en fonction
des différents événements d’épissage alternatif subits, y compris ceux pouvant étre
dus a des éléments L1 récemment intégrés. Au cours de ce travalil, il est apparu que
la compréhension du lien entre polymorphisme des insertions et phénotype
nécessite une vue compléte des différentes copies L1HS présentes chez un individu
donné. Afin de disposer d'un catalogue aussi complet que possible des
polymorphismes d'insertions L1HS identifiés dans des échantillons humains sains ou
pathologiques et publiés dans des journaux scientifiques, nous avons développé
euL1db, la base de données des insertions de rétrotransposon L1HS chez 'Homme
(disponible a I'adresse http://euL1db.unice.fr). Une particularité importante de cette
base de données est de pouvoir extraire les insertions présentes dans un échantillon
donné pour faciliter les corrélations entre présence ou absence d’insertion L1 et un
phénotype spécifique ou une maladie. En conclusion, ce travail aidera a comprendre
impact des insertions, notamment somatiques, sur I'expression des génes, a
I'échelle compléete du génome. Il permettra aussi de mettre en lumiere la fagon dont
'ensemble des éléments LINE-1 présents chez un individu donné est régulé au
niveau transcriptionnel et quels environnements cellulaire et génomique permettent
leur expression.
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ABSTRACT

Retrotransposons compose almost half of our genome. They are mobile genetics
elements, also known as jumping genes. Only the L1HS subfamily of the Long
Interspersed Elements (LINEs) has retained the ability to jump autonomously in
modern humans. Their mobilization in the germline — but also in some somatic
tissues — contributes to human genetic diversity and to diseases, such as cancer. L1
reactivation can be directly mutagenic by disrupting genes or regulatory sequences.
In addition, L1 sequences themselves contain many regulatory cis-elements (sense
and antisense promoters, polyadenylation signals, cryptic splicing sites). Thus, L1
insertions near a gene or within intronic sequences can also produce more subtle
genic alterations. This phenomenon is not limited to tumor-specific L1 insertions:
even the derepression of existing and inherited L1 copies in tumors can contribute to
cancer progression by altering the expression of their neighboring genes, notably by
generating L1 chimeric transcripts. To explore L1-mediated genic alterations in a
genome-wide manner, we have developed a dedicated RNA-seq analysis software
able: (i) to identify L1 chimeric transcripts and anti-sense L1 transcripts; and (ii) to
annotate de novo assembled chimeric transcripts for different alternative splicing
events caused by L1 elements, including newly integrated insertions. During the
course of this work, it appeared that understanding the link between L1HS insertion
polymorphisms and phenotype or disease requires a comprehensive view of the
different L1HS copies present in a given individual or sample. To provide a
comprehensive summary of L1HS insertion polymorphisms identified in healthy or
pathological human samples and published in peer-reviewed journals, we developed
euL1db, the European database of L1HS retrotransposon insertions in humans
(available at http://euL1db.unice.fr). An important feature of euL1db is that insertions
can be retrieved at a sample-by-sample level to facilitate correlations between the
presence or absence of an L1 insertion with a specific phenotype or disease. This
work will help understanding the overall impact of somatic insertions on gene
expression, which has been poorly explored so far. It will also shed light on how the
full set of LINE-1 elements present in a given individual are regulated at the
transcriptional level, and which cellular or genomic environment are permissive for
their expression.
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INTRODUCTION

L’origine de la biologie des transposons prend sa source aux débuts de la génétique
moderne lorsque Mendel a publié ses travaux expérimentaux sur les plantes
hybrides en 1865. En effet, la cause des mutations étudiées par Mendel et
responsables du phénotype ridé des pois, a été depuis attribuée a l'insertion d'un
élément transposable similaires aux éléments Ac/Ds du mais identifiés plus tard par
Barbara McClintock. Cette insertion conduit a interrompre le géne SEBI impliqué
dans la biosynthése de l'amidon (1). Barbara McClintock a été la premiére a
découvrir les transposons a ADN dans les années 1940 en travaillant sur la
cytogénétique du mais.

La moitié du génome humain est constitué d'éléments transposables (ETs), dont
17% de rétrotransposons sans LTR de type LINE-1 (long interspersed element-1, ou
L1), la famille la plus importante de rétroéléments a réplication autonome chez les
Mammiféres. Les ETs ont un impact significatif sur I'organisation et le
fonctionnement des génomes de Mammiféres, en particulier du fait de leur
amplification continue au cours des derniéres 170 millions d’années (2—4). La
réplication de I'élément L1 se fait via une séquence d’ARN intermédiaire copiée en
ADN au niveau du site d'intégration (5-7). Ce mécanisme de réplication génére
souvent des copies défectives tronquées a leur extrémité 5. Ces copies sont
classées en famille contenant des centaines a des milliers d’éléments partageant
les mémes variants nucléotidiques, hérités d'un progéniteur commun (ou d’un
groupe de progéniteurs proches). Chez 'lhomme moderne, seule une minuscule
fraction des éléments L1 est capable de générer de nouvelles copies de fagon
autonome. Toutes les copies potentiellement actives appartiennent a la sous famille
L1HS (HS signifie human-specific), un sous-groupe de la famille des L1. Les autres
familles sont des fossiles moléculaires d'anciens événements de rétrotransposition
et ne sont plus mobilisés. La machinerie de rétrotransposition du L1 est aussi
capable de mobiliser en frans quelques familles de rétrotransposons non-autonomes
faisant partie de la classe des SINEs (short-interspersed elements, comme les
séquences Alu ou SVA) ou encore des ARNs cellulaires (U6, mRNA), ce qui conduit
a la formation de pseudogenes processés.

Un élément L1 entier a une longueur de l'ordre de 6 kb et contient un promoteur
interne, localisé dans sa région 5’ non traduite et code deux protéines, ORF1p et
ORF2p, les deux étant requises pour la rétrotransposition. ORF1p est une protéine
de liaison a 'ARN (8) et ORF2p posséde des activités endonucléase et reverse
transcriptase (9, 10). Les protéines ORF1p et ORF2p s’associent avec ’ARNm du
L1 pour former une particule ribonucléoprotéique considérée comme le noyau de la
machinerie de rétrotransposition (11, 12). Une nouvelle copie est produite quand
ORF2p coupe I'ADN génomique cible et allonge l'extrémité 3’ ainsi formée en
utilisant TARNm du L1 comme matrice, un processus appelé target-primed reverse
transcription (TPRT) (5, 7, 10) et conduisant a une courte duplication du site cible
(TSD, target-site duplication). Lorsque la rétrotransposition est abortive, les copies
formées sont tronquées au niveau de leur extrémité 5’ (13, 14). Certaines insertions
L1 sont caractérisées a la fois par une troncation 5’ et par une inversion 5', du fait
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d'un double amorcage (15). Les insertions L1 peuvent aussi contenir des
transductions 5 ou 3’, qui correspondent aux séquences génomiques localisées
directement en amont ou en aval de leurs copies progénitrices. Un tel événement se
produit suite a la rétrotransposition de transcrits L1 initiés par un promoteur en
amont du L1 ou se terminant en aval du L1 en raison d'un faible signal de
polyadénylation (14, 16, 17). Le mode de ciblage du L1 dans le génome, et une
éventuelle préférence pour certaines régions, ne sont actuellement pas entierement
définis. Néanmoins, la spécificité de I'endonucléase envers sa séquence consensus
(A/TTTT) et la possibilité du site ciblé a s’hybrider partiellement a la queue poly(A)
de ’ARNm L1 contribuent a ce processus (10, 18, 19).

L’analyse détaillée des mécanismes mutationnels a I'échelle du génome indique
guenviron 20 a 30% des variations structurales sont causées par des
rétrotransposons sans LTR (20-23). Les fréquences de rétrotransposition des Alu,
L1 et SVA sont estimées a un événement toutes les 21, 212 et 916 naissances,
respectivement. En moyenne, chaque génome humain contient 1000-2000
rétrotransposons sans LTR polymorphiques, dont 79-85% d'Alu, 12-17% de L1s et
3% de SVA (20-26).

Les éléments L1 peuvent affecter notre génome de plusieurs fagons. Premiérement,
une insertion au niveau d’'un exon peut modifier la séquence codante du géne
affecté. D'autre part, la transduction d'une séquence flanquante en 3' d'un L1 peut
contenir un exon, ou changer I'expression des génes environnants en copiant des
séquences régulatrices. Il a été estimé qu’environ 1% de 'ADN génomique humain a
éte transduit par L1, une proportion comparable a celle des exons dans le génome.
Ceci souligne le réle de L1 dans le brassage de I'’ADN génomique et ainsi la
plasticit¢é du génome (27). Enfin, l'insertion du L1 dans un intron peut altérer
significativement la structure de ce géne, en modifiant le processus d'épissage par
rétention d'intron, par exonisation d’un fragment de L1 ou d'intron, ou par saut
d’exon. Les transcrits altérés par des ETs ont souvent une expression spécifique de
chaque tissu ou type cellulaire, apportant un niveau supplémentaire de régulation du
transcriptome (28) .

La majorité des génes humains subissent des phénoménes d'épissage alternatif
(29). L’étude de la séquence des L1s révele de nombreux sites donneurs et
accepteur d'épissage potentiels. Certains de ces sites sont effectivement utilisés et
conduisent a l'accumulation d'une large gamme de transcrits alternatifs de taille
différente, réduisant I'accumulation d'ARN L1 complet et fonctionnel (30). D’autre
part, I'étude des ESTs (expressed-sequenced tags) a montré que ces sites
d’épissage internes aux éléments L1 peuvent étre utilisés pendant la maturation des
transcripts dans lesquels ces derniers sont insérés. Ce mécanisme contribue ainsi a
la plasticité de notre génome et de notre transcriptome. L’introduction de nouveaux
sites d’épissage par les rétrotransposons peut se traduire par une sévére
perturbation des génes de méme qu’une création de nouveaux génes codants ou
non-codants (31-35).

La transcription de I'élément L1 par 'ARN Polymérase Il est également interrompue
par de nombreux signaux de polyadénylation présents tout le long de la séquence
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du L1 (36). Certains de ces sites semblent méme étre plus efficaces que le signal de
polyadenylation relativement faible présent a I'extrémité 3’ de I'élément (37) . Ces
signaux peuvent également impacter la terminaison de la transcription des génes
dans lesquels les L1s sont intégrés, en procurant des sites alternatifs de
polyadénylation (38). Une polyadénylation prématurée peut ainsi aboutir & des
transcrits, voire a de nouveaux isoformes protéiques tronqués a leur extrémité C-
terminale.

Enfin, les L1s contiennent un promoteur antisens (ASP) dans leur extrémité 5’ non-
traduite. Cet ASP initie la transcription alternative de différents génes comme c-
MET, codant un récepteur tyrosine kinase dont [lactivité peut causer la
tumorigénecité dans différents types cancéreux (39—42).

Chez la plupart des Eucaryotes, dont 'Homme, les ETs jouent un réle important
dans I'expansion du répertoire des sites de fixation de facteur de transcription, et
donc dans l'évolution des réseaux de régulation génique. Les ETs peuvent fournir
des sites de liaison de facteurs de transcription préts a utiliser, qu'ils apportent a leur
site d'intégration (43—46). Ainsi, la transcription des génes a proximité de ces ETs
devient régulée par ces facteurs apportant une nouvelle forme de régulation (47—
49). Les ETs, en dispersant et en combinant ces éléments régulateurs, ont
largement contribué au développement de nouveaux réseaux de génes chez les
Eucaryotes (47).

Les L1s peuvent également générer et intégrer des rétrocopies d'ARNm cellulaires,
produisant des pseudogenes "processés" dépourvues de certaines caractéristiques
de leurs génes parentaux, telles qu'introns ou promoteurs (50-53). Une partie des
pseudogeénes processés recrute parfois des séquences régulatrices en amont et
peuvent devenir fonctionnels (54, 55), pour donner des rétrogénes. Environ 120
rétrogénes ont ainsi été répertoriés dans notre génome (50). Les rétrogénes font
ainsi partie de la boite a outil évolutive qui a conduit a la diversité transcirptionnelle
(55-58).

La conservation évolutive de certaines copies d'ETs est susceptible de refléter des
processus de domestication (47, 59—62). Environ 50 génes codant des protéines
humaines ont émergé par ce mécanisme et sont impliqués dans une grande variété
de processus, parmi lesquels la régulation transcriptionelle, la prolifération et le cycle
cellulaires, ou encore I'apoptose. lls sont aussi a l'origine de longs ARNs non-
codants (long noncoding RNAs, ou IncRNAs) (63). Le role moléculaire de ces
derniers est encore mal connu, mais certains sont impliqués dans le remodelage de
la chromatine et la régulation transcriptionelle (64).

Des transcrits L1 ou des transcrits chimériques contenant des séquences L1 ont été
détectés dans différents types de cancer chez 'lhomme (tels que les cancers du
testicule, de la vessie, du foie, du poumon, du sein ou du colon), aussi bien que
dans différentes lignées cellulaires (65). L’hypométhylation du L1 peut étre corrélée
avec linstabilité génomique dans différents cancers, comme dans le cas du cancer
de poumon (66) ou bien avec des altérations transcriptionnelles, en particulier du fait
de l'activité de ses promoteurs bidirectionnels (67, 68). Plusieurs études ont ainsi
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montré l'implication des L1s dans la régulation épigénétique du développement
embryonnaire et dans la tumorigenése (69).

En conclusion, les éléments transposables, et plus particulierement les L1s, sont
une source importante de variation génétique qui a considérablement contribué a
remodeler le transcriptome humain, a travers une grande variété de mécanismes
(70).
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BACKGROUND

1. Transposable elements have shaped the human genome

1.1. What are transposable elements (TEs)?

1.1.1. TEs are dispersed and repetitive genetic elements

Transposable elements - also known as “jumping genes” - are DNA sequences,
capable of moving from one location to another within the genome. With rare
exceptions, such as Plasmodium falciparum, "jumping genes" are present in all
eukaryotic genomes (71).

Historically, the origin of transposon biology can be traced back from the beginning
of genetics when Mendel published his experimental work on plant hybrids in 1865.
Indeed, it was later shown that wrinkled (rr) seeds lack an isoform of the starch-
branching enzyme (SEBI) present in round (RR or Rr) seeds. This is caused by a 0.8
kb insertion in the SEB/ gene in (rr) lines, similar to the Ac/Ds family of transposable
elements discovered later in maize (1).

Barbara McClintock first discovered DNA transposons in the 1940s. While working
on maize cytogenetics, she observed spontaneous breakage and fusion of
chromosome arms, which repeated over somatic and germinal cell divisions, at the
same chromosomal position. She next identified two dominant and interacting
genetic loci — Dissociator (Ds) and Activator (Ac), and in early 1948, she made the
surprising discovery that both of them could change position on the chromosomes.
McClintock observed that frequent chromosome breaks at the Ds locus on
chromosome 9 appeared in an Ac- dependent manner. This was the first described
case of interaction between mobile genetic elements later named non-autonomous
and autonomous transposons. She also showed that mobilization of the Ds locus
was correlated with the expression of the C gene (for color) and resulted in
variegation of the kernel color. Based on these discoveries, McClintock proposed
that Ac and Ds were ‘controlling elements’ that regulated the expression of other
genes (72). Subsequently, other mobile elements were identified in different
organisms: plants, bacteria, insects, mammals and also in humans (73).

1.1.2. TEs belong to different classes

Finnegan proposed the first classification of transposable elements in 1989 (74). He
proposed two main categories: Class | transposons or retrotransposons, which use
an RNA intermediate, and Class Il transposons or DNA transposons, which use a
DNA intermediate. These two classes of transposons are divided into sub-classes
according to their structures and enzymatic properties (71, 75, 76). Most classes and
subclasses comprise autonomous and non-autonomous elements. A general
overview of transposable element classification and of the diversity of their structure
is presented in Figure 1.
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DNA transposons mobilize by cut-and-paste mechanisms in which the transposon is
excised from one location and reintegrated elsewhere (2, 77). DNA transposons
consist of a transposase gene, essential for their mobility, flanked by two Terminal
Inverted Repeats (TIRs) (Figure 1). The transposase recognizes and cleaves TIRs to
precisely excise transposon DNA, and reinsert it at a new genomic location. Upon
insertion, the target site sequence is duplicated, resulting in Target Site
Duplications (TSDs), a specific hallmark of each DNA transposon family. Generally,
DNA transposons move through a non-replicative mechanism with the exception of
Helitron and Maverick transposons (subclass-Il), which do not generate double-
strand DNA breaks during their mobilization but instead use a strand invasion
mechanism (78). DNA transposons are classified into families depending on their
sequence, TIRs or size. The known families in subclass-l are Tc1/Mariner,
PIF/Harbinger, hAT, Mutator, Merlin, Transib, P, PiggyBack, and CACTA. The
current families in subclass-Il are Helitron and Maverick. As mentioned earlier, some
families lack transposase-coding potential and are thus presumably dependent on
autonomous DNA transposons for their mobilization. For example, Miniature
Inverted-repeat Transposable Elements (MITEs) are short (80-500 bp) and abundant
DNA transposon-like elements present in many eukaryotes, particularly plant
species (79, 80), and occasionally in bacteria (81, 82). They are flanked by TSDs
and have TIRs. DNA transposons have been extensively used as a functional
genomics tools or transgenesis (83, 84).

Retrotransposons (class 1) mobilize through the reverse transcription of an RNA
intermediate, and the subsequent or concomitant integration into the genome. Thus
retrotransposons are always replicative and their mobilization leads to an increase in
copy number. Retrotransposons can be subdivided into two main groups: those
containing Long-Terminal Repeats (LTR) and those that do not.

LTR-retrotransposons are very close to retroviruses since their structure and
replication cycle share many characteristics. They are flanked by two LTRs, and
contain PBS and PPT sequences, all required to achieve the synthesis of (-) and (+)
strands during reverse transcription. LTRs have promoter and enhancer activities,
and also contain functional polyadenylation signal, allowing retrotransposon RNA
expression. The GAG gene encodes the structural protein of the viral capsid or virus-
like, and the POL gene codes for a polyprotein with aspartic protease (PR), reverse
transcriptase (RT), RNase H (RH) and integrase (INT) activities. Some elements,
such as Gypsy, also encode an envelope gene (ENV) allowing an extracellular
infectious phase.

Non-LTR-retrotransposons (also called target-primed (TP) retrotransposons), as
implied by their name, do not contain LTRs and instead take on the likeness of an
integrated mMRNA. Non-LTR-retrotransposons are generally divided into two major
groups: autonomous LINEs (Long INterspersed Elements) and non-autonomous
SINEs (Short INterspersed Elements). This classification is based on the potential to
code the replicative protein machinery necessary for “copy and paste”
retrotransposition. LINEs can be further subdivided based on their RT domain into
the R2, RTE, L1, | and Jockey clades. SINEs are often rearranged derivatives of
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non-coding RNAs (tRNA, 7SL, 5S), which hijack the LINE machinery for their
replication. They can be subdivided based on their RNA of origin.

Probably the ancestor of current retroelements was a retrotransposable element with
both gag-like and pol-like genes (85). Further, comparison of RT sequences and
mechanisms of mobility indicate that non-LTR-retrotransposons may have an
evolutionary connection to group Il introns (86, 87). Some studies also suggest an
evolutionary link between non-LTR retroelements and the catalytic subunit of
telomerase, based on the association of diverse non-LTR-retrotransposons with
telomere-like functions in Drosophila, rotifers, stramenopiles, fungi, and plants (88,
89). Finally, modern retroviruses have emerged by the acquisition of an ENV gene
by an LTR-retrotransposon (90).

1.1.3. TEs are abundant in eukaryotic genomes

Due to their mobility and their invasive nature, TEs can contribute to a significant
portion of genomes. For example, they form at least 45% of the human genome (3),
37.5% of the mouse genome (91), 2.7% in the fugu fish, Takifugu rubripes (92), but
nearly 85% of the genome of maize, Zea mays (93-95), and 41% of the dog genome
(96). The proportion of transposable elements in plant genomes varies considerably
(from 10%-85%).

Although polyploidy is common in plants, variability in genome size is also largely a
consequence of mobile element expansion (97, 98).

The nature of the families, which have expended in distinct genomes is also highly
variable. For example, LTR-retrotransposons are the most abundant transposable
elements in plants. The corn genome is composed of 85% of transposable elements,
including 75% of LTR-retrotransposons in which more than 300 families are
represented (93). Many retrotransposons in LTRs families are relatively young (less
than 4 million years), suggesting recent or contemporary mobilization (99). DNA
transposons are also active in many plants, including the non-autonomous MITEs
(100, 101). Ac and Ds transposons described in the historic preamble are also
examples of active elements in a contemporary way.

Inversely, the genomes of C. Elegans and D. melanogaster are relatively compact
and contain less TEs than many other organisms, representing 12% and 15% of
their genome, respectively. The C. Elegans genome has mostly DNA transposons,
some of which are still active (102), whereas the D. melanogaster genome contains
a wide variety of active transposable elements, including both DNA transposons,
such as P element, and retrotransposons from many distinct families (103, 104). P
elements has invaded the wild population of D. melanogaster after the isolation of
laboratory strains in the early 20th century (105), indicating a recent phenomenon.

Mammalian genomes are generally more consistent in size and widely invaded by
TEs. With the exception of bats, LINEs are still widely active, including the L1
element. In brown bat Myotis lucifugus, DNA transposons are still largely active (106,
107).
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Therefore, genome size is mainly due to the proportion of transposable elements,
which results both from their rates of replication and of elimination, although other
factors may also be involved, such as duplication mechanisms, polyploidy, and loss
or gain of introns.
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Figure 1: Schematic representation of selected elements in the main TE classes present in Eukaryotes.
LTR-retrotransposons are represented by the Gypsy and Copia elements of Drosophila melanogaster. The LINEs
are represented by the R2 element of Bombyx mori and human L1. The SINEs are represented by Alu and SVA
elements. Alu consists of two monomers separated by a region rich in A. They have a bipartite promoter for the
DNA polymerase Ill (A and B). The SVA element consists of a hexamer repeat (CCCTCT), followed by a region
resembling (Alu-like), a minisatellite (Variable Number Tandem Repeat, VNTR) region and a SINE-R. DNA
transposons are divided into two subclasses: The classical one encodes a transposase, flanked by inverted
repeat sequence (TIR). The Helitron encodes recombinase (Rec) type "rolling circle" and DNA helicase (Hel).
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1.2. Half or more of the human genome is composed of TEs

1.2.1. What are the TE classes present in the human genome, and which
are the mobilized ones?

The composition of the human genome is depicted in Figure 2. TEs occupy nearly
45% of the genome (3). DNA transposons constitute only 3% and retrotransposons
represent 42% of our DNA. The LINEs are the most abundant family representing
22% of the genome, from which L1 alone represents 17%. The SINEs are also
present in abundance, Alu sequences representing 10% of the genome. Unlike plant
genomes, LTR-containing elements (LTR-retrotransposons and human endogenous
retroviruses, HERV) are less present (8% of the genome).

.,
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Figure 2: Proportion of repetitive elements in human reference genome. L1 forms ~17% of our genome
(figure zoom out). L1HS represents ~3.3 Mb of the human reference genome (~0.1%). However, each individual
also has additional non-reference L1HS copies, which contribute to our genetic diversity.

In humans, there are two major types of LTR-containing retroelements: human
endogenous retroviruses (HERV) and mammalian apparent LTR-retrotransposons
(MaLR) specific to mammals. Our genome contains ~ 200 000 HERYV copies in size
ranging from 6 to 11-kb, and encodes typical retroviral proteins such as a protease,
reverse transcriptase, integrase, Gag structural protein and an Envelope protein
(108). Human endogenous retroviruses (HERVs) are derived from ancient viral
infections of germ cells, in which the viral DNA became permanently integrated
within its host genome and as such is vertically transmitted to the next generation as
any Mendelian trait (109). The MaLR elements are shorter (between 1.5 and 3 kb)
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and have an open reading frame (ORF) with no clear homology with other known
protein. However, this ORF is generally interrupted by multiple mutations, insertions,
deletions, and truncations. At present, LTR-containing retroelements are incapable
of replication, due to major deletions or nonsense mutations. However, the youngest
HERV family, HERV-K, has been active after the divergence of humans and
chimpanzees and some human individuals carry polymorphic copies of this virus
(108). In addition, non-infectious HERV-K particle are produced in human embryonic
cells (110).

Among the LINEs, the L1 clade has remained active in most mammals for ~100
million years and generated almost 17% of the human genome (111, 112). The first
publication describing ~6.4 kb long LINE family derived sequence was published by
J. Adams (73). They targeted the beta-globin gene in humans with various DNA
probes and it was observed by Southern blotting that one of them binds to the DNA
fragments of different sizes, suggesting the presence of a repeated sequence. The
use of this probe in a library of human DNA confirmed that this sequence was at
different locations in the genome. Kazazian published the first observation that L1
could still be active and create new insertions in the contemporary human genome
(113). The first molecular clone of a competent retrotransposition element was
isolated and studied by Dombroski (114). Only a tiny fraction of all L1 sequences is
still able to autonomously generate new copies in modern humans. All the potentially
active copies belong to the L1HS subfamily. Other families are molecular fossils of
ancient retrotransposition events and are not mobilized anymore. A full-length

human L1 is ~6.0 kb in length, contains an internal promoter located in the 5'-
untranslated region (UTR) and two non-overlapping open-reading frames (ORF1 and
ORF2), separated by a short inter-ORF spacer. Both ORFs are required for
retrotransposition. ORF1 and ORF2 encode a 40 kDa RNA-binding protein (ORF1p)
and a 150 kDa protein with endonuclease (EN) and reverse transcriptase (RT)
activities (ORF2p), respectively (115)(9, 10). The structural features of a full length
L1 are shown in Figure 3. Shortly, a new L1 copy is produced when ORF2p nicks the
genomic DNA and extends this newly formed 3' end using the L1 mRNA as a
template, a process known as target-primed reverse transcription (TPRT) (5, 10, 14).
Short duplications at the target site (TSD, target-site duplication) are formed as a
result of this process. Abortive retrotransposition often leads to 5' truncated L1
copies (13, 14). Some L1 insertions exhibit both a 5' truncation and a 5' inversion,
due to twin-priming (116). Finally, L1 insertions can also contain 5- or 3'-
transductions. L1 target site preference is currently not fully defined, but both the
endonuclease consensus sequence and the ability of the target site to partially
anneal to the L1 mRNA poly(A) tail contribute to this process (10, 18, 19). Each
aspect of this process will be developed in the following sections.

p.20/194



Sens: fser Sense Splice Sites
sD - SDSAM‘ESA ] p(l)A
D1 TR T X
TSD

| TSD
SD SA sp s SD SDSA sp SA ) SA SA
Antisense Splice Sites

R
o

A

RUNX3 Binding site

I YY1 Binding site

I SOX11 Binding site

Figure 3: Structure of the L1 element. A prototype L1 element is approximately 6kb in length and is surrounded
by target-site duplications (TSD). The 5 UTR region is shown in multiple colors depicting the location of
transcription factor different binding sites, CpG Islands and bi-directional promoters. ORF1 and ORF2 are
represented as green and blue boxes, respectively. The endonuclease (EN), reverse transcriptase (RT), C-
terminal (C-ter) domains are shown below ORF2. The 3'UTR ends with a polyadenylation site and is followed by a
poly(A) tail. Cryptic splice acceptor and donor sites are shown as short black and red ticks, respectively.

The L1 retrotransposon machinery is also able to mobilize in frans a restricted
number of non-autonomous retrotransposons families belonging to the SINE class
(Alu, SVA, see Figure 1). SINEs are very heterogeneous in sequence. Their lengths
range from 100 bp to several kb (117-119). MIR (Mammalian-wide Interspersed
Repeat) is an ancient family of tRNA-derived SINEs (120, 121) found in all
mammals, which shows its ancient origin (122), with no evidence of recent
retrotransposition activity. Alu sequences are primate-specific SINEs consisting of a
duplicated region derived from the 7SL RNA (123, 124). Alu elements are the most
abundant human retrotransposons (by number of copies), represented by ~ 1.2
million copies per haploid genome (3). They rose ~65 million years ago and radiated
into nearly 30 Alu subfamilies. Only a small subset of Alu elements is thought to be
currently retrotransposition competent in humans (125, 126). The active Alu
elements within our genome derive from the Young (Y) subfamily and include Ya5,
Yab5a2, Ya8, Yb8, Yb9, Yc1, and Yc2. Alu elements are 300 bp long, composed of
two arms separated by an A-rich tract, and variable in polyA tail length (Figure 1).
Alu are flanked by short direct repeats that are a remnant of the retrotransposition
process. They harbor a bipartite RNA polymerase Il promoter. Alu elements are
non-coding elements and thus their mobilization depends on L1 replicative
machinery. L1-encoded ORF2p is essential for Alu retrotransposition, whereas L1
ORF1p only enhances this process (127). Although, the criteria required for Alu
activity are still not fully elucidated, the promoter integrity as well as the length and
homogeneity of the polyA tail have been suggested as principal factors determining
the retrotransposition capability of these elements (126, 128).

Finally, SVA elements form a composite SINE family. SVAs were originally named
“SINEs-R”, with the “R” indicating a sequence of retroviral origin. SVA consists of a
hexamer repeat (CCCTCT), an Alu-like sequence, a GC-rich Variable Number
Tandem Repeat (VNTR), a Short Interspersed Nuclear Elements (SINE) and a poly
A-tail (129) (Figure 1). The flanking hexamer is also a VNTR (130). SVA elements
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represent only 0.13% of the genome, with ~2 700 copies. Thus it constitutes the
youngest retroelement in the human genome and is hominid-specific. Their
replication mechanism is slightly different from that of Alu elements: it is likely
transcribed by RNA Polymerase Il, and requires both L1 ORF1p and ORF2p for its
mobilization (131). SVA elements can vary in length from ~1000-4000 bp with 63%
of SVA element insertions in the human genome being full-length, containing all five
domains (129, 130). SVA elements are divided into subtypes (A-F) based on the
SINE region and recently a 7th subtype has been identified to contain a 5’
transduction of the sequence from MAST2 gene referred to as CpG-SVA, MAST2
SVA or SVA F1 element (132, 133).

1.2.2. The human genome has fingerprints of primate TE evolutionary
history

Each transposable element family and subfamilies have gone through distinct
periods of transcriptional activity during which they have spread over the genome.
This has been usually followed by insertions, deletions and rearrangements and then
inactivation periods and formation of new subfamilies (134). Vertical persistence of
non-LTR-retrotransposons on an evolutionary scale in both mammals and primates
sets them apart from the other TEs in mammals (3, 135). Based on diagnostic
nucleotides substitutions and indels, L1, Alu and SVA can be subdivided into
subfamilies. Diagnostic sequence mutations, which define subfamilies, have been
shown to accumulate hierarchically apart from age factor (125, 136).

Whereas L1, Alu and SVA have continued their amplification from million of years
ago, other non-LTR-retrotransposons which comprise almost ~6% of the human
genome represent molecular fossils which is a proof for long relationship between
transposable elements and the human genome (3). For long term evolution
retrotransposons have adopted attenuation of mobilization strategy (137, 138). Non-
LTR-retrotransposons are thought to follow a «master gene» model of amplification.
Thus, these so called source elements are responsible for the formation of all other
subfamily members (136).

L1 (L1) retrotransposons are the most abundant family of autonomously replicating

retroelements in mammals. Their continuous amplification over the last ~170 million
years (Myr) has had a significant impact on the organization and function of
mammalian genomes (2—4). L1 retrotransposition often generates defective copies
that are truncated at their 5’ end. Resultant copies are classified into families of
hundreds to thousands of elements based on the shared nucleotide differences they
inherit from their common progenitor(s). Most L1 copies accumulate mutations at the
neutral rate (139-142). Thus, older families are more divergent than younger. In
humans phylogenetic studies have shown that, over the long-term, a single L1
lineage amplified over the last 25 Myr (143, 144). Families of closely related variants
can occasionally coexist for short periods of time (142, 145) until one family
dominates and prevails in the replicative process. Competition between L1 families,
most probably for a limiting host factor, could account for this pattern of evolution
(145, 146). L1 families have been frequently recruiting novel 5 UTRs in the
Primates. Similar patterns of evolution have been observed in mouse, where L1
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families acquired novel 5" UTRs at least twice in the past 5-6 Myr (147, 148). The
lack of homology between primates, mouse, rat, and rabbit 5' UTRs also suggests
that the acquisition of novel 5 UTRs in mammals is a fundamental feature of L1
evolution (147-154). The 5" end of ORF1 (from nucleotide 12 to 396) underwent an
episode of positive selection that occurred during the evolution of families L1PA8-
L1PAS3 (155). In contrast, this region has remained amazingly conserved during the
evolution of older (L1PA16 to L1PA8), with the exception of family L1PA13B) and
younger (L1PA2 and L1PA1) families. It suggests that the strength or nature of the
selective pressure that has driven the rapid evolution of this region has changed
over time. It was recently proposed that positive selection in ORF1 could reflect an
adaptation of L1 to its hosts (144, 156).

The rate of L1 amplification has slowly decreased in the Primate lineage over the
last 25 Myr (3). Correlations between evolutionary radiations and bursts of
amplification (157) suggest that history of populations, especially the occurrence of
population bottlenecks (158), can possibly affect the dynamics of L1 amplification.
Positive or negative interactions of a host factor with L1 replicative machinery is also
thought to be responsible for the episodic nature of L1 amplification (141, 144, 148,
156). After analysis, it has been found that L1 families show considerable variation in
their copy numbers, which suggests large differences in their replicative success in
the absence of known specific elimination process. The most intense period of L1
activity concerns families L1PA8 to L1PA3 and lasted from ~40 Myr to ~12 Myr. The
amplification of these very successful families is also indirectly responsible for the
amplification of the bulk of AluY elements and of many processed pseudogenes
(125, 159).

The L1 subfamilies that are specific only for humans, L1HS-PreTa and L1HS-Ta
(human specific, transcribed, subset a) emerged ~4 Myr, somewhat after divergence
among humans and chimpanzees (~6 Myr). The PreTa subfamily is evolutionarily
older and thus is believed to predate the amplification of the Ta subfamily in the
human lineage (142, 160). The Ta subfamily has subsequently differentiated into two
major subsets, Ta0 and Ta1, each of which spawned additional subsets. All of them
harbor a distinctive trinucleotide sequence (ACA) in their 3' UTR (at position 5930-
5932), which is a diagnostic sequence for the L1HS elements (142). The L1HS-Ta1
accounts currently for a replicative dominant subfamily in the human genome. They
have a distinctive T at nucleotide 5536 and G at position 5539. Out of 459 L1HS-Ta
elements in the reference human genome, 192 belong to the Ta1 and 137 to the Ta0
subsets, respectively. The remaining 130 elements are either truncated or
rearranged in the diagnostic region or represent the intermediates between the two
subsets (160).

1.3. Ancient TE copies have been selected through human evolution
and contribute to genomic or physiological functions

1.3.1. TEs sequences can be under positive selection

There are many evidences that TEs are significant players in the evolution of
genomes (4, 100, 101, 161-165). Evolutionary conservation of TEs is likely to reflect
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the molecular domestication of the respective elements (47, 59-62). Except for
some kind of negative selective pressure, inserted TEs can become fixed in the
genome of a species and serve as a source for novel genetic loci. In other cases,
accumulated mutations have caused neofunctionalization of inserted TEs. This
process is referred to as exaptation (or molecular domestication or co-option).
Positive selective pressure for maintenance of co-opted TEs reflects a beneficial
function performed by the novel gene product. The process of TE exaptation has
contributed significantly to the human genome. Over 10,000 TE-derived genomic
regions have been subject to strong purifying selection (166) and ~50 protein-coding
genes have arisen via this mechanism (62). Domesticated genes have been found to
be involved in a variety of cellular processes, including transcriptional regulation,
proliferation, cell cycle progression, and apoptosis. A wider survey of conserved non-
exonic elements (CNEEs) in 29 mammalian genomes, has revealed almost 280,000
putative regulatory elements originating from TEs (167).

1.3.2. TEs contribute to transcriptional networks through the dispersion of
regulatory elements

Cis-regulatory sequences and their evolution is believed to change the
transcriptional output and have an impact on speciation (168). Alternate gene
promoters are presumed to contribute in this regard (169). According to a study,
~18% of human genes, are having alternative promoters (170). LTR seems to be
acting as a gene promoter and is often one of the alternative promoters. Interestingly
it does not alter the coding sequence and thus regulates nearby human genes (170—
173). At a genome-wide level, the Faulkner laboratory has observed that
retrotransposons, which are located next to the 5 of protein-coding loci, are
frequently functioning as alternative promoters (or express noncoding RNAs) (174).

TEs can also provide new transcription factor binding sites to promoters or to create
novel enhancers, without affecting transcription start sites (43—46). Indeed, TEs have
played an important role in expanding the repertoire of protein binding sites in
mammalian genomes. A large part of transcription factor binding sites, such as
(ESR1, TP53, POU5SF1, SOX2, CCTV, and CTCF) are embedded in distinctive
families of transposable elements or relics of these elements (47, 175-177). In fact,
transposable elements have facilitated species-specific binding sites. Finally, binding
motifs within repeats seem to be under selection (47). Gene transcription near
transposable elements is regulated by these factors, bringing a new form of
regulation (47-49). TEs, their rearrangement and replication of these regulatory
elements, have largely contributed to the development of new gene networks in
eukaryotes (47). Thus, repeat elements bound by transcription factors act as critical
“control elements” in eukaryotic genomes (178-182). Changes in the regulatory
elements can possibly have important phenotypic effects across species (183-187)
and also within populations. Examples include various human diseases, such as
Alzheimer (188), obesity (189), and cancer (190). Below we describe, a few selected
examples.

MIR elements, an ancient SINE family, can donate transcription-factor binding sites
(191, 192), enhancers (43, 193, 194), microRNAs (195, 196) and cis natural
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antisense transcripts (197) to the human genome. The association of MIRs with
tissue-specific expression, along with their propensity to be exapted as regulatory
sequences, suggests possibility of a role in providing numerous tissue-specific
regulatory sequences across the human genome (198).

Another example of how TEs link genes within a network can be observed in
embryonic stem cells. LTR-derived transcripts contribute to the complexity of the
stem cell nuclear transcriptome. They were found to be associated with enhancer
regions. Thus most probably involved in the maintenance of pluripotency (199). This
is consistent with the recent findings showing that a transcriptional network,
controlled by ERV LTRs, act as a switch to determine if embryonic stem cells can
stay in pluripotent or transient phase of totipotency (49). This is controlled by
epigenetic modifications of LTRs. ERVs are transcriptionally repressed in the
pluripotent state by histone H3K9 trimethylation. Histone methyltransferase activity is
recruited to ERVs by Kap1 (200). Embryonic stem cells, which are deficient for
Kap1, can switch more easily to the totipotent state, indicating that relaxation of ERV
repression could drive network activation (49). This shows the critical role ERVs are
playing in host cell fate decisions by activating transcriptional networks.

A last striking case is related to the evolution of pregnancy in mammals, including
humans. The differentiation of endometrial stromal cells during the decidual reaction,
which precedes embryo implantation, is triggered by hormone progesterone (201).
This phenomenon relies on a hormone-dependent transcriptional network under the
control of a subfamily of hAT-Charlie DNA transposon, the MER20 elements, which
provides binding sites for transcription factors acting downstream of progesterone-
responsive signaling molecules (202).

Therefore, TE can be coopted for the evolution of regulatory networks and of
complex physiological processes in humans.

1.3.3. Exaptation of TE sequences has led to mammalian- or human-specific
proteins

As mentioned previously (§ 1.3.1), TEs have also contributed coding sequences.
One such prominent example are the mammalian-wide interspersed repeat elements
(MIRs), an ancient family of tRNA-derived SINEs, whose retrotransposition history
traces back to 130 million years ago, even before the mammalian radiation. MIRs
have persisted and probably helped in evolving mammalian-specific or even
hominoid-specific functions since the exaptation process can occur anytime after
retrotransposition. Consistently, Krull et al. found that 107 out of 126 MIR-derived
proteins identified in mammalian databases are also detected in humans (203).
Interestingly, one of them, CHRNA1, which encodes an acetylcholine receptor, is
specific to the great Apes.

Although the exact contribution of TEs to the proteome has been discussed, some

authors have suggested that thousands of proteins contain sequences resulting from
TE exonization in vertebrate genomes including humans (204)(205, 206).
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1.3.4. Retrogenes are functionalized copies of retrotransposed mRNAs

Retrogene can be defined as an intact retrocopy of a gene showing evidence of
transcription. Retrocopies are generated by the L1 machinery (see §2.2.4).
Retrotransposition can provide raw material for generating new genes (54, 207).
Most retrocopies are only processed pseudogenes and lack their parental gene
features, such as introns or promoter (50, 51). However, some of them recruit
upstream regulatory elements and can become functional (54, 55), thus turning into
retrogenes.

Retrogenes have been identified in many genomes, and are particularly abundant in
mammals (50, 51, 58, 208). Retrofamilies are shared between different species. The
reason for this could be the homology between L1s among species, which drives
their formation, leading to enzymatic activities with similar specificities. Therefore,
the general pattern of retrotransposition dynamics could be similar among mammals.
Consistently, retrogene formation of ribosome-related genes is particularly enriched
in mammals, as shown by comparing LSRs (lineage specific retrofamilies), IOSRs
(independently-occurred shared retrofamilies), and non-IOSRs retrogenes. Almost
28% of the IOSRs have ribosome-related gene families, in contrast to only 2.6% for
the non-IOSRs retrofamilies (209). In humans, almost 120 cases of retroposed
sequences have been found to evolve into bona fide genes (50).

The impact of the retrogenes can be important. Recently, for example, the oncogenic
role of NanogP8, a human tumor-specific retrogene homolog of Nanog, was
investigated in transgenic mice. High levels of NanogP8 expression disrupts normal
developmental programs and thus inhibit tumor development by depleting stem cells
(210). Another example illustrates the ability of retrocopies to reshuffle functional
domains. The PIPSL retrogene, which undergoes rapid adaptative evolution, is
specific to the hominoid lineage and results from the fusion of phosphatidylinositol-4-
phosphate 5-kinase (PIP5K1A) and 26S proteasome subunit (S5a/PSMD4) (211).
Retrocopy-mediated domain shuffling provides extraordinary diverse functions to the
proteins involved thus playing a role in phenotypic evolution.

Therefore, transposable elements have played a crucial role in the formation of new
genes and diversification of gene functions in genomes.
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2. L1 elements are the only autonomous TEs in the human
genome and are endogenous mutagens

2.1. The L1 machinery is a ribonucleoprotein particle (RNP)

2.1.1. How is L1 RNA synthesized?

Polyadenylated L1 mRNA was first isolated from a human teratocarcinoma cell line
(NTera2D1) (212). The majority of these RNAs corresponded to full length L1
transcripts from various loci, with ORFs interrupted by premature stop codons (213).
Initial experiments suggested that L1 was transcribed by RNA Polymerase Ill (214),
however L1 sequence is extremely AT-rich and has numerous Pol lll termination
signals (TTTT), excluding such a possibility.

The 5' UTR region L1 is a sequence of about 900 bp. It contains both sense and
antisense internal promoters. Using chimeric constructs containing the L1 &' UTR
upstream of reporter genes, such as chloramphenicol acyltransferase (CAT) or (-
galactosidase (B-gal), it was shown that it contains an internal and TATA-less RNA
Polymerase Il promoter (215-217). Deletion analyses has further shown that the first
150 nucleotides form its core and, more broadly, the first 670 nucleotides contribute
to transcriptional activation (216, 217) (Figure 4). Although L1 transcription is
initiated primarily from this internal promoter at the first nucleotide of the 5' UTR
region, transcription may also occasionally start upstream of the element from a
promoter located in the genomic 5' flanking sequence (218, 219).

The antisense promoter (ASP) resides between nucleotides 400 and 600 (Figure 4)
and drives transcription opposite to the L1 sense promoter and ORFs (39). Further
characterization of the ASP identified two initiation sites around positions 378-431
and 480-497. The nucleotide sequence downstream of these sites increase the
activity of the ASP (220). Other less-frequent transcription initiation sites have been
identified within the 5° UTR indicating that different transcripts could be formed by
the same DNA sequence (221). The activity of the ASP can impact the transcription
of nearby regions (see §0).

Several transcription factors binding sites were identified in L1 5" UTR (217, 218,
220, 222, 223). A binding site for the transcription factor YY1 has been located
between nucleotides +13 to +21 (217, 218, 222). Although this site does not seem
essential for the transcription and expression of L1, it is essential for the accuracy of
initiation at nucleotide +1 (218). Two binding sites for the SRY family of transcription
factors (SOX11) were identified at nucleotides 472 and 572 and this factor
modulates L1 transcription levels (223). More recently, it has been shown that
RUNX3 binds to the 5" UTR region from nucleotide 83-101 (220) and modulates the
transcription and retrotransposition of L1. Finally, the 5° UTR region also contains a
CpG island, which can be highly methylated (224). L1 promoter activities are
repressed by the methyl-CpG-binding protein-2 (MeCP2) and DNA methylation (225,
226).

p. 27 /194



At the other extremity, L1 contains a polyadenylation signal, which is moderately
effective. As a consequence, L1 transcripts frequently extend into the 3' flanking
genomic sequence (16, 17, 27, 227). The initiation and termination of transcription of
L1 are thus influenced by the genomic context where the element is inserted. RNAs
initiated or completed in the flanking region can ultimately produce 5' or 3'
transductions when used as a template during reverse transcription.

CpG Islands

Sense Promoter Antisense Promoter

+1 +1
-
position in bp 1 100 400 600 700 900

Anti-sense promoter
RUNX3 Binding site

I YY1 Binding site

I SOX11 Binding site

Figure 4: Structure of the L1 5' UTR region and its internal promoters. The L1 5' UTR region is a sequence
of ~900 bp. Arrows indicate transcription start sites for sense and antisense promoters. The main regions
responsible for promoter activities are shown in bright colors. The region required for the antisense promoter
activity is indicated by a brace. Binding sites for the various transcription factors involved in L1 transcription are
colored as indicated in the legend. A bar above the promoter marks a CpG island region.

Several cryptic splice sites and polyadenylation signals are also dispersed within L1
sequence and can lead to alternative or truncated transcripts not competent for
retrotransposition (30, 32, 36, 228)(251). In cells, the L1 element is expressed from
multiple loci (69, 174, 227). The flexibility of initiation and termination of transcription,
coupled with alternative splicing, can therefore, explain the heterogeneity and
diversity of transcripts observed in various cell types (228). Additionally, Cap
Analysis Gene Expression (CAGE) approaches have also highlighted the possibility
that a significant number of truncated L1 fragments can also generate transcripts
from their 3' region (174). This phenomenon could be related to the presence of
Sox/LEF sites in the inner region of L1, especially in ORF2 (230).

Finally, there is little information about the export of full length (unspliced) L1 RNA
from the nucleus to the cytoplasm. Unspliced or partially spliced RNAs are retained
in the nucleus by commitment factors (231). It has been suggested that L1 mRNA
might contain cis-acting elements required for its export from the nucleus to the
cytoplasm (232, 233). Indeed, some intronless mMRNAs expressed from transfected
complementary DNA (cDNAs) are not exported efficiently, and several viruses have
evolved cis-acting elements to facilitate nuclear export of unspliced RNA (234, 235).
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However, the existence of cis-acting factors that affect L1 mRNA nuclear export is
still a speculation that awaits experimental validation.

2.1.2. L1 encodes two functional proteins, ORF1p and ORF2p

The L1 RNA is bicistronic, encoding two non-overlapping open reading
frames, ORF1 and ORF2, separated by a 63-base spacer. Their protein products
(ORF1p and ORF2p) bind the L1 RNA to form a ribonucleoprotein (RNP) complex
that is presumed to be a critical retrotransposition intermediate. ORF2p is expressed
at a significantly lower level than ORF1p. This difference likely results from the
mechanism of ORF2p translation, a low-frequency ribosome reinitiation mechanism
(236).

The first intact ORF1 coding sequence was found by sequence analysis of a mouse
L1 element called L1Md-A2 (237). Subsequently human ORF1p has been detected
in human teratocarcinoma cell lines (238, 239). ORF1p, also known as p40, is a
basic RNA-binding protein of 40k Da, able to formed a ribonucleoprotein particle
(RNP) complex with the L1 RNA (115, 240, 241), a property necessary for
retrotransposition (242).

ORF1p protein contains three domains: a coiled-coil domain with a leucine zipper
motif, a non-canonical RNA recognition motif (RRM) (243) and a C-terminal domain
(CTD) (244). In 3D, ORF1p folds into a trimeric and asymetric dumbbell structure
(245) (Figure 5). The coiled-coil domain forms a supercoiled helix allowing
trimerization (238, 240, 246), the RRM has a globular shape and is located at right
angles to the coiled-coil domain. CTD and RRM domains are located one above the
other and cooperate to bind nucleic acids (247). Interestingly, the coiled-coil domain
has been submitted to positive selection suggesting that it is linked to evolutionary
adaptation or extinction of human L1 lineages, and likely reflects the ability of ORF1p
to attract or avoid interactions with other factors (144).

Experiments using murine ORF1p (mORF1p), which is very close to human ORF1p,
showed that it can bind RNA of at least 38 nucleotides (nt), with no apparent
sequence-specificity (246), except a slight preference for the sense transcript of the
L1 relative to an antisense transcript (248). Human ORF1p (hORF1p) stably binds
poly(rA) RNA oligonucleotides of 27 nt. It can also bind DNA, but with a clear
preference for oligo(dT) sequences compared to oligo(dA) (247). Several mutants
reducing the capacity of the ORF1p to bind RNA also reduce or abolish
retrotransposition. ORF1p also binds a variety of different cellular RNAs in vivo as
shown by PAR-CLIP (249). Finally, it has been recently demonstrated that L1 activity
requires phosphorylation of ORF1p protein at S/T residues in the context of four
conserved proline-directed protein kinase (PDPK) target sites (250).
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Figure 5: Structure of the human L1 ORF1p trimer. The figure above shows the trimeric form of ORF1p. Each
monomer is represented by a different color tint. (PDB accession Number: 2YKO). Made using CBSN PDB
protein workshop from (247). (Source PDB)

ORF1p has nucleic acid chaperone properties similar to retroviral nucleocapsid
proteins. This class of factors facilitates rearrangements of nucleic acid structures to
their thermodynamically most stable form (251-253). Chaperoning activity was first
associated with murine ORF1p purified from baculovirus-infected insect cells. It was
found to greatly enhance annealing, strand exchange, and duplex melting of short
DNA oligonucleotides in vitro. These properties were sequence-independent and
occurred at an equimolar concentration of protein and DNA (254). The nucleic acid
chaperone activity of both human and murine ORF1p is required for
retrotransposition. A single-point mutation that abrogates chaperone activity (R297K)
without affecting RNA- or single-stranded-DNA binding affinity, or RNP formation
also diminishes or abolishes L1 retrotransposition (12, 255, 256)(242). The precise
role of this activity in L1 replication is unknown, but it was hypothesized that it may
be required during reverse transcription, to allow or to stabilize the formation of RNA-
DNA duplexes during first and/or second strand DNA synthesis.

L1 ORF2p is a 150 kDa protein with two known enzymatic activities that can be
assigned to specific domains (9, 10). The N-terminal part of the protein contains an
endonuclease domain (EN), the sequence and structure of which are very similar to
apurinic/apyrimidinic endonucleases. The central part of the protein is a reverse
transcriptase domain (RT), which allows the synthesis of an L1 cDNA from the L1
MRNA. ORF2p also includes a C-terminal cysteine-rich domain of unknown function
with a predicted zinc finger. ORF2p is 40 times less expressed than ORF1p (257),
presumably due to its non-canonical mechanism of translation (see §2.2.1). ORF2p
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is notoriously difficult to express in human cells or in a heterologous host. Therefore,
this protein has been only poorly studied from a biochemical perspective.

The endonuclease activity of ORF2p was first identified in 1996. Recombinant
ORF2p was expressed in and purified from bacteria, and its crystal structure was
obtained in 2004 (258). L1 EN belongs to an enzyme family of metal-dependent
phosphohydrolases that cleave variable phosphoester substrates (259, 260).
Purified L1 EN protein (L1 ENp) can nick supercoiled plasmids in vitro (10) and
hence is believed to cleave the L1 target site, initiating the insertion process and
generating an extremity for reverse transcription priming. EN targets a consensus
sequence 5'-AA/TTTT-3' but various variants are tolerated (13, 261-263).
Accordingly, these in vitro cleavage sites are very similar to those found at Alu and
L1 retrotransposon insertions in vivo (121, 122, 263). Point mutations in EN catalytic
site destroy its activity, and abolish L1 retrotransposition in most cell types,
demonstrating the importance of the endonuclease in this process.

Another essential property of ORF2p is its reverse transcriptase (RT) activity. RTs
are RNA- and DNA-dependent DNA polymerases, able to generate complementary
DNA (cDNA) from an RNA template by a process termed reverse transcription. L1
RT activity was first detected in macromolecular complexes purified from the
teratocarcinoma cell line NTera2-D1 (264). After cloning the first active human L1
(114), the RT activity of ORF2p was demonstrated by domain swapping with a well-
characterized yeast LTR-retrotransposon, for which genetic tools were uniquely
available at the time (9). This was later confirmed by adapting a genetic system
originally developed by T. Heidmann for retroviruses, showing that L1 replication in
mammalian cells is mediated by an RNA intermediate and a reverse transcription
step, which absolutely requires the conserved catalytic residues of L1 RT (37). It is
sensitive to several reverse transcriptase inhibitors, such as AZT or d4T (265-267).
Finally, recombinant ORF2p purified from insect cells was able to recapitulate
several aspects of the retrotransposition reaction in vitro, although with very low
efficiency (7). L1 RT seems to be very processive compared to the other viral
reverse transcriptase (75, 268). In addition, ORF2p, in complex with the ORF1p and
its RNA, is capable of extending a primer containing one or more terminal
mismatches (11, 269).

The carboxy-terminal region has been characterized recently and was shown to bind
single-stranded RNA but not double-stranded DNA by electrophoretic mobility shift
assay (EMSA) in vitro (268). Although zinc finger motifs can be involved in nucleic
acid binding, cysteine mutations do not affect the ability of this domain to bind RNA
in vitro.
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Figure 6: Structure of the endonuclease domain of ORF2p. The protein chain is colored from the N-terminal to
the C-terminal using a rainbow color gradient. Made with CBSN PDB Protein Workshop using data from (258).
(PDB accession Number 1VYB, Source PDB).

2.1.3. L1-encoded proteins assemble with the L1 RNA to form an RNP

Early crosslinking experiments in human teratocarcinoma cells indicated that ORF1p
binds directly to the L1 RNA in vivo to form sedimentable RNP complexes (240).
Using genetically and biochemically tagged L1 elements, it was later shown that
ORF1p, ORF2p and the L1 RNA form a stable RNP complex and that L1 proteins
preferentially bind in cis on their encoding RNA (11, 12, 52, 5§3). The so-called L1
RNP is considered as a major functional intermediate in the retrotransposition
process.
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2.2. L1 retrotransposition can occur through multiple mechanisms

2.2.1. Overview of L1 replication cycle
The replication cycle of the L1 element (Figure 7) consists in 3 major steps:

e L1 transcription;
* L1 proteins translation and assembly of a functional L1 RNP;
* L1 reverse transcription and integration.
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Figure 7: L1 life cycle. L1 replication starts with the transcription of a bicistronic mRNA (A). L1 RNA is then
exported to the cytoplasm (B). Next, ORF1p and ORF2p proteins are translated and bind to the L1 RNA forming
L1 ribonucleoprotein particles (RNP) (C). L1 RNP is then imported into the nucleus (D). Integration and reverse
transcription process occur at the genomic target site. First, the L1 endonuclease (EN) activity nicks the target
DNA (red arrowhead, E). Then, the L1 reverse transcriptase (RT) initiates the reverse transcription of L1 RNA
through annealing between the target site and the poly(A) tail of the L1 RNA (black arrowhead, F). The
mechanisms involved in the final steps of this process and the resolution of the integration are unresolved yet (G).
Partial reverse transcription leads to the 5'-truncated L1 copies. Source: (19).

L1 transcription has been explained earlier in chapter 2.1.1. Once transcribed, L1
mRNA is transported to the cytoplasm, where the host ribosomal machinery is
subsequently used to synthesize L1 proteins. In Eukaryotes, there are two major
mechanisms of translation initiation: cap-dependent scanning and internal ribosome
entry sites (IRES). The first one is the main mechanism for the majority of cellular
MRNAs, whereas many viruses and some cellular mMRNAs that are translated under
particular conditions use the latter. IRES are functionally defined by their ability to
promote independent translation of the second cistron in a bicistronic RNA (270).
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Canonical cap-dependent translation follows a scanning model, which postulates
that the 40S ribosome subunit binds to the m7G cap at the 5° end of the transcript,
followed by linear scanning until the first AUG in the appropriate Kozak initiation
context (271). Insertion of a stable secondary structure hairpin in the 5" UTR of L1
greatly decreases the expression of ORF1p (272), suggesting that the initiation of
translation of the ORF1p takes place according to this model. ORF2 is located
downstream of ORF1. Thus it raises the question of the mechanism of its translation.
In principle, ORF2p could be translated from the long bicistronic L1 transcript, but
also from a sub-genomic L1 transcript. Indeed, as mentioned previously, L1 is
capable of generating different types of transcripts, by alternative splicing and/or
premature polyadenylation events (30, 32, 228). Some of these spliced forms can
also lead to the synthesis of functional ORF2p sufficient to mobilize SINEs (228).
However, replication of L1 based on ORF1p or ORF2p expression from distinct
constructs (trans-complementation) is inefficient (11, 52, 53). Indeed, L1 proteins
have a cis-preference for their own RNA reinforcing the idea that ORF2p is
translated from a bicistronic RNA. Early studies have suggested the presence of an
IRES (Internal Ribosome Entry Site) in the inter-ORF region for synthesizing ORF2p
(272, 273). IRES are RNA structures that allow assembly of the ribosome
independently of the cap and thus enable an internal translation initiation (274, 275).

A study by Alisch helped to better understand the characteristics of the translation of
the second ORF of L1 (236). First, deleting the inter-ORF sequence does not
drastically reduce L1 retrotransposition. Second, the addition of a premature stop
codon in ORF1 prevents L1 retrotransposition and mobilization of Alu (which relies
on ORF2p expression only). Third, the distance between the stop codon of ORF1
and the start of ORF2 is crucial for enabling ORF2p translation. Finally, mutating
ORF2p start codon from AUG (methionine) to CCC (Proline), or UAA (stop codon)
has no significant effect on the mobilization of the L1, suggesting that initiation is
AUG independent. Altogether, these observations go against an IRES-mediated
mechanism, and rather support a model by which ORF2p translation would be led by
an unconventional mechanism of termination-reinitiation.

Various cellular factors have been identified over time that could be required for the
translation of L1 proteins such as Nucleolin, which promotes the translation of
ORF2p (276). Different members of the poly(A)-binding protein family (PABP) found
to interact with L1 RNPs were also strong candidates (257). Indeed, these proteins
are known to be necessary for the stabilization of RNA but also for translation.
Among them, PABPC1 binds to mRNA within the cytoplasm and interacts with elF4E
to enable mRNAs to adopt a circularized structure necessary for the initiation of
translation. PABPC1 positively regulate L1 retrotransposition, as shown in the
knockdown of PABPC1 (277). However, the translation of L1 proteins is only very
slightly affected by PABPC1, suggesting that it could be involved in stages
downstream of translation such as the assembly and stability of L1 RNP or reverse
transcription itself.

Post-translational modifications or protein processing of L1 ORF1p and ORF2p
proteins are currently unknown. Since proteins larger than approximately 60 kDa are
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too large to enter the nucleus by passive diffusion through the nuclear pore, the
access of L1 RNPs to genomic DNA should either occur by energy-dependent,
active transport through a nuclear pore, or by entry during nuclear membrane
breakdown during cell division (278). Against the second possibility, L1 is able to
retrotranspose in non-dividing cells (279).

Next, the integration of new copies of the L1 element can take place using two
distinct molecular mechanisms, involving different biochemical properties of the L1
ribonucleoprotein complexes. The first is called target-primed reverse transcription
(TPRT), requires the endonuclease activity of ORF2p, and is the preferred
integration route. The second is endonuclease-independent and utilizes pre-existing
DNA lesions.

2.2.2. Target-primed reverse transcription (TPRT) is a major pathway of L1
insertion

Non-LTR-retrotransposons insert into eukaryotic genomes by target-primed reverse
transcription (TPRT), a process by which cleaved DNA targets are used to prime
reverse transcription using retrotransposon RNA as a template. This mechanism of
insertion possibly originates from mobile group Il introns found in bacteria. The
TPRT model was established through the study of the R2 non-LTR-retrotransposon
in Bombyx mori. This element, consisting of a single open reading frame encoding a
protein with site-specific endonuclease and reverse transcriptase activities,
specifically fits in the ribosomal DNA (encoding the 28S RNA) (5, 280). In in-vitro
assays, recombinant R2 protein is able to nick DNA, but only perform double-
stranded DNA cleavage in presence of RNA. In the case of R2 element, the last 250
nucleotides of the 3' UTR are necessary to enable reverse transcription to initiate (6).
The R2 protein has two DNA binding domains at the N-terminal and C-terminal,
which may respectively link sequences downstream and upstream of the cleavage
site in a dimeric complex (281).

The current model of R2 retrotransposition includes the following steps: (i) the
endonuclease of the upstream monomer cleaves the first (bottom) DNA strand, (ii)
the reverse transcriptase of the upstream monomer uses the free 3' OH from the
newly created nick to initiate target-primed reverse transcription (TPRT) using the R2
RNA as the template, (iii) the downstream monomer cleaves the second (top) DNA
strand, and (iv) the second DNA strand is synthesized. It is not known if R2 or
cellular DNA polymerases are responsible for the fourth step, however, the R2
reverse transcriptase is capable of displacing RNA from nucleic acid templates and
the second subunit is likely to be in the correct orientation to perform second strand
synthesis (281-283). The basic steps of this TPRT reaction appear to be part of the
integration reaction of other non-LTR-retrotransposons (37, 284) as well as in the
integration of SINEs (Alu) and processed pseudogenes (52, 285). TPRT is also
thought to be involved in retrohoming of group Il introns (286).
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Figure 8: Reverse transcription at the integration site (TPRT). (A) L1 endonuclease generates a single DNA
strand cleavage at its target sequence. (B) The reverse transcription is initiated using the free 3' OH end as
primer. (C) A second cleavage at the other DNA strand is produced. (D) The second L1 DNA strand is
synthesized and the DNA of L1 is ligated to the chromosomal DNA by unknown mechanisms. This process leads
to a new insertion with the integration site duplication (TSD). The size of the TSD is the distance between the two
cleavage sites and is generally between 4 and 20 nt.

L1 belongs to a different non-LTR-retrotransposon clade and encodes an additional
protein (ORF1p), as compared to R2. Therefore, the question of a possible common
insertion mechanism for all non-LTR-retrotransposons arises. Early in vitro studies
using ORF2p from purified L1 showed that ORF2p was capable of synthesizing a
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cDNA of the L1 RNA at the target site of the endonuclease (7). However, this
experimental approach does not take into account the presence of ORF1p nor the
specificity of the native L1 RNPs (assembled in cis). The vast majority of insertions
obtained in cell culture are & truncated. Only 5% produce a new full-length L1
element (262). They are often padded with duplication of the target sequence (TSD)
of variable size. They also contain a variable length of repeating ‘A’ which
corresponds to the reverse transcription of the poly(A) tail. Most of the L1 insertions
occur into sequences related to the L1 EN consensus sequence (degenerate 5'-
TTTT/A-3' sites) and frequently preceded by imperfect T-tracts. Nonetheless, less
frequently the cut may take place between C/A, G/A or A/A. Assuming that reverse
transcription is initiated by matching the poly(A) tail at the insertion site, this
suggests that L1 RT can tolerate terminal mismatches, which was confirmed in vitro
by the LEAP technique (L1 Element Amplification Protocol) (11).

One of the unresolved questions related to L1 reverse transcription priming was
whether or to which degree the 3’ end of the nicked genomic DNA needs to be
accessible and to base-pair with the poly(A) tail of the L1 RNA. Although the
consensus sequence released upon L1 EN cleavage (5-TTTT-3) could in principle
anneal to the poly(A) tail of the L1 RNA, it is extremely short for maintaining a stable
interaction and the actual sequences cleaved by the L1 EN can significantly differ
from the consensus sequence. Monot et al. addressed this question by quantifying
the efficiency of extension of a vast collection of primers by direct L1 extension
assay (DLEA), and found that efficiency of reverse transcription initiation is
influenced by the last 10 nucleotides of the target DNA.

Inserts containing an entire L1 element are usually padded with duplication at the
site of insertion (262). Sometimes they also contain additional non-templated
guanosine at their 5', which could result from the reverse transcription of the cap.
The truncated elements can also be associated with deletions of the target site (13,
14) or with an inverted 5' L1 fragment (262). The latter events result from a
phenomenon called twin-priming (116) (see Figure 9). This is a variant of the
canonical TPRT process, wherein the second strand of the target DNA is cleaved
prior to the end of reverse transcription and primes a second reverse transcription
reaction from an internal region of the L1 RNA. These two parallel reverse
transcripts will then result in two inverted L1 fragments flanked by TSDs.

Chimeric L1 insertions or pseudogenes were also observed (262). A similar
phenomenon was observed for R2 in Bombyx mori (282). In the case of R2, the RT
is able to add additional nucleotides at the end of the synthesis of cDNA, which can
serve as a primer for another RNA by template switching. This could also explain the
formation of chimeric pseudogenes with L1 fragments (287).

p.37/194



B

!

TTTITTT T AsaaT TTTTTTT
wllllllllAAWIlllllllm
AL P

L1 Endonuclease

A

'

E
C B
I |
wmmu TiT
1L . LI
D E
C B D E
ﬂ TTAAAA AAAAAAAA
AATTTI TTTTTTTTI
I  _m =
TSD TSD

Figure 9: Twin-priming mechanism. (A) The L1 endonuclease generates a single DNA strand cleavage at its
target sequence. (B) Second cleavage at the other DNA strand is produced. (C) Reverse transcription is initiated
at the 3' end of the L1 RNA using the free 3'-OH end as a primer. (D) L1 RNA invades the second DNA strand
and a second reverse transcription reaction is initiated internally. (E) The second L1 DNA strand is synthesized
and the DNA of L1 is ligated to the chromosomal DNA by unknown mechanisms. This phenomenon is
characterized by the insertion of a 5'-truncated element with a 5' inversion, bordered by TSD. Adapted from (116).

Many aspects of the TPRT process still remain unclear, such as the necessity to
unwind DNA at the target site after cutting by the endonuclease. Similarly, the need
for hybridization between the target genomic DNA and the L1 RNA has not been
demonstrated. Finally, the steps between first strand cDNA synthesis and the
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resolution of the integration are still very poorly understood. Analysis of the §' L1
junctions with genomic DNA reveals pairings between the L1 and the target DNA at
the insertion of a truncated element (288).

The majority of L1 copies have been inserted through a TPRT mechanism, however
some inserts do not show the hallmarks of this process (TSD, poly(A), EN
consensus sequence) suggesting that other mechanisms insertions are possible.

2.2.3. L1 can also insert through endonuclease-independent mechanisms

In an alternative to TPRT integration pathway, some L1 can initiate reverse
transcription independently of their EN activity. This phenomenon was first observed
in cells deficient in non-homologous end-joining (NHEJ), a DNA double-strand break
repair pathway, and mutated L1s with point mutations in the EN domain (289). The
characteristics of such events are: (i) the integration site does not correspond to the
consensus sequence of the endonuclease; (ii) the insertion is not flanked by a
duplication at the integration site, but rather often associated with deletions at the
integration site; (iii) L1 sequence may be 3'-truncated and, therefore, presents no
poly(dA) (289). Bioinformatics analysis identified 21 insertions in the reference
human genome as endonuclease independent (290). Alu sequences can also be
mobilized through this alternative pathway and act as DNA-patch to repair double-
strand DNA breaks (290-292).

Finally, another study reported that EN-deficient L1 could integrate into dysfunctional
telomeres, taking advantage of free 3'OH groups at the ends of chromosomes (293).
Actually, polymerase chain reaction (PCR) amplification of genomic DNA of cells
deficient for DNA-PKcs (an NHEJ factor) showed that 30% of all endonuclease-
independent insertions occur at telomeres (293)(269), reinforcing the idea of a
potential mechanistic and evolutionary link between telomerase reverse
transcriptase and ORF2p (294, 295).

2.2.4. The L1 machinery can mobilize other RNA in trans

L1 encoded proteins can mobilize other cellular RNAs like SINEs Alu, SVA and also
U6 snRNAs in frans. There mobilization has be shown to be L1 dependent (129,
285, 296). ORF2p is required for the mobilization of SINEs as shown by trans-
complementation tests. However, ORF1 does not seem to be necessary for Alu
mobilization (285) (297), but might stimulate it when the expression of the tested Alu
construct is driven by RNA polymerase Il instead of RNA polymerase Il (267). Both
ORF1 and ORF2 are required for efficient retrotransposition of U6 snRNA though
(287). ORF1p presence seems be to be required for SVA.10 unlike SVA.2. SVA.10
is longer and hence the difference could be because of transcript size (298).
However, it should be noted that these trans-mobilization tests do not exclude the
possibility that endogenous ORF1p is sufficient for this trans-mobilization.

L1 machinery also mobilize in trans cellular RNA which leads to the formation of
pseudogenes (287, 299). This mobilization requires both ORF1p and ORF2p. Thus,
overtaking of the L1 machinery by the host gene mRNA leads to host gene
retrotransposition and results in processed pseudogene (PPs) formation or
retrogenes creation. Processed pseudogenes are copies of mRNAs, which are
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reverse transcribed into DNA and inserted into the genome using the enzymatic
activities of active L1 elements. The human genome contains numerous copies of
pseudogenes from coding or noncoding genes (300-303). Processed
pseudogenes have following features: 1) their sequences are very similar to the
transcribed portion of the parent gene; 2) they lack all or most introns, so they
appear to be cDNA copies of processed mRNAs; 3) they have a poly(dA) tail
attached to their 3’ end; and 4) they are flanked by target site duplications (TSDs) of
5 to 20 nucleotides. Some processed pseudogenes are formed by template
switching and are called chimeras. Processed pseudogenes differ from other
pseudogenes, which arise by DNA duplication, contain introns and are located in
close proximity to their active gene copies.

Among more than 14,000 pseudogenes present in the human genome (207), at least
10% are no longer ‘pseudo’-genes and are active (207, 304). Processed
pseudogenes are signs of mobilization by the endonuclease and reverse
transcriptase activities of active L1 (L1) elements (13, 52). More than 2,075 human
genes are represented by at least one PP in the genome, while some genes, such
as GAPDH, ribosomal proteins, and actin B have 50 to 100 PPs (Pei
2012). Recently, Mandal found 48 novel PP insertion sites among 939 low pass
genomes from the 1,000 genomes pr