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Transposable elements are ubiquitous among sequenced genomes. The host genomes
roughly subdivide into two types: 1) streamlined, that is, small, with little space between
genes and lacking large introns, or 2) bulky, with lots of space between genes and
many large introns. Most microorganisms, along with selected vertebrates like the
pufferfish, fall into the first class, whereas mammals and most plants fall into the
second class. As can be seen from Fig. 1, transposable element abundance mirrors
the genome type of the host, with mobile elements comprising half or more of many
of these bulky genomes! Mobile elements are of two basic types: DNA transposons,
which predominantly mobilize via a cut and paste mechanism, and retrotransposons,
which move by a copy and paste mechanism involving reverse transcription of an
RNA intermediate (Fig. 1 right panel; Curcio and Derbyshire 2003). Retrotransposons
are found in virtually all eukaryotes, from yeast (Kim et al. 1998) to human (Lander

Fig. 1. Left panel shows the phylogenetic tree of life as determined by rDNA sequence alignments.
Selected organisms are shown, along with the fraction of their genome made up of mobile
elements as pie charts. On the right is the basic information flow used in the retrotransposition
process
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et al. 2001). Remarkably, in a yeast cell, the number of retrotransposon copies can be
changed rather dramatically without a major impact on the phenotype of the host.
The change in copy number can be seen using a new tiling array technique by which
it is possible to comprehensively map the unique genomic regions adjacent to all
transposable element copies probed (Fig. 2; Wheelan et al. 2006). The ability of yeast
strains to tolerate very high copy numbers of transposons is due in part to the fact
that, in yeast, most insertions are targeted to non-essential genomic regions, even
though most of the genome is protein-coding (Chalker and Sandmeyer 1990; Devine
and Boeke 1996; Ji et al. 1993; Zou et al. 1996). This property and many others suggest
that retrotransposons are highly coevolved with their hosts.

L1 retrotransposons or LINE-1s are ubiquitous mammalian mobile elements. Each
mammalian species’ genome is littered with copies of an L1 species that has coevolved
with its genome (Gibbs et al. 2004; Kirkness et al. 2003; Lander et al. 2001; Waterston
et al. 2002). L1 elements directly make up about 17% of our genome and are responsible

Fig. 2. Mapping transposon insertion sites. Genomic regions adjacent to transposons are PCR
amplified and then identified by hybridization to a tiling array. Positive hybridization controls
produce a visible “TY” signal. Because features on the array are ordered by chromosomal location,
hybridization to adjacent features can be used to identify insertion sites in a wild-type yeast
strain (A) or a strain with high transposon copy number (B)
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for at least a third of our DNA by weight because they provide the molecular machinery
for mobilizing not only their own sequences but also the highly abundant Alu sequences
(Dewannieux et al. 2003), as well as the less abundant processed pseudogenes (Esnault
et al. 2000). The latter “retrotranscripts” are simply cellular mRNAs that have been
reverse transcribed by the L1 machinery and inserted into the genome, very much like
L1 itself is inserted. Retrotransposons move in the genome via a replicative process
(Fig. 3). After being transcribed into a full length RNA by host RNA polymerase, the
RNA can be translated to produce two proteins, ORF1p and ORF2p. Together with
the RNA, these form a ribonucleoprotein (RNP) complex (Martin 1991), which is
imported into the nucleus. ORF2p has endonuclease (Feng et al. 1996) and reverse
transcriptase (Mathias et al. 1991) functions essential for retrotransposition (Moran
et al. 1996). The endonuclease selects and cleaves the target site (Cost and Boeke 1998),
and the RNA is ultimately reverse transcribed to make a new retrotransposon copy,
a process known as target-primed reverse transcription (TPRT; Fig. 4; Luan et al.
1993).

In somatic and tissue culture cells, L1 expression and hence transposition appear to
be tightly regulated transcriptionally, and so the promoter that drives this expression

Fig. 3. Replicative cycle of L1 elements. A “donor” element (blue band on chromosome) is
transcribed in the nucleus. The RNA (red waved line) is exported to the cytoplasm, where it is
translated into ORF1 (yellow spheres) and ORF2 (blue sphere) proteins. The ribonucleoprotein
(RNP) complex is imported into the nucleus and used as the machinery to drive target-primed
reverse transcription (TPRT)/integration of a new copy of the element at a new locus (red band
on chromosome)
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Fig. 4. Mechanism of
LINE-1 integration by
TPRT. The endonuclease
(EN) domain of ORF2
creates a single-strand
nick in the target DNA.
The L1 RNA anneals with
the DNA and ORF2’s
reverse transcriptase (RT)
activity uses the target
DNA’s 3’-OH to prime
synthesis of first strand
cDNA

has been an object of considerable interest and scrutiny. Interestingly, although L1
elements in primates and rodents encode relatively similar proteins (percentage of
amino acid identity ranges from 20% at the N-terminus of ORF1 to >60% in ORF2),
the promoters not only lack sequence homology entirely but also have very different
structures (Fig. 5). Most mouse L1 promoters (in the A, F, TF and GF subfamilies of
mouse L1 elements), like those of other rodent L1s, are made up of a series of tandem
repeats of ∼200 bp, called monomers, followed by a short non-monomeric region
(Goodier et al. 2001; Padgett et al. 1988). Both subfamilies are relatively ancient and
most members are inactive. TF is a young, expanding subfamily containing ∼3 000
full-length members and ∼1 800 of them are active. GF is the most recently discovered
subfamily that contains ∼400 active elements. Both the TF and GF monomer are
70% identical to F-type monomer but differ from each other by 33%. In addition to
the differences among monomer sequences, the numbers of monomer repeats and
monomer lengths vary among individual element copies. In contrast, the human L1
promoter sequence in transpositionally and transcriptionally active (Ta) elements is

Fig. 5. Comparison of mouse and human L1 promoters. The 5’ UTR region of most mouse
L1 contains several tandem repeats (monomer) in the length of ∼200 bp. Each blue ar-
row represents a monomer sequence. The 5’ UTR of human L1 contains a ∼900 bp, non-
repetitive region (yellow arrow) that drives the transcription of L1 element. Black arrow de-
notes the first open reading frame of L1 (ORF1) and fine line arrow indicates the transcription
direction
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about 900 bp long, nonrepetitive and well-conserved in length, and it contains all of
the elements required for transcription downstream of the transcription start site
(Swergold 1990).

Selfish Gene?

In his book “The Selfish Gene,” Richard Dawkins outlines the idea that evolution is
driven at the level of individual genes. There is no more compelling example of this than
mobile genetic elements like retrotransposons, to which host genomes/organisms are

Fig. 6. Synthetic mouse L1 is much more active for retrotransposition than native mouse and
human L1 elements. Retrotransposition assay was performed in HeLa cells for native mouse
L1, synthetic mouse L1 and native human L1 elements, all of which were tagged with an
intron-interrupted neomycin resistance gene reporter. L1 function is scored as the number
of G418-resistant colonies because only when L1 completes one round of retrotransposition
does a cell become G418-resistant. Cells were diluted at ratios as indicated prior to G418
selection
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nothing more than “bags of genes” to exploit (Dawkins 1976). Like virtually all trans-
posable elements found in metazoans, L1 element transposition was until relatively
recently thought to be entirely germ-line specific, as predicted from strict “selfish gene”
theory. However, recent findings indicate that L1s are highly active transcriptionally in
mouse neuronal progenitor cells, and engineered human elements retrotranspose in
mouse brain in a neuron-specific manner (Muotri et al. 2005).

Fully Synthetic Retrotransposons Are Highly Active

L1 retrotransposons are potential tools for in vivo mutagenesis; however, native L1 ele-
ments are relatively inactive transpositionally in mice. To this end, we have constructed
a synthetic L1 element, referred to as ORFeus, consisting of two synonymously recoded
open reading frames (Han and Boeke 2004). The sequence is based on a native mouse
L1 element sequence, L1spa (Mulhardt et al. 1994) and can be controlled by either
generic (e.g., CMV or CAG promoter) or native L1 5’ end transcriptional control se-
quences. Such donor element constructs can be marked by a transposition indicator
gene, which is inserted in the antisense orientation relative to the transcription of the
ORFeus element. The reporter, either neo or gfp, is interrupted by an intron in the same
sense as the ORFeus donor element. In this way, the donor element does not express
the reporter because its coding region is disrupted by an inverse intron, but upon
retrotransposition, the intron is removed during the RNA step and an active reporter
gene is generated.

Fig. 7. Estimating germ-line insertion frequency by Southern blot analysis. The top left panel
is a schematic of the 10-copy ORFeus donor transgene concatemer with a detailed view of the
structure of a single-copy transgene under the regulation of CAG promoter and marked by
an intron-disrupted GFP reporter cassette driven by its own promoter and polyadenylation
site. The position of the Southern probe is indicated. The right panel is a Southern blot for
nine N2 progeny mice from breeding their F1 transgenic parent (the first lane) to a wild type
mouse
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Using a neo intron removal assay, ORFeus was found to be ∼200-fold more ac-
tive for retrotransposition in cell culture than native mouse L1 elements and was
even more active than the most active human elements studied previously (Fig. 6).
To study ORFeus activity in vivo, we developed transgenic mouse models in which
ORFeus expression was controlled by the constitutively active heterologous CAG pro-
moter, and we measured ORFeus retrotransposition activity both in germ-line and
somatic tissues (An et al. 2006). Germ-line retrotransposition frequencies resulting
in 0.3–0.4 insertions per animal were seen among progeny of ORFeus donor element
heterozygotes, as determined by Southern blotting (Fig. 7). This germ-line retro-
transposition frequency compares favorably with previously observed retrotranspo-
sition frequencies with native elements driven by heterologous promoters (Babushok
et al. 2006). Interestingly, we also observed somatic transposition events in 100% of
these ORFeus donor-containing animals, and many different insertions were readily
recovered from each animal using a modified inverse PCR protocol. Modeling ex-
ercises suggest that the numbers of somatic insertions per animal could be as high
as millions, suggesting that these animals could provide important new models for
cancer, as has recently been reported for the Sleeping Beauty DNA transposon (Col-
lier et al. 2005; Dupuy et al. 2005). Somatic retrotransposition was observed in all
tissues tested, including brain, but was not particularly elevated in any specific tis-
sue in these mice driven by the CAG promoter. Nearly 200 insertions were precisely
mapped, and their distribution in the mouse genome appeared random relative to
transcription units and GC content (Fig. 8). Constitutive ORFeus may be extraordi-
narily useful for in vivo mouse mutagenesis. Gene traps are being developed for these
purposes.

Fig. 8. Chromosomal distribution of mapped insertions. A total of 171 mappable insertions were
charted to mouse genome build 36 (short black lines to the right of individual chromosomes).
The approximate position of the donor concatemer on chromosome is marked (green asterisk),
which was located by fluorescent in situ hybridization (shown in the insert). Insert: Metaphase
spreads of splenocytes from donor-containing mice were probed with fluorescently labeled full-
length transgene cDNA probe (green) and subsequently with a whole-chromosome paint probe
for chromosome 7 (red). Chromosomes were counterstained with DAPI (blue)
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Neural-specific Retrotransposition – Could it be Conserved
from Rodents to Primates?

L1 elements in mouse and human, like most metazoan retrotransposons, show evidence
for germ-line-specific expression (Branciforte and Martin 1994; Ergun et al. 2004; Trel-
ogan and Martin 1995). There is evidence that native rodent L1s are active in neural
progenitor cells stimulated to differentiate in response to FGF-2 and are upregulated
transcriptionally. On this basis, Muotri et al. (2005) introduced a human L1 (driven
by a human L1 promoter) marked with a retrotransposition indicator gene into such
cells and into transgenic mice. Interestingly, when the cells were differentiated in tissue
culture into astrocytes, glia and neurons, retrotransposition of the human constructs
was only seen in those cells that differentiated into neuron-like cells. In some of these
cases, insertion of the new retrotransposons was into transcriptionally active target
genes in the differentiating neurons. Furthermore, significant retrotranspositional ac-
tivity of this element (as inferred from GFP staining) was observed in a wide variety
of neuronal cells in the brains of these mice. These results can be interpreted to sug-
gest that the highly divergent promoters of primate and rodent LINEs, as well as the
divergent proteins encoded by these elements, might be under genetic selection for
retrotranspositional activity in the brain. Not only are these promoters highly diver-
gent structurally, but there is also good reason to believe they have an independent
genetic origin. The “promoter capture” model (Khan et al. 2006) posits that, as the
host inactivates L1 promoters by various mechanisms, L1s can capture novel cellular
promoters by TPRT followed by incomplete reverse transcription (Fig. 9). This would
then put the element under control of a new promoter. The divergent structures of
primate and rodent elements support the idea that at least one such event occurred
between rodent and primate lineages. The hypothesis that the promoters are indepen-
dently derived yet retain germ-line- and neuron-specific activities could be tested by

Fig. 9. Promoter capture model. L1 may capture cellular promoters during evolution by trans-
posing a partially truncated element. During the TPRT reaction, the reverse transcription of L1
RNA may extend through ORF1 but fail to copy its own promoter. If this incomplete element is
inserted downstream of a cellular promoter, then the L1 might capture this sequence as its own
novel promoter
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examining the retrotranspositional activity of native mouse elements or ORFeus driven
by the native mouse L1 promoter. Such experiments are in progress (collaboration with
A. Muotri and F. Gage).
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