REVIEW ARTICLE

HUMAN MUTATION 0, 1-13, 2007

Progress in Understanding the Biology
of the Human Mutagen LINE-1

Daria V. Babushok and Haig H. Kazazian, Jr.*

Department of Genetics, University of Pennsylvania, Philadelphia, Pennsylvania

Communicated by David Cooper

Long interspersed nucleotide element (LINE)-1 retrotransposon (L1) has emerged as the largest contributor to
mammalian genome mass, responsible for over 35% of the human genome. Differences in the number and
activity levels of L1s contribute to interindividual variation in humans, both by affecting an individual’s
likelihood of acquiring new L1-mediated mutations, as well as by differentially modifying gene expression. Here,
we report on recent progress in understanding L1 biology, with a focus on mechanisms of L1-mediated disease.
We discuss known details of L1 lifecycle, including L1 structure, transcriptional regulation, and the mechanisms
of translation and retrotransposition. Current views on cell type specificity, timing, and control of
retrotransposition are put forth. Finally, we discuss the role of L1 as a mutagen, using the latest findings in
L1 biology to illuminate molecular mechanisms of L1-mediated gene disruption. Hum Mutat 0, 1-13, 2007.
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REPETITIVE CONTENT LEADS TO MAJOR
DIFFERENCES IN GENOME SIZE

Genome size tells us surprisingly little about the complexity of
the organism. While there is a general increase of total genomic
DNA with increasing complexity in lower eukaryotes—1.2 x 107 bp
for the single cell S. cerevisiae, 1.0 x 10° for C. elegans, 1.3 x 10°
for D. melanogaster, and 2.7 x 10%bp for A. gambiae—the
correlation breaks down with increasing genome size. For instance,
another mosquito, A. aegypti, has a genome of 1.4 x 10°bp, larger
than that of lower vertebrates fugu (3.9 x 108bp) and chicken
(1.0 x 10°bp), and while mammalian genome sizes are three to
eight times larger, they fail to correlate with the apparent increase
in organismal complexity, a phenomenon referred to as the
C-value paradox [Cavalier-Smith, 1985].

The explanation lies largely in the fact that only a small
fraction of genomic DNA, roughly 5% of mammalian genomes
[Lander et al., 2001; Waterston et al., 2002; Gibbs et al., 2004;
Lindblad-Toh et al., 2005], is subject to evolutionary constraint
and, presumably, contains genes and gene regulatory regions. In
contrast, over 46% of the human genome and 39% of the mouse
genome are recognized as interspersed repeats that are largely
nonfunctional [Lander et al., 2001; Waterston et al., 2002].
The actual contribution of repeats to mammalian genomes is
significantly larger, as the older, ancestral repeats have diverged
beyond the current recognition limit of ~37% divergence
[Smit, 1999; Waterston et al., 2002]. This is further supported
by the reduced ability to detect ancestral repeat sequences in the
mouse (as compared to the human) due to its higher mutation
rate—the recognition limits are approximately 100-120 million
years (Myr) for mouse and 150-200 Myr for human [Waterston
et al., 2002]. For comparison, the chicken genome lacks the abun-
dant mammalian short interspersed nucleotide elements (SINEs)
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and L1 elements and contains only ~9% repetitive DNA, largely
explaining its approximately three-fold smaller genome size [Hillier
et al., 2004]. Importantly, difficulties with cloning, sequencing, and
assembly of highly repetitive regions have led to the under-
representation and, sometimes, intentional exclusion of repetitive
sequences from genome databases [Lander et al., 2001].

AUTONOMOUS LONG INTERSPERSED NUCLEOTIDE
ELEMENTS (LINE)-1 ELEMENTS ARE THE MAJOR
DRIVING FORCE BEHIND GENOME EXPANSION

DNA sequences broadly classified as repeats include: 1) tandem
repeats of the centromeric and telomeric regions, which are often
excluded from genome assemblies; 2) segmental duplications,
which arose by recombinational processes and comprise ~5% of
the human genome, largely located in the pericentromeric and
subtelomeric regions [Eichler, 2001; Zhang, 2003; Stankiewicz
et al., 2004]; 3) simple sequence repeats (SSRs), which are
tandem, sometimes imperfect repetitions of 1 to 13 nt that arose
by DNA polymerase slippage during replication, make up ~3% of
the human genome [Lander et al., 2001], and are frequently used
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as genetic markers because of their high levels of length
polymorphism [Weissenbach, 1993]; and 4) transposable elements,
also known as interspersed repeats, which are the largest single
component of mammalian genomes and probably the most
important determinant of global genome evolution [Lander
et al., 2001; Kazazian, 2004].

Based on their mechanism of replication, transposable elements,
in turn, are categorized into four classes (Fig. 1): 1) DNA
transposons, which move by a “cut-and-paste” mechanism using
an encoded transposase gene and inverse terminal repeats (ITRs)
[Reznikoff, 2003]; 2) long terminal repeat (LTR) retrotransposons,
which contain LTRs, encode gag and pol genes, and mobilize
through an RNA intermediate by a retroviral-like reverse
transcription mechanism; 3) LINEs (long interspersed nucleotide
elements, also known as non-LTR elements) which mobilize by
reverse transcription through an ancient mechanism shared with
the group I introns of mitochondria and eubacteria [Eickbush and
Malik, 2002] (discussed below); and 4) SINEs (short interspersed
nucleotide elements) which lack the ability to retrotranspose
autonomously, but can co-opt LINE-1 machinery for their
replication [Kazazian, 2004]. Their respective contributions to
the human genome sequence are DNA transposons (3%), LTR
elements (9%), but over 35% for LINES (21% by self-replication
and over 14% indirectly by replication of SINEs and processed
pseudogenes) [Lander et al., 2001; Waterston et al., 2002]. The
high degree of divergence and lack of presence-absence poly-
morphisms among the DNA transposons and LTR elements
strongly suggest that these elements have been extinct in the
human lineage for over 40 Myr [Lander et al., 2001]. In contrast,
the predominant mammalian LINE element, LINE-1 or LI,
underwent a peak of retrotranspositional activity around 40 Myr
ago [Ohshima et al., 2003]. While the activity of L1 has since
declined, the average human being carries ~80 to 100 potentially
active L1 elements in his/her diploid genome [Brouha et al.,
2003]. The presence-absence polymorphism of L1s in the human
population, combined with a great variability in the activity
levels of L1 alleles make L1 a key contributor to interindividual
variation [Dombroski et al., 1991; Konkel et al., in press; Seleme
et al., 2006].
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STRUCTURE OF AN L1 RETROTRANSPOSON

The full-length human L1 retrotransposon is ~6kb, and is
comprised of a 910-bp 5 untranslated region (5'UTR), two open
reading frames (ORF1 and ORF2) separated by a 63-bp inter-ORF
linker region, and a 205-bp 3'UTR containing a functional
polyadenylation signal. The L1 element terminates with a variable-
length polyA tail, and is typically flanked by short direct repeats
(target site duplications [TSDs]) of 2-20bp (Fig. 2) [Scott et al.,
1987; Dombroski et al., 1991; Szak et al., 2002]. Both ORF1 and
OREF2 are required for retrotransposition [Moran et al., 1996].

ORF1 encodes a ~40-kDa protein (p40 or ORF1p) rich in basic
residues that contains a leucine zipper domain [Holmes et al.,
1992]. ORFlp was found to form ribonucleoprotein particles
(RNPs) in human and mouse teratocarcinoma cell lines
[Martin, 1991; Hohjoh and Singer, 1996], and its direct RNA-
binding ability was further confirmed in vitro, with data suggesting
that RNA binding is not sequence-specific at least for the mouse
ORFl1p [Hohjoh and Singer, 1997; Kolosha and Martin, 1997,
2003; Martin et al., 2000]. Both human and mouse ORF1p possess
nucleic acid chaperone activity, which is independent of their
RNA-binding affinity and is required for L1 retrotransposi-
tion. ORFlp accelerates complementary strand annealing, and
facilitates melting and strand displacement in mispaired DNA
duplexes [Martin and Bushman, 2001; Kulpa and Moran, 2005;
Martin et al., 2005a; Martin, 2006].

ORF2 encodes a ~150-kDa protein, ORF2p, with conserved
endonuclease (EN) [Feng et al., 1996], reverse transcriptase (RT)
[Mathias et al., 1991], and C-terminal cysteine-rich [Fanning and
Singer, 1987] domains. The EN domain of L1 is thought to
originate from the host cells apurinic/apyrimidinic endonuclease
(APE) in early eukaryotes, and is conserved among a large subset
of non-LTR retrotransposons [Martin et al., 1995; Feng et al.,
1996; Malik et al., 1999]. Analyses of L1 and Alu integration sites
from genomic databases, as well as studies of de novo integrants,
identified a loose EN cleavage consensus of 5 TTTT AA 3/,
which facilitates EN interactions with the DNA minor groove
[Feng et al., 1996; Jurka, 1997; Cost et al., 2002; Morrish et al.,
2002; Berry et al., 2006]. L1 elements lacking a functional EN
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FIGURE 1. Classes of interspersed repeats. ITR, inverted terminal repeats; LTR, long terminal repeats; gag, group specific antigen;
prt, protease; pol, polymerase; env, envelope; A and B are the conserved regions of the RNA polymerase Il promoter in Alu element.

The env gene is nonfunctional in LTR-retrotransposons.
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FIGURE 2. Structure of the human L1 retrotransposon. The full-length human L1 retrotransposon is 6 kb, and contains: 1) a 910-bp
5’UTR region with bidirectional promoter activity; 2) ORF1 region, which encodes a 40-kDa basic RNA-binding protein with a leucine
zipper domain (1z); 3) ORF2 region, which encodes a 150-kDa protein with endonuclease (EN) and reverse transcriptase (RT) activ-
ities, and a conserved C-terminal zinc knuckle domain (z); and 4) a 3'UTR region dispensable for retrotransposition activity. The
3’UTR contains a functional polyadenylation signal, which occasionally may be bypassed in favor of a stronger downstream signal
[Moran et al., 1999; Goodier et al., 2000; Pickeral et al., 2000; Belancio et al., in press]. L1 terminates with a poly(A) sequence (pA),

and is flanked by 2-bp to 20-bp target site duplications (TSDs).

domain were shown to integrate at atypical sites in DNA-repair
deficient cell lines, suggesting that L1 may utilize preexisting nicks
for integration. However, endonuclease-independent integration
is significantly less efficient than integration mediated by L1
endonuclease [Morrish et al.,, 2002] and is rarely found in vivo
[Chen et al., 2005a; Babushok et al., 2006].

The RT domain, defined by the presence of 11 conserved
sequence blocks, is present in all non-LTR retrotransposons, and
has been used to date the emergence of non-LTR elements to the
Precambrian era, making them as old as eukaryotes [Malik et al.,
1999]. Biochemical studies of L1 RT using a Ty1/L1 ORF2 hybrid
vector and L1 ORF2 overexpressed in baculovirus-infected insect
cells demonstrated that L1 RT possesses both RNA- and
DNA-dependent DNA polymerase activities, which are Mg?*-
dependent, highly processive, and require an intact catalytic motif
FXDD [Mathias et al., 1991; Dombroski et al., 1994; Piskareva
et al., 2003; Piskareva and Schmatchenko, 2006]. Furthermore,
reverse transcriptase activity was detected in ultracentrifugation-
concentrated whole cell lysates containing L1 RNA, ORF1p, and
ORF2p derived from cultured cells transfected with an L1
expression vector [Kulpa and Moran, 2005, 2006].

The C-terminal cysteine-rich domain of L1 contains a CCHC
zinc knuckle-like region [Fanning and Singer, 1987] and is
conserved throughout the LINE-element clade [Duvernell
and Turner, 1998; Goodwin et al., 2001; Ostertag and Kazazian,
2001a; Casaregola et al., 2002]. Mutations in the conserved
cysteine and histidine residues reduce L1 retrotransposition
activity in a cultured cell assay, without adversely affecting reverse
transcriptase activity [Moran et al, 1996]. The zinc knuckle
region is hypothesized to mediate ORF2-DNA interactions during
L1 integration [Moran et al., 1996; Ostertag and Kazazian,
2001a], or function as an intramolecular processivity factor
facilitating extended polymerization by the L1 RT [Piskareva
and Schmatchenko, 2006].

CELLTYPE SPECIFICITY OF L1
RETROTRANSPOSITION

Only a few studies have focused on L1 activity in somatic
tissues; nevertheless, it is clear that in some circumstances L1
can be expressed and retrotranspositionally-active somatically.
Endogenous mouse L1 transcripts and ORF1 protein were found
in somatic subsets of cells in the testes and in steroidogenic
tissues [Branciforte and Martin, 1994; Trelogan and Martin,
1995]; endogenous human ORFI and ORF2 proteins were
detected in somatic subsets of testicular cells (Sertoli, Leydig,
testicular covering cells, and epididymal columnar epithelial cells),
placental syncytiotrophoblasts, and vascular endothelial cells
[Ergun et al., 2004]; endogenous rat L1 RNA and protein were
detected in cardiac tissue [Lucchinetti et al., 2006]; Miki et al.
[1992] and, possibly, Morse et al. [1998] found somatic L1

insertions in tumor tissue in human patients; and human L1 was
found to retrotranspose in neuronal precursor cells in transgenic
mice [Muotri et al., 2005]. In addition to a wealth of evidence
of L1 retrotransposition in transformed somatic cells in
culture [Moran et al., 1996; Morrish et al., 2002; Han et al.,
2004], L1 retrotransposition in primary human cells and primary
neuronal rat cells was recently demonstrated [Muotri et al., 2005;
Kubo et al., 2006; Shi et al., 2007].

The frequency and cell-type requirements of retrotransposition
are thought to be largely determined by methylation and
subsequent repression of the CpG-rich L1 5UTR [Yu et al,
2001], with general repression in normal somatic tissues, and with
aberrant hypomethylation allowing for expression of L1 in some
human tumors [Dante et al., 1992; Asch et al., 1996; Florl et al.,
1999; Santourlidis et al., 1999; Roman-Gomez et al., 2005]. While
several transcription factors have been implicated in transcrip-
tional regulation of L1 (discussed below), none were demonstrated
so far to determine the cell type specificity of L1 expression. Two
other potential types of L1 regulators were recently proposed: L1-
specific siRNAs (discussed below), as well as several APOBEC3
human cytidine deaminases. Several APOBEC3 family members
(APOBEC3A, 3B, 3C, and 3F) were found to inhibit L1
retrotransposition independent of their deaminase activity; their
mechanism of L1 inhibition remains unclear. APOBEC3 enzymes
have been proposed to mediate cytoplasmic sequestration of L1
RNA or proteins, or to directly inhibit L1 enzymatic activity
[Bogerd et al., 2006; Chen et al., 2006a; Muckenfuss et al., 2006;
Stenglein and Harris, 2006]. APOBEC3G was recently found to
inhibit Alu, but not L1 retrotransposition, by sequestering Alu
RNA:s in cytoplasmic complexes away from the L1 retrotransposi-
tion machinery [Turelli et al., 2004; Chiu et al., 2006; Hulme
et al., in press].

Although L1 transcription and retrotransposition may occur in a
variety of cell types at the level of an individual, only events in
primordial germ cells, germline, or the early embryo can be
incorporated into the germline lineage and contribute to future
generations. Of these, only germline retrotransposition has been
demonstrated: de novo L1 insertion consistent with early meiotic
retrotransposition was reported in a human patient [Brouha et al.,
2002], endogenous full-length L1 transcripts were detected in
prepubescent spermatocytes [Branciforte and Martin, 1994], and
germline L1 transcription and retrotransposition were observed
in transgenic mouse models of human L1 retrotransposition
[Ostertag et al., 2002].

While there is some evidence of retrotranspositional activity in
early development or in later somatic tissues from transgenic
studies, these results were obtained with either a native human L1
or a synthetic mouse LI element driven by a heterologous
promoter in a mouse host. De novo retrotransposition in early
embryogenesis was described by Prak et al. [2003] in the
transgenic founder using a human L1 driven by the mouse RNA
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pol II promoter in addition to the L1 5UTR. Subsequently, high
frequency somatic insertions were observed in multiple mouse
lines from an integrated human L1 transgene driven by the mouse
heat shock (Hsp70-2) promoter [Babushok et al., 2006], as well as
in transgenic lines containing a synthetic mouse L1 element driven
by the chicken B-actin promoter [An et al., 2006]. Future studies
of L1 transcribed from its endogenous 5UTR will determine
whether somatic retrotransposition occurs in vivo.

TRANSCRIPTIONAL REGULATION
OF L1 RETROTRANSPOSON

The 5UTR of human L1 contains an internal promoter located
within its first 100-150bp, with additional sequences in the first
670bp contributing to transcriptional activation [Swergold, 1990;
Minakami et al., 1992; Singer et al., 1993]. This internal promoter
initiates transcription within a small region from —9 to +4 of L1
[Lavie et al., 2004]. Internal promoters are typically associated
with short noncoding RNAs produced by RNA polymerase III
(pol III) [Geiduschek and Kassavetis, 2001]; and pol III-, but not
pol II-mediated transcription of L1 was found in an in vitro
transcription study using L1 promoter driving transcription of a
short Ll-region [Kurose et al., 1995]. However, the assayed
template lacked long coding ORF sequences and several polyT
stretches normally contained in L1 that would likely terminate
pol III transcription [Geiduschek and Kassavetis, 2001]. In fact,
several characteristics of L1 are more consistent with pol II
transcription. The L1 transcript is long (6kb), protein-coding,
and contains a functional polyadenylation signal, as is typical for
pol Il-transcribed mRNAs. Additionally, from the prevalence of
extra 5° G residues consistent with reverse transcription of the
m7G cap, as well as from the bimodal distribution of L1 insertion
lengths, suggestive of a protected 5 end of the full-length
elements, we and others have postulated the presence of a 5’m7G
cap [Lavie et al., 2004; Babushok et al., 2006], a characteristic
feature of pol II transcripts. Finally, RNA polymerase II binding to
the L1 5UTR was detected in chromatin precipitation experi-
ments [Yang and Kazazian, 2006]. Thus, the wealth of suggestive
data is most consistent with RNA polymerase II-driven transcrip-
tion of full-length Lls, or, possibly, with transcription by a
combination of pol II and pol III. The efficiency of L1 transcription
is greatly diminished due to an L1 length-dependent trans-
criptional elongation defect [Han et al., 2004]; furthermore,
premature polyadenylation limits the amount of full-length L1
transcripts available for retrotransposition [Perepelitsa-Belancio
and Deininger, 2003].

In addition to the internal promoter activity driving L1
expression, Speek [2001] demonstrated that L1 5UTR contains
antisense promoter (ASP) activity, which allows for cotranscrip-
tion of L1 5'UTR and its upstream genomic region. He mapped
the antisense promoter activity to nucleotides +400 to +600,
with the minimal promoter region located at +399 to +467, and
additional 3" nucleotides contributing to ASP activity. Further
analyses of expressed sequence tag (EST) databases revealed that
ASP drives transcription of a number of genes, is active across a
range of tissues, and may contribute to epigenetic silencing of
cellular genes [Nigumann et al., 2002; Matlik et al., 2006] as well
as the L1 elements themselves [Soifer and Rossi, 2006; Yang and
Kazazian, 2006]. Using a combination of transcription start
database analyses [Matlik et al., 2006], as well as 5RACE
transcription start mapping [Yang and Kazazian, 2000], hetero-
geneous ASP transcription initiation sites were localized to two
regions at +378-431 and +480-497bp. Yang and Kazazian
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[2006] further hypothesized that L1 retrotransposons themselves
may be suppressed by the RNA interference effect caused by
bidirectional transcripts from the L1 5'UTR. Using Northern
analysis with probes specific for the predicted region of double-
stranded RNA, they found the presence of ~21-bp small RNAs
complementary to the L1 5UTR. Consistent with the RNAi-
mediated suppression of L1, both the deletion of the ASP
promoter and knock-down of Dicer-1 increased L1 retrotransposi-
tion activity in cell culture [Yang and Kazazian, 2006]. While
the mouse L1 element is not known to have an antisense promoter,
20-24nt siRNAs complementary to mouse L1 sequences were
also found in the mouse germline, suggesting that RNAi could
be a common mechanism of L1 suppression [Watanabe et al.,
2006].

Studies of transcription-factor binding to the L1 promoter
region identified a number of proteins that bind to sequences in
the L1 5UTR and modulate promoter activity. Yin Yang-1 (YY1)
transcription factor was found to bind to bases +13 to +21 and
increase promoter activity [Minakami et al., 1992; Becker et al.,
1993; Singer et al., 1993; Kurose et al., 1995]; subsequent detailed
mutagenesis studies of the YYI1-binding site further defined its
function to directing transcript initiation to the +1 position of the
L1 element [Athanikar et al., 2004]. Two binding sites for SOX
family members at +472 to +477 and at +572 to +577 of the L1
5'UTR were shown to be functional, leading to transactivation of
up to 10-fold in cotransfection experiments with Sox11 trans-
cription factor and the 5UTR driving a luciferase reporter
[Tchenio et al., 2000]. Furthermore, RUNX3 transcription factor
binding sites were identified at +83 to +101 and +526 to +508,
the first of which was demonstrated to activate L1 transcription
and retrotransposition in RUNX3 overexpression experiments;
mutations in the second RUNX3 site were found to modulate the
activity of the L1 antisense promoter [Yang et al., 2003; Yang and
Kazazian, 2006].

L1 ORF1 AND ORF2 ARE TRANSLATED
BY DIFFERENT MECHANISMS
FROM A BICISTRONIC TRANSCRIPT

A scanning model of translation, accounting for translation
of the majority of eukaryotic mRNAs, postulates 40S ribosome
binding to the m7G cap at the 5" end of the transcript, followed
by linear scanning until the first AUG in the appropriate
Kozak [Kozak, 1989]. From the sharp
decrease in translation observed when a stable hairpin structure
was introduced at +661 of L1 5UTR, human ORF1 translation
is most consistent with a standard ribosomal scanning model
[McMillan and Singer, 1993]. Consistent with standard transla-
tion, ORF1p can be readily detected in a variety of cells. Human
ORF2 is located downstream of ORFI1, and the two ORFs are
separated by a 63-bp interORF region that contains two stop
codons and has the potential to encode a short, 6—amino acid ORF
[Dombroski et al.,, 1991]. In contrast to ORF1p, human ORF2p
could not be detected at significant levels from overexpressed
intact L1 constructs; however, other factors such as ORF2-
mediated toxicity or low antibody sensitivity could have
contributed to the apparent lack of ORF2 translation [Ergun
et al., 2004; Goodier et al., 2004].

While it is formally possible that ORF2 protein is transcribed
from a post-transcriptionally processed L1 transcript with the
spliced out leader 5UTR and ORF1 [Belancio et al., 2006] or

from a shorter monocistronic transcript transcribed using a

initiation context
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hypothetical cryptic promoter in ORF1, several lines of evidence
argue against this possibility. There is no evidence of transcription
of L1 from downstream sites. Retrotransposed monocistronic
transcripts are not found in the human genome [Belancio et al.,
2006]. Furthermore, strong cis-preference of ORF2p for the RNA
from which it was translated (see below) makes it unlikely that
ORF2p translated from a monocistronic transcript could mediate
retrotransposition of a full-length L1 RNA. Most probably, ORF2
protein is produced from a full-length bicistronic L1 transcript
[Skowronski et al., 1988; Perepelitsa-Belancio and Deininger,
2003]. Translation from a single bicistronic transcript was recently
demonstrated for another eukaryotic non-LTR retrotransposon,
SART], in silkworm [Kojima et al., 2005].

Translation of ORF2 by leaky m7G cap-dependent ribosomal
scanning is very unlikely, because of the long leader sequence
containing 11 in-frame AUG codons upstream of ORF2 [Alisch
et al., 2006]. Similarly, ORF2 translation by nonsense codon
suppression, ribosomal frameshifting, or ribosomal hopping is also
unlikely, because there is no evidence of ORF1-ORF2 fusion
protein when probed with anti-ORF1 antisera [Leibold et al.,
1990; Bratthauer and Fanning, 1992, 1993; McMillan and
Singer, 1993; Branciforte and Martin, 1994; Asch et al., 1996;
Hohjoh and Singer, 1996; Ishida and Leder, 1999; Goodier
et al., 2004; Kulpa and Moran, 2005]. Ergun et al. [2004] recently
reported ORF2p in immunoprecipitation experiments in a
restricted subset of testicular and placental cells. In agreement
with separate translation of ORF1 and ORF2, no ORF1-ORF2
fusion protein was detected with anti-ORF2 antibodies in these
experiments.

Based on in vitro translation experiments, Ilves et al. [1992]
originally proposed that rat L1 ORF2 translation must occur by
either translational termination/reinitiation or an internal ribo-
some entry mechanism. A similar conclusion was reached from
translation studies of human ORF2 fused with a lacZ reporter in
cultured cells [McMillan and Singer, 1993]. Understanding of
human ORF2 translation was further refined in recent studies by
Alisch et al. [2006]. They found that while the ORF2 AUG is the
translation start site for ORF2p and is present in all known active
L1 retrotransposons, it can be substituted by any other non-stop
codon with preservation of 10 to 70% of wild-type retrotransposi-
tion activity. In contrast, replacement of the AUG by a stop
codon virtually eliminates ORF2 translation; this effect can be
rescued by a single-nucleotide insertion after the stop codon
that reinstates the reading frame. The authors further found that
ORF2 translation requires the presence of an upstream OREF;
however, the sequence of the ORF and the interORF region are
not important for maintaining translation. In fact, replacement of
OREF]1 by its inactive mutant, but not by a prematurely truncated
mutant, allows for ORF2 translation. Similarly, translation of
ORF2 is preserved if the upstream ORF1 is replaced in its entirety
by a heterologous ORF (such as the EGFP gene).

Because any upstream ORF will produce ORF2 translation
while the ORF1 and interORF sequences are dispensable, it is
unlikely that ORF?2 is translated from an internal ribosome entry
site (IRES) in these regions. Instead, ORF2 is most probably
translated by a termination/reinitiation mechanism, whereby the
40S subunit translates an upstream ORF in an m7G-cap
dependent manner, and then scans the interORF region until it
reaches the 5’ end of the ORF2; the immediate sequence at the 5’
end of ORF2 is likely used to position the ribosomes at or near
ORF2 AUG codon [Alisch et al., 2006]. In agreement with this
hypothesis, Alisch et al. [2006] observed a drastic drop in ORF2p

translation when a thermostable hairpin loop was introduced into
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the interORF region; in contrast, introducing an unstructured
131-bp sequence did not affect ORF2 translation.

The termination/reinitiation seen in human L1 may be related
to the coupling mechanism responsible for
production of ORF2p from a bicistronic transcript of SART1
retrotransposon [Kojima et al., 2005]. However, it appears that the
translation mechanisms of human and rodent L1 proteins are
distinct. While the human ORF1 is thought to be translated by
classic ribosomal scanning, and ORF2 by a translation termination/
reinitiation mechanism [McMillan and Singer, 1993; Alisch
et al., 2000], Li et al. [2006] reported IRES sequences guiding
the translation of both mouse ORF1 and ORF2 proteins; neither
of the two identified IRES regions are well-conserved in
mammalian LINE elements. Internal ribosomal entry was also
hypothesized to mediate rat ORF2 translation [Ilves et al., 1992].
Future work in this area will undoubtedly uncover further details
of the ORF2 translation mechanism among LINEs and other non-
LTR retrotransposons.

The low amounts of ORF2p, with possibly as few as one
ORF2p molecule present in the L1 ribonucleoprotein (RNP)
complex [Wei et al., 2001; Alisch et al., 2006], indicate that either
OREF?2 translation is extremely inefficient or that ORF2p is quickly
eliminated post-translationally. The resulting paucity of ORF2p
likely contributes to the phenomenon of L1 cis-preference,
whereby the nascent ORF2 protein is thought to associate with
its encoding L1 mRNA in an RNP particle, which then serves as a
retrotransposition intermediate [Kulpa and Moran, 2006].

The cis-preference model of L1 retrotransposition is supported
by four lines of evidence: 1) disease-causing L1 insertions in
humans are identical in sequence to their active progenitor
L1 elements despite the vast majority of genomic elements
being rearranged and inactive [Dombroski et al., 1991; Holmes
et al.,, 1994]; 2) the low activity of transfected L1 elements with
inactive ORF1 or ORF2 cannot be rescued in trans by the intact
endogenous cellular L1s or cotransfected wild-type L1s [Moran
et al.,, 1996; Wei et al., 2001]; 3) L1s mobilize cellular mRNAs
at much lower frequency (~0.01-0.05%) than L1 RNAs [Esnault
et al., 2000; Wei et al., 2001]; and 4) the RT activity of L1 RNP
complexes preferentially acts on L1 RNA templates [Kulpa and
Moran, 2006].

translational

L1 INTEGRATES INTO THE GENOME BY TARGET-
PRIMED REVERSE TRANSCRIPTION, LIKELY
INVOLVING TWO ORF2 COMPLEXES

The integration of L1 retrotransposon occurs by the target-
primed reverse transcription (TPRT) mechanism, which was
originally described for the related non-LTR retrotransposon R2 in
Bombyx mori [Luan et al., 1993]. In this mechanism (Fig. 3), the
Ll-encoded endonuclease (EN) within the ORF2 protein nicks
the host chromosome. The free 3’-hydroxyl generated by the nick
is then used as the primer by the L1 RT to polymerize the cDNA
copy of L1 directly onto the host DNA. Subsequent biochemical
studies using purified ORF2 demonstrated a TPRT reaction of
human L1 in vitro [Cost et al., 2002]. Analyses of endogenous
Lls in the human genome [Jurka, 1997; Lander et al., 2001;
Szak et al, 2002] further confirmed that L1 integrants carry
characteristic features of TPRT integration: L1 sequences
generally integrate at 5" TTTT’AA 3’ sites, contain an intact 3’
end region ending in a polyA, are variably truncated at the 5’ end,
and are flanked by 2 to 20-bp target site duplications.

Unlike the initial TPRT steps of L1 integration, subsequent
second-strand cleavage, L1 RNA removal, second-strand synth-
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esis, and nick resolution are poorly understood. From studies
of the R2 retrotransposon, a second R2 protein was shown to
mediate second-strand cleavage, and predicted to mediate second-
strand synthesis; second-strand synthesis by R2p has not yet been
demonstrated experimentally [Christensen and Eickbush, 2005].
Evidence of L1-mediated cleavage of both strands is provided by
recent demonstrations of y-H2AX foci indicative of frequent
double-strand breaks in cultured cells transiently transfected with
an L1 construct; Ll-induced double-strand breaks disappeared
over time, consistent with DNA repair and integration resolution
[Belgnaoui et al., 2006; Gasior et al., 2006].

Similar to the integration of the R2 element, the second RT
subunit is also thought to be involved in the integration of at least
some L1 molecules; this is predicted from the “twin priming”
mechanism that explains frequent inversions of mammalian L1
elements (Fig. 3) [Ostertag and Kazazian, 2001b]. In twin-priming,
the second DNA strand is cleaved during the TPRT reaction,
releasing a second 3’ hydroxyl group, which is then used for
synthesis of the upstream region; subsequent resolution produces

an element containing a 3’ direct region joined to a 5" inverted
region, with the whole structure flanked by target site duplications
[Ostertag and Kazazian, 2001b].

The attachment of the 5’end of the R2 element is postulated to
occur by R2 RT template jumping from the 5 end of the R2
transcript onto the host DNA strand [George et al., 1996; Burke
et al.,, 1999; Eickbush et al., 2000; Bibillo and Eickbush, 2002].
Efficient template jumping by the R2 RT from the 5" end of the
RNA template to the 3’ end of single-stranded DNA and RNA
regions has been demonstrated in vitro [Bibillo and Eickbush,
2002, 2004]. R2 template jumping is often accompanied by the
addition of a few extra nucleotides to the end of the nascent
cDNA at the site of the jump, which may facilitate annealing
between the nascent cDNA strand and the new template [Bibillo
and Eickbush, 2004].

Several features of de novo and recent genomic L1 insertions
indicate that L1 5 end attachment could also be mediated by
similar L1 RT template jumping from the 5" end of the L1 RNA to
the single-stranded region of the host DNA at the integration site
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FIGURE 3. Model of L1 integration reaction. L1 RNA is associated in the L1 ribonucleoprotein complex (L1 RNP) with the ORF1 cha-
perone protein and ORF2 protein containing the endonuclease (EN) and reverse transcriptase (RT) activities.The L1 RNP is the active
intermediate in the target-primed reverse transcription reaction (TPRT). A: InTPRT, L1 ORF2p first nicks the bottom strand of host
DNA, releasing a 3’ hydroxyl. B: L1 ORF2p then uses L1 RNA (thick gray line) as a template, and the nicked host strand as a primer to
reverse transcribe the L1 transcript directly into the host genome (black line shows nascent L1 retrocopy). C: L1 ORF2p nicks the top
strand of host DNA. D:The majority of insertions first integrate the newly copied bottom strand, and then synthesize the complemen-
tary second strand of DNA. E: Resolution of the integrant results in a classic L1 insertion, which is flanked by target site duplications
(TSDs, boxes), and contains a variable length direct fragment of L1 sequence beginning at the 3’ end, and often truncated at the 5’
end. F: In up to 35% of L1 insertions, after the nick of the top strand of host DNA, a second ORF2 molecule initiates a second reverse
transcription reaction, copying an upstream region of the L1 transcript; this reaction is called twin-priming. G: Resolution of a twin-
priming integrant produces an inverted L1 insertion, which contains a direct fragment with an intact 3’ end and a variably-truncated
5’ end joined to an inverted copy of an upstream region of L1. The whole insertion is flanked by target site duplications (TSDs).
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(Fig. 4) [Babushok et al., 2006]. First, occasional template jumping
from L1 RNA to other RNA templates during L1 integration is
known to give rise to chimeric insertions (e.g., L1-U6) [Hayward
et al., 1997; Buzdin et al., 2002, 2003; Gilbert et al., 2002, 2005].
Second, similar to the R2 element [George et al., 1996; Eickbush
et al., 2000], de novo L1 insertions occasionally contain extra
nucleotide stretches at the 5" junction with genomic DNA. Many
of these are comprised of only one to a few nucleotides, and, as was
proposed for R2 element, these could be added by the RT during
the template jump [Bibillo and Eickbush, 2004]. Other extra
nucleotide additions duplicate host DNA sequences immediately
upstream of the integration site [Symer et al., 2002; Babushok
et al.,, 2006], and these are most consistent with L1 RT jumping
templates from the L1 RNA onto the upstream host DNA region.
Third, consistent with the ability to use host DNA as a template
for DNA synthesis, L1 RT has efficient DNA-dependent DNA
polymerase activity [Mathias et al., 1991; Piskareva et al., 2003;
Piskareva and Schmatchenko, 2006]. Finally, the majority of
characterized de novo integrants in cultured cells and in
transgenic mice as well as a large number of endogenous Lls in
the human and mouse genomes [Gilbert et al., 2002, 2005; Symer
et al.,, 2002; Martin et al., 2005b; Zingler et al., 2005; An et al.,
2006; Babushok et al., 2006] contain microhomologies between
the 5 end of L1 RNA and the flanking host DNA. These
microhomologies could be produced by annealing between
the 3’ end of nascent L1 ¢cDNA and the single-stranded region
of the top host strand, facilitating the L1 RT template jump
[Babushok et al., 2006].

Both the initial TPRT model, as well as the template jumping
model invoke cellular enzymes for final resolution and nick
repair [Luan et al., 1993; Ostertag and Kazazian, 2001b; Babushok
et al., 2006]. One DNA repair enzyme, ataxia telangiectasia
mutated (ATM), was recently shown to be required for L1-
induced double-strand break repair and L1 retrotransposition
[Gasior et al., 2006]. Further studies will be required to evaluate
the template-jumping model of L1 integration and to determine
the involvement of host enzymes in the L1 lifecycle.

L1 RETROTRANSPOSON CONTRIBUTES
TO HUMAN DISEASE

While the majority of L1 and other L1-mediated insertions (e.g.,
Alu and SVA insertions) land in intergenic and intronic sequences
with little or no consequence to their host, occasional inser-
tions have disrupted gene expression and caused human disease
[Kazazian et al., 1988; Deininger and Batzer, 1999; Batzer and
Deininger, 2002; Chen et al., 2005b, 2006b; Ostertag and
Kazazian, 2005; Hulme et al., 2006; Mine et al., 2006; Musova
et al., 2006]. Because these insertions are typically identified in
patients presenting with overt disease, the majority of character-
ized cases are X-linked or dominant single-gene genetic disorders,
such as hemophilia A (MIM# 306700) or Apert syndrome (MIM#
101200). Occasional cases of recessive inactivating mutations
have been found on the background of incidental inherited
mutation in the other allele (e.g., pyruvate dehydrogenase complex
deficiency; MIM# 608769) [Mine et al., 2006], in consanguineous
populations (e.g. gyrate atrophy of the choroid and retina; MIM#
258870) [Mitchell et al., 1991], as well as in cases where second-
hit mutations are more frequent and likely to produce disease
(e.g., insertions into tumor suppressor genes, such as the APC
gene; MIM# 175100) [Miki et al., 1992] (reviewed in Ostertag
and Kazazian [2005]). Of 53 known disease-causing insertions, 17
were caused by L1 itself, while L1-mediated integrations of Alu
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and SVA elements caused another 29 and four cases, respectively;
three additional insertions were caused by L1-mediated insertions
of simple polyA repeats.

Of the 17 L1 insertions, 16 were caused by L1 elements
belonging to the younger, human-specific subset of Lls
(Ta, transcribed group a subset) [Skowronski et al., 1988; Boissinot
et al., 2000], whereas only one is derived from the older, pre-Ta
subset [Kazazian et al., 1988]. The predominance of disease-
causing Alu insertions is in part due to the underdiagnosis of L1
integrants: L1 insertions are generally longer than Alu elements
and may be more difficult to identify by PCR-based approaches
[Chen et al., 2006b]. Importantly, endogenous Alus appear to
integrate at efficiencies similar to L1 elements, as estimated by
evolution- and mutation-based analyses: roughly one insertion in
every 20 births for Alu [Cordaux et al., 2006] vs. one insertion in
every eight births for L1 [Kazazian, 1999]; the estimated in vivo
Alu integration rates are ~10 times higher than those in cultured
cells using transfected Alu elements [Dewannieux et al., 2003].
While experimental mobilization of SVA elements has not
been demonstrated so far, SVAs appear to be evolutionarily
younger than both L1 and Alu elements, and are thought to
have relatively high retrotransposition activity [Ostertag et al.,
2003; Wang et al., 2005].

Despite the fact that exonic regions comprise only a small
fraction of eukaryotic genes, the majority of published disease-
causing insertions (10/17 for L1, 20/29 for Alu, and 2/4 for SVA)
disrupt the coding regions of genes. The predominance of exonic
insertions reflects the fact that they are most likely to disrupt a
gene by causing frameshifts and subsequent premature stop codons
or exon-skipping. Rarely, an integration event may be accom-
panied by a large genomic deletion at the insertion site that may
eliminate coding sequence [Gilbert et al., 2002, 2005; Symer et al.,
2002; Chen et al., 2005b, 2006b; Mine et al., 2006]; in one recent
case, an intronic L1 insertion in the PDHX gene was accompanied
by a ~46-kb deletion eliminating exons 3 to 9 of the PDHX gene
and causing pyruvate dehydrogenase complex deficiency (MIM#
608769) [Mine et al., 2006]. The remainder of disease-causing
insertions disrupt introns, or the 5 or 3'UTRs of genes; in these
cases gene disruption has been attributed to missplicing, exon
skipping, or a general decrease in mRNA levels, but in the majority
of cases the molecular mechanism leading to decrease in
expression has not been characterized [Ostertag and Kazazian,
2005; Chen et al., 2006b]. Surprisingly, several independent
disease-causing retrotransposon insertions integrated in the same
gene at the same nucleotide position, indicating that certain
chromatin environments may be more susceptible to L1 integra-
tion [Chen et al., 2005b; Conley et al., 2005].

Progress in understanding of L1 and Alu biology can shed light
on most reported cases with an unknown mechanism of insertion-
related mRNA decrease (Fig. 5). In addition to the direct
integration into splicing regulatory regions, intronic L1 insertions
may decrease RNA levels of their host gene by: 1) L1 length-
dependent transcriptional elongation defects [Han et al., 2004]; 2)
transcriptional interference from the L1 bidirectional promoter
region [Speek, 2001]; 3) post-transcriptional suppression by RNAi
effects [Yang and Kazazian, 2006]; and 4) premature polyadenyla-
tion [Perepelitsa-Belancio and Deininger, 2003; Wheelan et al.,
2005]. GC-rich Alu, SVA, and the 5UTR region of L1 may
introduce methylation into a gene’s regulatory region and repress
transcription [Batzer and Deininger, 2002; Schulz et al., 2006].
Both L1 and Alu insertions have been associated with large
deletions of target site sequences [Gilbert et al., 2002, 2005; Symer
et al., 2002; Chen et al., 2005b, 2006b; Mine et al., 2006], and
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both contain functional splice sites, which may interfere with the
host gene splicing [Makalowski et al., 1994; Lev-Maor et al., 2003;
Ast, 2004; Belancio et al., 2006; Zhang and Chasin, 2006].

In addition to causing disease by de novo insertions, existing
genomic L1 and Alu elements can be potent substrates for unequal
homologous recombination, causing gain or loss of genomic
sequence [Jurka, 2004]. High recombinogenic potential of Alu
elements was noted previously in studies of the junctions of
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FIGURE 4. The template jumping model of L15’ end attachment.
After the initial TPRTreaction and cleavage of the second strand
of host DNA (Fig. 3C), L1 ORF2p (containing L1 RT activity)
reaches the 5’ terminal end of the L1 RNA and jumps templates
onto the upstream overhang of the host DNA strand. Addition of
several extra nucleotides or annealing between the 3’ end of nas-
cent cDNA (shown in red) and the overhang of host DNA facili-
tates this jump. L1 RT then likely continues copying the host
strand region (shown in green). The structure is finally resolved
by ligation or homologous recombinational repair.

segmental duplications [Babcock et al., 2003; Bailey et al., 2003],
and indeed the majority of known disease-causing recombination
events have occurred between Alu elements. A total of 33 of these
occurred in the germline causing disorders such as familial
hypercholesterolemia (MIM# 143890), o-thalassemia (MIM#
141800), type VI variant of Ehlers-Danlos syndrome (MIM#
225400), and Tay Sachs disease (MIM# 272800); 16 recombina-
tion events occurred somatically to cause a variety of cancers,
including ALLI rearrangement leukemias (MIM# 159555) and
BRCA-associated familial breast cancer (MIM# 113705) [Dei-
ninger and Batzer, 1999]. There are also three known cases
of recombination between Lls causing Alport syndrome (MIM#
301050), phosphorylase kinase deficiency of liver and muscle
(MIM# 261750), and ataxia-telangiectasia (MIM# 208900)
[Ostertag and Kazazian, 2005]. Certain genes, such as the
LDLR gene that has hosted eight independent recombination
events, appear to be preferentially involved in recombination.
However, how much of this apparent preference is caused by bias
of ascertainment and differences in genetic diagnostic techniques
is not clear.

CONCLUSION

LINE-1 is the only autonomous mobile element known to be
currently active in humans and is the largest contributor to
mammalian genome mass. Differences in L1 content and
total retrotransposition potential contribute to interindividual
variation in gene expression and mutagenic load. Continued
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FIGURE 5. Mechanisms of L1-mediated gene disruption. A: Integration of LINE-1, SINE elements Alu and SVA, and other cellular
transcripts by L1 retrotransposition machinery may occasionally cause disease by direct disruption of transcriptional regulatory re-
gions, exons, or splicing regulatory regions. B: Recombination between existing genomic L1 or Alu elements may cause duplications,
deletions, and rearrangements of genes and their regulatory regions. C: Intronic L1 insertions (usually in the antisense orientation)
may downregulate expression of their host genes by causing transcriptional elongation defects, premature polyadenylation, tran-

scriptional interference, or siRNA-mediated transcript degradation.

D: Functional splice sites contained within L1 and Alu elements,

or present in genomic sequences cotranscribed and integrated by L1 (3’ transduction) may cause alternative splicing, often followed

by host gene transcript degradation.
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progress in L1 biology will allow for better understanding of L1-
mediated gene disruption, interspecies variation, and genome
evolution.
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