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Mammalian non-LTR retrotransposons: For better
or worse, in sickness and in health
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Transposable elements (TEs) have shared an exceptionally long coexistence with their host organisms and have come
to occupy a significant fraction of eukaryotic genomes. The bulk of the expansion occurring within mammalian
genomes has arisen from the activity of type | retrotransposons, which amplify in a “copy-and-paste” fashion
through an RNA intermediate. For better or worse, the sequences of these retrotransposons are now wedded to the
genomes of their mammalian hosts. Although there are several reported instances of the positive contribution of
mobile elements to their host genomes, these discoveries have occurred alongside growing evidence of the role of TEs
in human disease and genetic instability. Here we examine, with a particular emphasis on human retrotransposon
activity, several newly discovered aspects of mammalian retrotransposon biology. We consider their potential impact
on host biology as well as their ultimate implications for the nature of the TE-host relationship.

With rare exception, transposable elements (TEs) comprise a sig-
nificant fraction of all eukaryotic organisms for which appre-
ciable genomic sequence is available. As more genomes are se-
quenced, we are uncovering an ever-increasing diversity of mo-
bile element families as well as a remarkable level of variation in
the overall fraction of genomes occupied by these elements.
When considering fully sequenced genomes, TE-derived se-
quence comprise from 30% to over half of mammalian DNA
(Lander et al. 2001; Mouse Genome Sequencing Consortium et
al. 2002; Lindblad-Toh et al. 2005; Mikkelsen et al. 2007; Pontius
et al. 2007). With some exceptions, the majority of this repetitive
DNA consists of class I retrotransposon elements, which copy
themselves in the genome via an RNA-based intermediate.
Within the human genome, the non-long-terminal-repeat (non-
LTR) retrotransposon, L1, is the dominant family of elements
driving amplification (Fig. 1). As with human genomes, rodent
genomes exhibit L1 activity, but they also experience a signifi-
cant level of LTR retrotransposition (reviewed in Maksakova et al.
2006, and are therefore not covered extensively in this review).
Only recently, a third class of autonomous elements, RTE (Fig. 1),
was discovered to have been prolific in the marsupial Monodel-
phus domestica (Gentles et al. 2007; Mikkelsen et al. 2007). In
addition to autonomous non-LTR elements, mammalian ge-
nomes also contain a number of highly successful parasites of L1
elements, referred to as short interspersed elements (SINEs).
These include Alu elements in humans and other primates (Fig.
1); B1, B2, and ID elements in rodents; along with a diverse
assortment of other SINEs across mammalian orders (Kramerov
and Vassetzky 2005). Additionally, there is a second class of para-
sitic element found in hominid primates, designated SVA, which
is much less well understood and remains difficult to categorize
according to existing schemes due to its chimeric nature (Fig. 1)
(Ostertag et al. 2003).

Although not covered in this review, there is now mounting
evidence for appreciable levels of class Il DNA transposon activity
among some mammalian lineages (Pace and Feschotte 2007; Ray
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et al. 2007), overturning the long-held perception that these el-
ements were completely extinguished during early mammalian
evolution. The diverse composition and activity of TEs both
across and within taxa manifests itself in their differential con-
tribution to mutagenesis and disease. The fraction of de novo
mutations arising from the insertional activity of TEs varies from
>50% in Drosophila (Eickbush and Furano 2002), where they rep-
resent ~12% of the total genome (Bartolome et al. 2002), to 0.3%
in humans (Deininger and Batzer 1999; Kazazian 1999), where
almost half of the genome is composed of TEs (Lander et al.
2001). In comparison, TEs are the cause of 10% of all de novo
mutations in laboratory mice (for review, see Maksakova et al.
2006).

While the ability of mobile elements to cause disease via the
inactivation of genes by insertional mutagenesis has long been
appreciated (Kazazian 1998, 2004), there has been an increasing
amount of speculation regarding the overall impact of mobile-
element activity on genome evolution. Although the vast major-
ity of TE insertions are either neutral or deleterious to their host,
on rare occasions new insertions have led to some form of ad-
vantageous—or otherwise noteworthy—phenotypic variation.
Some of the most highly publicized discoveries of this nature are
the species-specific restriction of HIV infection in owl monkeys
(Sayah et al. 2004), the generation of merle coat patterns in dogs
(Clark et al. 2006), and the creation of new varieties of grapes
with altered pigmentation (Kobayashi et al. 2004). There is also
an example of a SVA element carrying downstream genic se-
quences to new locations, generating a new functional gene fam-
ily (Xing et al. 2006). As we discuss below, these and other such
discoveries have resulted in a shift for some authors from the
characterization of TEs as primarily “parasitic” to one wherein
TEs are more or less cultivated in the genome for their beneficial
possibilities. It remains questionable, however, whether such a
shift in perspective is ultimately justified based on either current
empirical evidence or theoretical considerations.

Autonomous retrotransposons
LINEA

The most active autonomous non-LTR element identified within
currently sequenced mammalian genomes is the LINE-1 (L1) el-
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Figure 1. Schematic representation of the genome organization of mammalian retroelements. LINE-

1, RTE-1 (retrotransposable element-1), Alu (human SINE), and SVA form a group of non-LTR retroel-
ements of which only LINE-1 and RTE-1 are autonomous (i.e., they produce proteins that are required
for their retrotransposition); the rest of the members of this group parasitize LINE-1 retrotransposition
machinery. LINE-1 elements are composed of the 5’ UTR that contains an internal RNA polymerase II
(pol Il) promoter (PRO) and two open reading frames (ORF1 and ORF2) that are separated in mouse
and human L1s but are overlapping in the rat LINE-1. Adjacent to ORF2 is the 3’ UTR that contains a
polyadenylation (pA) signal and ends in a stretch of adenine residues (pA tail) of variable length. The
majority of the disease-causing L1 inserts contain rather long poly(A) tails. Gray arrows bordering each
full-length element represent target-site duplications (TSD) that result from amplification of the inte-
gration site during each retrotransposition event. RTE elements contain a single ORF that encodes
endonuclease and reverse transcriptase activities but in contrast to L1 ORF2 has no cis-domain. The RTE
OREF is flanked by the 5" and 3’ UTRs. Alu elements do not code for any proteins. They are driven by
a RNA polymerase Il promoter, shown as boxes A and B, contain a middle A-rich region (A), and end
in a poly(A) tail. SVA elements are a recently discovered hominid-specific group of retroelements that
are most likely transcribed by a pol Il promoter. They contain a variable number of (CCCTCT) repeats
followed by an Alu-like sequence, a VNTR region, and a sequence of retroviral origin (HERV-K) that was
historically designated “SINE-R”; hence the name SVA. At the very 3’ end, SVA contains a poly(A) signal
preceding a poly(A) tail. Little is known about their mechanism of mobility. ERVs are endogenous
retroviruses that contain long terminal repeats (5’ and 3'LTRs) flanking sequences that produce pro-

The product of the first ORF pos-
sesses nucleic acid chaperone activity
and forms trimers that bind to ~50 nt of
L1 mRNA in vitro to form ribonucleo-
protein (RNP) complexes (Martin et al.
2003, 200S5; Basame et al. 2006). RNPs
are considered to be retrotranspositional
intermediates. Some forms of 3’-end
containing L1 RNAs, as well as L1 ORF1
and ORF2 proteins, cofractionate with
the polyribosomal portion of the cyto-
plasm, suggesting that an early form of
the RNP is most likely generated at the
polyribosome (Kulpa and Moran 2005).
While these RNP complexes are deter-
mined to be necessary—but not suffi-
cient—for retrotransposition (Kulpa and
Moran 200S5), there is currently very
little information on how these RNPs
dissociate from the ribosomes and what
form they take in returning to the
nucleus (Kubo et al. 2006). RNP forma-
tion may serve multiple functions, such
as protection of L1 mRNA from degrada-
tion, termination of translation, re-
moval of the L1 mRNA from the ribo-
somes to allow entry into the nucleus,
and/or prevention of reverse transcrip-
tion initiation within internal L1 se-
quences instead of at the 3’ end (Kulpa
and Moran 2006).

Even though the requirement of
OREF?2 for the retrotransposition process
has been established (Moran et al. 1996),
the mechanism of ORF2 expression from

teins necessary for mobilization (gag, pol, env, etc.).

ement. Transcription of L1 generates a retrotranspositionally
competent, full-length L1 mRNA (Skowronski and Singer 1985;
Dombroski et al. 1991) and a spectrum of processed L1-related
RNA products, the majority of which are not capable of retro-
transposition (Fig. 2) (Perepelitsa-Belancio and Deininger 2003;
Belancio et al. 2006). The full-length L1 mRNA (6 kb and 7.5 kb
long for human and mouse L1s, respectively) is bicistronic (con-
taining open reading frames 1 [ORF1] and 2 [ORF2]) (Skowronski
et al. 1988), a feature that is uncharacteristic for eukaryotic gene
expression. L1 transcription, which is driven by an unconven-
tional RNA polymerase II promoter residing in the beginning of
the 5’ untranslated region (UTR) (Swergold 1990; Severynse et al.
1992), is influenced by the upstream genomic sequences (Lavie et
al. 2004). The presence of the L1 promoter within the RNA cod-
ing region is reminiscent of an RNA polymerase III promoter
(Kurose et al. 1995). However, its length, coding capacity, and pro-
cessing are strong indicators that RNA polymerase II is the primary
vehicle for L1 expression. Experimental evidence indicates that at
least some portion of L1 RNAs is capped (Athanikar et al. 2004).
Capped, 5’ UTR-containing L1 mRNAs support levels of translation
initiation similar to those detected for the highly efficient beta-
actin 5’ UTR (Dmitriev et al. 2007). Polyadenylation at the end of
the L1 3’ UTR seems to be relatively independent of the down-
stream genomic sequences, but its efficiency improves with in-
creased length of the poly(A) tail (Belancio et al. 2007).

the full-length L1 mRNA is still not com-
pletely understood, and there may be
differences between the mouse and human elements (Alisch et al.
2006; Li et al. 2006; Dmitriev et al. 2007). Human L1 ORF2 pro-
tein can also potentially be made from the splice product that
lacks the entire ORF1 sequence but retains the intact ORF2 (Fig.
2) (Belancio et al. 2006). While ORF2 expression from a transcript
other than the full-length L1 mRNA would most likely have no
influence on the L1 retrotransposition due to the cis-preference
(Moran et al. 2000), it may be able to drive SINE mobilization and
contribute to DNA damage (Gasior et al. 2006). The ORF2 protein
contains endonuclease (EN) (Feng et al. 1996) and reverse tran-
scriptase (RT) (Martin et al. 1998) activities, as well as a Cys-rich
domain, which are absolutely required for retrotransposition in
wild-type cell lines (Moran et al. 1996). In contrast, some DNA
repair deficient cell lines allow endonuclease-independent inte-
gration of mutant L1 elements (Morrish et al. 2002, 2007). How-
ever, simply increasing the amount of the double-strand breaks
(DSBs) or nicks in the cellular DNA does not favor EN-
independent insertions (El Sawy et al. 2005; Farkash et al. 2006)
even though endonuclease-independent insertions—or at least
noncanonical insertions that have the appearance of being en-
donuclease-free—occur with detectable frequency in nature (Sen
et al. 2007).
The current model for canonical L1 insertion events, which
requires functional ORF1 and ORF2 proteins (Moran et al. 1996;
Martin et al. 2005), features the introduction of the first-strand
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Figure 2. Processing of LINE-1 transcripts. (A) Schematic of two variants of the full-length retro-
transpositionally competent L1 (FL1) mRNAs: One ends at the L1 encoded poly(A) signal, the other
terminates at a poly(A) site within genomic DNA located downstream of the L1 sequence. These
mRNAs represent a small fraction of the products that are made during L1 transcription due to
premature polyadenylation of L1 transcripts at the internally positioned pA sites (pA products). (B) In
addition to premature polyadenylation, L1 transcripts are also extensively spliced. This processing
results in L1 mRNAs that contain both ORFs (SpFL1) and can retrotranspose at low frequency. L1 mRNA
splicing also creates a transcript (SpORF2) that has a potential to produce only functional ORF2 protein
independent of the full-length LT mRNA. (C) The majority of the L1 transcripts are differentially spliced

tivities (Kurzynska-Kokorniak et al.
2007). This finding suggests a possibility
that L1 ORF2 protein may possess simi-
lar properties.

L1 retrotransposition generates a
combination of full-length, 5’'-trun-
cated, spliced and/or partially rear-
ranged copies of the parental element
(Ostertag and Kazazian 2001b; Belancio
et al. 2006). Truncated insertion events
are proposed to be the result of either
low L1 RT processivity or base-pairing
between the insertion site and internal
L1 sequences (Ostertag and Kazazian
2001b; Symer et al. 2002; Zingler et al.
2005), although active disruption of the
L1 integration by host proteins cannot
presently be excluded (Gilbert et al.
2005). The resolution of full-length ele-
ment insertions appears to be less depen-
dent on microhomology than does the
resolution of 5’ truncated elements, sug-
gesting that the full-length integrations
employ a somewhat different insertion
process (Zingler et al. 2005).

RTE

In addition to L1, an element belonging

and prematurely polyadenylated (Sp & pA products).

nick by the EN activity of ORF2 at the L1 recognition site (Fig. 3).
The exposed 3’ end of the cellular DNA is proposed to base-pair
with the L1 poly(A) tail (Symer et al. 2002) and to serve as a
primer for the first-strand DNA synthesis by the L1 ORF2 RT
activity. This process is also referred to as target-primed reverse
transcription, TPRT (Luan et al. 1993). The origin of the second
nick in the cellular DNA and the final steps of L1 integration
remain elusive. Transient transfection of functional L1 elements
into mammalian cells results in the production of DSBs in an L1
EN-dependent manner (Belgnaoui et al. 2006; Farkash et al. 2006;
Gasior et al. 2006) indicating that the second-strand nick might
be a product of L1 EN activity.

Some aspects of L1 retrotransposition resemble the integra-
tion steps of the Bombyx mori R2 element, which serves as an
important model system for unraveling of mechanistic nuances
of non-LTR retroelements. Recent studies have demonstrated
that R2 elements require the association of two identical subunits
of the R2 protein with different DNA sequences upstream and
downstream of the insertion site for successful retrotransposition
(Christensen and Eickbush 2005; Christensen et al. 2005). The
authors proposed that L1 ORF2 protein might also form a dimer
that is involved in the second-strand DNA cleavage. However,
there are currently no experimental data excluding the possibil-
ity that the second-strand cleavage required for L1 insertion may
arise from alternative cellular sources.

The understanding of the integration process was further
advanced by the discovery that, in addition to driving RNA-
dependent DNA synthesis, the R2 ORF protein also possesses
strand-displacement and DNA-dependent DNA polymerase ac-

to the RTE family of autonomous retro-
transposons has been reported in mam-
mals (Malik and Eickbush 1998), most
recently in the marsupial M. domestica.
Originally characterized in Caenorhabditis elegans (Youngman et
al. 1996), the structure of the RTE consists of a single ORF, which
codes for a protein with endonuclease and reverse transcriptase
activity. The RTE ORF appears most closely related to the corre-
sponding ORF of the CR1 autonomous element, which is found
in avian and reptile genomes (Fig. 1) (Malik and Eickbush 1998).
As opposed to L1 elements, the 5’ and 3’ UTR sequences of
RTE appear to be shorter in length, and the 3’ UTR exhibits more
variation than is found in other non-LTR retrotransposons. In
contrast, the target-site duplications associated with RTE inser-
tion events—ranging from 18 to nearly 1400 bp—are consider-
ably longer than those found with other characterized non-LTR
retrotransposons (Malik and Eickbush 1998). During its prolifera-
tion, the RTE clade of elements have given rise to numerous
nonautonomous SINE lineages, many of which appear to be de-
rived from truncated forms of the autonomous element (Malik
and Eickbush 1998). Little is currently known about the molecu-
lar biology surrounding RTE expression or retrotransposition.

Nonautonomous retrotransposons

SINEs

SINEs, or short interspersed elements, are represented by Alu in
primates, B1, B2, and ID elements in rodents, as well as a myriad
of other families in other mammalian and non-mammalian ge-
nomes (for reviews, see Deininger and Batzer 1993; Kramerov
and Vassetzky 2005). SINEs were originally defined purely by
their length (75-500 bp) and interspersed nature, but over time it
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Figure 3. Steps of the LINE-1 integration process. The L1 endonuclease
domain encoded by the ORF2 protein loosely recognizes a consensus
5'-TTTTAA-3’ sequence (shown in green) in the genomic DNA and in-
troduces a first-strand nick between the T and A nucleotides of the minus
strand. The resulting free 3’ end of the host DNA is proposed to base-pair
with the poly(A) tail of the LT mRNA (shown in red) and serves as a primer
for the first-strand cDNA synthesis (shown in blue) by the L1 reverse
transcriptase that uses L1 mRNA as the template. This process is known as
a target-primed reverse transcription (TPRT). Mechanistic details of the
rest of the L1 integration process are not well defined yet. At some point
during L1 integration, either L1 ORF2 or a cellular activity introduces a
nick into the plus strand and the structure is resolved to utilize the 3’ end
as a primer for the second-strand DNA synthesis (shown in light blue) by
an unknown polymerase activity. Finally, the two nicks in the cellular DNA
are repaired to complete the L1 integration event.

is has also become generally accepted that they are further char-
acterized by RNA polymerase III transcription (Deininger et al.
2003); this latter distinction serves to differentiate them from
other short interspersed repeats, such as microsatellites and
MITEs. Alu elements are composed of two related monomers,
ancestrally derived from 7SL RNA, which are separated by a
middle A-rich region. B1 repeats in rodents are also derived from
7SL RNA. Although one example of a 5S ribosomal derived SINE
has been observed in zebrafish (Kapitonov and Jurka 2003), the

vast majority of SINEs in both mammalian and nonmammalian
genomes are derived from tRNA genes. Despite their ancestry,
however, the relationship to a particular tRNA sequence cannot
always be discerned, and the original clover-leaf secondary struc-
ture of the tRNA gene does not generally appear to be retained
(for review, see Kramerov and Vassetzky 200S5).

At their 3’ end, the majority of mammalian SINEs end in a
run of simple sequence, most frequently a poly(A) tail, which is
required for retrotransposition (Fig. 1) (Roy-Engel et al. 2002;
Dewannieux and Heidmann 2005). In addition, there is evidence
that a subset of nonmammalian SINEs makes use of alternative
sequences at this position (Kajikawa and Okada 2002), which are
homologous to the 3’ regions of LINE elements in their host
species. The 5’ portion of SINEs contains an internal RNA poly-
merase III (Pol III) promoter whose activity can be enhanced by
upstream genomic sequences (Chesnokov and Schmid 1996; Roy
et al. 2000). SINE transcripts are typically heterogeneous in size
because they possess no internal Pol III termination sequences
and instead use termination sequences (four or more T residues)
located at random distances downstream from the elements.

Because of the heterogeneous nature of Alu transcripts, there
are only limited data on their transcription, and these are pri-
marily from transformed cell lines (Paulson and Schmid 1986;
Sinnett et al. 1992; Liu et al. 1994; Shaikh et al. 1997; Tang et al.
2005). The majority of Alu transcripts in mammalian cells are
generated by older Alu subfamilies (Sinnett et al. 1992; Shaikh et
al. 1997) that demonstrate little or no capacity for retrotranspo-
sition, as gauged by the de novo disease insertion characteristics
(Johanning et al. 2003). Although the abundant representation
of older Alu subfamilies among detected Alu transcripts is most
likely due to the high copy numbers of these families, the dis-
parity between the Alu diversity observed among transcripts and
that detected among actual retrotransposition events has gener-
ally been interpreted as evidence that RNA levels per se are not
the predominant limiting factor for SINE retrotransposition.
While these data do suggest post-transcriptional selection on
transcripts (Sinnett et al. 1992), we presently have very limited
knowledge concerning the diversity of Alu transcripts in the ap-
propriate germline or early embryonic context.

It was originally proposed based on bioinformatic analysis
(Roy-Engel et al. 2002; Odom et al. 2004), and later confirmed
experimentally (Dewannieux and Heidmann 2005), that the ef-
ficiency of Alu and other SINE retrotransposition is influenced by
the length of the poly(A) tail. Current evidence (Dewannieux and
Heidmann 2005) does not support this mechanism as the pri-
mary explanation for the several orders of magnitude difference
in retroposition ability between old and young Alu subfamilies
(Roy-Engel et al. 2002), implying that additional factors must
control the efficiency of SINE retrotransposition.

Although Alu and the other SINEs are clearly dependent on
L1 elements for their activity, they do not appear to require the
assistance of ORF1 (Dewannieux et al. 2003). Expression of L1
elements with mutant ORF1 or production of ORF2 by itself
allows relatively active Alu mobilization in ex vivo assays
(Dewannieux et al. 2003). We note, however, that no studies to
date have completely accounted for the possible influence of
endogenously expressed ORF1 in these experimental systems.
Additionally, the possibility that ORF1 may augment the effi-
ciency of Alu retrotransposition has not been explored.

It has also become clear that SINEs are frequently exapted by
host genomes for use in important functional roles. A recent
analysis indicates that as much as 20% of known human endog-
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Table 1. Insertions and disease
Insertion Locus Chr Disease
Alu 3 X F8*P X Hemophilia B
2 X F9b X Hemophilia A
2 x CLCNS® X Dent’s disease
2 X BTK® X X-linked agammaglobulinemia
IL2RG? X X-linked severe combined immunodeficiency
GK? X Glycerol kinase deficiency
ABCD1* X Adrenoleukodystrophy
ATP7A< X Menkes disease
CD40LG* X Hyper-immunoglobulin M syndrome
CRB1® 1 Retinal blinding
SERPINCT® 1 Type 1 antithrombin deficiency
ZEB2P 2 Muckle-Wells syndrome
MSH2° 2 Hereditary non--polyposis colorectal cancer
CASR? 3 Hypocalciuric hypercalcemia and hyperparathyroidism
BCHE* 3 Cholinesterase deficiency
HESX1® 3 Aplasia anterior pituitary
MLVI2? 5 Associated with leukemia
2 X APC? 5 Hereditary desmoid disease
NT5C3¢ 7 Chronic hemolytic anemia
2 X CFTRf 7 Cystic fibrosis
EYA1? 8 Branchio-oto-renal syndrome
LPL9 8 Lipoprotein lipase deficiency
CHD7" 8 CHARGE syndrome
POMT1' 9 Walker Warburg syndrome
FASP 10 Autoimmune lymphoproliferative syndrome
3 X FGFR2® 10 Apert syndrome
SERPING1? 11 Complement deficiency
HMBSP 11 Acute intermittent porphyria
CMAS! 12 Human-specific evolutionary change
MLVI2 12 Mucolipidosis type Il
2 X BRCA2? 13 Breast cancer
BRCA1? 17 Breast cancer
NF12 17 Neurofibromatosis
L1 CHMP X Choroideremia
2 x CYBB® X Chronic granulomatous disease
4 X DMDP* X X-linked Duchenne muscular dystrophy
3 X F8° X Hemophilia A
2 X F9® X Hemophilia B
RP2P X X-linked retinitus pigmentosa
RPS6KA3P X Coffin-Lowry syndrome
APCP 5 Colon cancer
FKTNP 9 Fukuyama-type congenital muscular dystrophy
HBBP 11 Beta-thalassemia
PDHX' 11 Pyruvate dehydrogenase complex deficiency
SVA BTK® X X-linked agammaglobulinemia
LDLRAP1® 1 Autosomal recessive hypercholesterolemia
SPTA1P 1 Hereditary elliptocytosis and hereditary pyropoikilocytosis
FKTNP 9 Fukuyama-type congenital muscular dystrophy

organism’s fitness is currently lacking in
both empirical and theoretical support.

SVA

SVA elements represent another class of
non-autonomous elements active in the hu-
man genome. As with Alu, they appear to
rely on the L1 retrotransposition machinery
for mobilization (Ostertag et al. 2003).
There are currently only ~3000 copies of
SVA in the human genome, which, com-
bined with their phylogenetic distribution,
suggests their relatively young, hominid-
specific (Wang et al. 2005) age compared to
L1 and Alu elements (Lander et al. 2001;
Ostertag et al. 2003). The overall structure
of the SVA element is chimeric in nature:
beginning at the 5’ end, SVA elements are
composed of a (CCCTCT),, hexamer repeat
region; a region of two antisense Alu frag-
ments adjacent to additional sequence from
an unidentified source; a variable-number
tandem repeat (VNTR) region made of cop-
ies of a 35- to 50-bp sequence; a sequence
under 500 bp long derived from the 3’ end
of the env gene and the 3’ long terminal
repeat (LTR) of the endogenous retrovirus
HERV-K10; and a poly(A) tail positioned
downstream of the predicted conserved
polyadenylation signal hexamer AATAAA
(Fig. 1) (Ostertag et al. 2003). The VNTR re-
gion of SVA elements varies in length from
48 to 2300 bp (Wang et al. 2005). The exact
mode of SVA transcription is not known,
but it is speculated to be mediated by RNA
polymerase II based on the presence of the
poly(A) signal as well as numerous runs of
Ts distributed throughout the sequence that
ordinarily exclude read-through by RNA
polymerase III. Similar to L1 elements (Pere-
pelitsa-Belancio and Deininger 2003; Belan-
cio et al. 2006), the SVA sequence contains
several predicted internal polyadenylation
signals and splice sites; however, no experi-

2Deininger and Batzer 1999; PChen et al. 2006; “Gu et al. 2007; ‘proiI et al. 2007; “Manco et al.
2006; ‘Chen et al. 2008; 90kubo et al. 2007; "Udaka et al. 2007; '‘Bouchet et al. 2007; 'Hayakawa

et al. 2001; *Ostertag and Kazazian 2001a; 'Miné et al. 2007.

enous microRNAs are driven by Alu Pol III promoters (Borchert et
al. 2006). There are also accumulating examples of evolutionary
conservation of portions of ancient SINE insertions both in non-
coding and coding regions of the genome (Bejerano et al. 2006;
Kamal et al. 2006; Nishihara et al. 2006). In one notable instance,
a B2 SINE element was found to serve as a boundary element for
transcriptional regulation during organogenesis (Lunyak et al.
2007). This example highlights a critical conceptual distinction,
however, between the exaptation of an individual TE insertion at
a particular locus for a functional role and the maintenance of an
entire TE lineage’s activity for the benefit of the organism. While
the exaptation of TE instances has been definitively demon-
strated, maintenance of TE lineage activity for the sake of the

mental evidence exists to date that confirms
their function or explores their potential
impact on gene expression. Much like L1
and Alu elements, SVA elements demon-
strate ongoing activity in humans and spo-
radically cause disease by randomly inserting into mammalian
genes (Table 1) (Ostertag et al. 2003; Wang et al. 2005). Similar to
L1 elements (Moran et al. 1999; Babushok et al. 2007), SVA ele-
ments transduce genomic sequences adjacent to their 3’ ends, a
process that is reported to occasionally create new genes (Xing et
al. 20006).

Host impact

Insights from comparative genomic studies

The ever-increasing availability of large-scale genomic sequence
data has provided considerable insight concerning the important
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role TEs have played in building and shaping eukaryotic ge-
nomes. The sequence from a representative genome is at best a
snapshot of what is ultimately a dynamic process of current and
historical mobile-element activity in a lineage. The vast majority
of insertion events will be lost from the host population over
time and not detected in any extant genome; under neutrality,
only 1/(2N,) insertions are expected to reach fixation in the
population (N, represents the effective population size). Those
inserts bearing negative fitness consequences will be purged
more readily from the population. As a result of unequal selective
pressures across the genome, the patterns of element distribution
observed via genome sequencing will not necessarily coincide
with the initial pattern of insertions. For example, although L1
elements in humans are generally found in gene-poor AT-rich
regions, data from cell culture suggest that this may be an effect
of post-insertional processes rather than an initial insertion pref-
erence dictated by L1 biology (Ovchinnikov et al. 2001; Gilbert et
al. 2002; Graham and Boissinot 2006; Gasior et al. 2007). Similar
results were obtained when L1 integration events were charac-
terized in transgenic animals (An et al. 2006; Babushok et al.
2006), suggesting that the discrepancy in the distribution be-
tween new and old L1 integration events is likely to arise from
post-insertional selection pressures. Even though examined de
novo TE insertions associated with disease alleles, as well as those
acquired through cell culture and/or in vivo assays, have their
own share of potential biases, the majority of these data appears
to indicate that, prior to significant evolutionary selection, L1
insertions exhibit little to no favoritism for any particular geno-
mic composition in their distribution, at least at scales beyond
the immediate region surrounding the insertion site. Thus, the
2000 L1 elements and 7000 Alu elements that are specific for
humans only represent the distributions of those elements that
have undergone significant selection and genetic drift (Hedges et
al. 2004; Chimpanzee Sequencing and Analysis Consortium
2005; Mills et al. 2006).

Non-LTR distribution and genomic burden

From a genomics perspective, the most obvious consequence of
TE activity during mammalian evolution is the enormous
amount of genetic real estate they have come to occupy. Mam-
mals are not unique in this regard; TEs also inhabit substantial
portions of the genomes of several distantly related taxa, includ-
ing wheat (Triticum monococcum L.) and rice (Oryza sativa)
(Wicker et al. 2001; International Rice Genome Sequencing
Project 2005). Among those mammals whose genomic sequence
has been obtained thus far, M. domesticus appears to have the
largest genomic TE content, approaching 52% of the genome
(Mikkelsen et al. 2007), while human estimates approach 45%
(Lander et al. 2001). On the lower end of the mammalian spec-
trum, the recently sequenced cat genome exhibits ~30% repeti-
tive sequence (Pontius et al. 2007). All indications, however,
point to these various estimates being fairly conservative, with
considerable amounts of older repetitive sequences being unde-
tectable due to their divergence from consensus sequences used
for detection.

While a number of views exist regarding the accumulation
and associated consequences of copious amounts of repetitive
sequence in many higher eukaryotes, a strong case has been
made that the observed increases in both TE and intron content
with decreasing population sizes in eukaryotes is a consequence
of reduced effective population size (Lynch 2002; Lynch and

Conery 2003). In this scenario, the decline in selection efficiency
is the direct result of lower population sizes for organisms occu-
pying higher trophic levels. Smaller population sizes decrease the
ability of purifying selection to remove extraneous genomic ma-
terial conferring small deleterious effects. This latter argument is
in accord with the “parasitic” paradigm of TE-host dynamics that
currently prevails in the mobile-element field. Further corrobo-
rating this view is the reported correlation shown between ge-
nome size and risk of extinction among plant taxa (Vinogradov
2003), although the picture for vertebrates is less straightforward
(Vinogradov 2004). That said, it is also likely that some repeat-
laden taxa, such as mammals, have developed highly effective
mechanisms for dealing with excess genomic repeat content, and
these mechanisms (discussed below) may help to explain why a
clear relationship between genome size and extinction risk is
difficult to establish across vertebrates in general.

While the presence of TEs represents a unifying theme
among eukaryotic genomes, considerable differences exist in
both the type and frequency of various TE lineages across diver-
gent taxa, suggesting that several possible “genome ecologies”
may exist (Brookfield 2005; Le Rouzic et al. 2007). Regarding L1
retrotransposons in particular, the mammalian complement
stands out from other vertebrate taxa examined thus far in that it
is both more numerous in copy number and less diverse in nature
(Furano et al. 2004; Pritham and Feschotte 2007). Compared to
Danio rerio, for instance, there are significantly fewer long-lived
L1 lineages in mammals, although the copy numbers present in
the latter taxa are greatly increased (Furano et al. 2004). It cur-
rently remains unclear as to what point during tetrapod evolu-
tion this dramatic shift in TE ecology occurred, as well as whether
population dynamics, changes in host cell biology, or both, pre-
cipitated the transition. Analysis of available sequence data from
a number of Deuterostomia genomes suggests that much of the
observed loss of diversity took place during synapsid evolution
(Kordis et al. 2006).

The task of drawing large-scale evolutionary trends in ver-
tebrate TE diversity remains hampered by insufficient sequence
sampling for many relevant taxa. The potential remains that ad-
ditional sequencing results may substantially alter our under-
standing of mobile-element diversity and distribution. For ex-
ample, despite a long-held view that DNA transposons have ex-
hibited little activity in extant mammals, recent analyses have
revealed extensive amplification of type II DNA transposons in
the bat genus Myotis (Pritham and Feschotte 2007; Ray et al.
2007), as well as within early primate evolution (Pace and Fe-
schotte 2007). Furthermore, analysis of the first marsupial ge-
nome (M. domestica) indicates a more diverse TE complement
than is evident in humans, rodents, or dogs (Gentles et al. 2007).
Thus the distribution of TE among mammals is by no means
monolithic, and additional remnants of ancestral TE diversity
may yet thrive in unexplored genomes.

In contrast to mammals as a whole, the recent history of L1
evolution in the rodent and primate lineages has been well docu-
mented. In primates, L1 diversity seems to have been trimmed
down from three ancestral lineages to a single lineage (Furano et
al. 2004). Within this single remaining primate lineage, a curious
pattern of one L1 family begetting a single lineage before becom-
ing inactive clearly emerges from the genomic data. This phe-
nomenon has been proposed to result from the competition
among L1 instances for scarce host factors necessary for retro-
transposition (Khan et al. 2006). However, it also seems plausible
that there may exist, at any given time, such a low level of active
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elements in the population (Brouha et al. 2003) that, coupled
with lower host organism population size among land verte-
brates than their marine predecessors, they are subjected to pro-
found bottleneck effects that effectively extinguish many TE lin-
eages. Once older (and more diverse) lineages are lost in this
fashion, the accumulation of diversity over time would be re-
quired to begin anew.

As might be expected, SINE diversity generally tracks LINE
diversity within a given taxa, and there are instances reported of
SINEs declining to extinction along with their associated LINE
sequence (Casavant et al. 2000; Grahn et al. 2005; Rinehart et al.
20095). The most detailed information regarding recent SINE ac-
tivity thus far comes from the human and chimpanzee genomes,
where the sequence substructure of Alu elements is understood in
considerable detail. Within these taxa, there appears to be a two-
to threefold increase in the overall amplification and/or accumu-
lation rate of Alu SINE elements in human vs. chimpanzee lin-
eages (Hedges et al. 2004; Mills et al. 2006). In addition, the
diversity and relative activity rates of active Alu subfamilies differ
appreciably between these closely related taxa (Hedges et al.
2004; Mills et al. 2006). Human-chimpanzee genome compari-
sons confirmed earlier studies based on transcript and polymor-
phism analysis (Salem et al. 2003; Otieno et al. 2004), which
indicated that only a tiny fraction of the potential Alu repertoire
in the genome exhibits retropositional competence.

Insertional mutagenesis and disease

The ongoing potential within mammalian genomes for the de
novo insertion of mobile elements into both coding and regula-
tory regions brings with it obvious deleterious consequences to
the host organism. While the total fitness cost of various levels of
mobile-element activity is difficult to quantify due to a general
lack of knowledge concerning the actual distribution of muta-
tional fitness effects (e.g., fraction of dominant vs. negative mu-
tations), the deleterious consequences of insertional mutagenesis
are readily apparent in numerous disease phenotypes. It appears
that an intricate and possibly tenuous balance between the ac-
tivity of mobile elements and the ability of the host genome to
tolerate insertional and recombinational mutagenesis has been
established over evolutionary time. When this balance is dis-
turbed, such as in transgenic mice engineered to ubiquitously
express the highly active mobile element, Sleeping Beauty, mice
exhibited markedly elevated levels of embryonic lethality and
postnatal cancer development (Dupuy et al. 2005).

Examples of human diseases caused by L1-driven mobile
elements continue to accumulate with over 50 reported instances
to date (Table 1). The level of mobile-element insertions observed
to cause human disease has been suggested to represent ~0.3% of
all human mutations (Deininger and Batzer 1999; Kazazian
1999). This indicates approximately one insertion in every 20-
100 live births (Deininger and Batzer 1999; Kazazian 1999;
Cordaux et al. 2006). Examples of mobile-element insertions in
mice have been previously reviewed, demonstrating that they
experienced relatively low levels of L1- and SINE-related inser-
tions compared to insertions by endogenous retroviruses (Oster-
tag and Kazazian 2001a; Maksakova et al. 2006). There remains a
great deal of uncertainty concerning the number of retrotrans-
positionally competent L1s in the mouse genome, with estimates
ranging from 12 to 3000 (DeBerardinis et al. 1998; Mouse Ge-
nome Sequencing Consortium et al. 2002). Overall, however,
mice have a 100 times higher rate of spontaneous mutations

caused by mobile elements (primarily LTR elements) (Maksakova
et al. 2006) than humans (all non-LTR elements).

One of the more striking observations regarding the charac-
teristics of L1 disease-causing insertions—and to a lesser extent
the Alu and SVA disease insertions (Table 1)—is the high propor-
tion of these insertions found on the X chromosome. In humans
this represents 13 out of 17 disease-generating L1 insertions. One
expects a certain ascertainment bias due to the fact that genetic
defects in the X chromosome are often dominant in males; bias
also no doubt stems from the number of X chromosome-related
diseases have been heavily scrutinized for causal mutations. L1
elements are present at a higher density on the X chromosome
than any other chromosome (Lander et al. 2001), and it remains
possible that some of this density increase may represent inser-
tion preference. However, there was no detectable enrichment of
L1 element insertions on the X chromosome in tissue culture
studies that directly measures de novo L1 insertions (Graham
and Boissinot 2006; Gasior et al. 2007), and the enrichment on
the X chromosome has largely been ascribed to lower recombi-
nation rates and corresponding reduction in the efficiency of
negative selection among the sex chromosomes (Boissinot et al.
2001). In contrast, 31 endogenous retroviral insertions in mice
(Ostertag and Kazazian 2001a; Maksakova et al. 2006) have been
detected, and none of those insertions was found to reside on the
X chromosome. Perhaps more surprising, out of six L1 insertions
causing mouse mutations (Ostertag and Kazazian 2001a; Chen et
al. 2006), there are also no insertions on the X chromosome.
There remains the possibility that additional biases are involved
in the mutational screening process and/or inbred mouse lines
may be part of the skewed representation for mouse L1s.

In order to help assess the extent an X-chromosomal ascer-
tainment bias might have impacted the number of insertion de-
tections in humans, we analyzed the portion of all mutations in
the Human Genome Mutation Database (HGMD) occurring on
the X chromosome (Krawczak et al. 2000). We find that roughly
17.9% of HGMD mutations were detected on the X chromosome
(out of a total of 73,411 recorded mutations). When considering
the fact that 5.1% of the total DNA in women (2.6% in men)
consists of the X chromosome, and given a roughly 4% sex-
averaged X-chromosomal DNA content, the HGMD data suggest
a 4.5-fold detection bias in X chromosome disease mutations
overall. A similar result is obtained when considering total
known gene counts. However, we observe a 20-fold enrichment
of L1 disease insertions on the X compared to what is expected.
Thus, even taking into consideration the expected elevation of X
chromosome mutation detections, we cannot fully account for
enrichment of L1 disease insertions. One possible explanation
for this phenomenon is that the reduced recombination rate on
the X chromosome decreases the number of catastrophic mega-
base-scale rearrangements that might occur for L1 insertions
on the autosomes (see “Post-insertional mutagenesis,” below).
Thus, while many additional disease-causing insertions do oc-
cur on the autosomes, a large fraction are ultimately lost due to
recombination events which convert them from recessive alleles
to lethal large-scale rearrangements, which are then immedi-
ately purged from the population. We wish to be careful here to
distinguish the above-mentioned process from the Muller’s
ratchetlike scenario previously proposed (Boissinot et al. 2001,
2006) to account for the increased L1 accumulation on the sex
chromosomes. While both phenomena are related to re-
combination frequency, they are distinct (but not mutually ex-
clusive).
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Insertion-mediated deletions caused by Alu and LI

In addition to direct disruption of genetic information through
mobile-element insertion, a related phenomenon has also been
observed, wherein the insertion of mobile elements is associated
with the deletion of adjacent genomic sequence. In some cases
these events, designated Alu-retrotransposition-mediated dele-
tions (ARMD) and L1 insertion-mediated deletions (LIMD), can
lead to the removal of entire exons (Callinan et al. 2005; Han et
al. 2005). In the case of the Alus, ~33 deletion instances were
detected between the humans and chimpanzees lineages. For L1,
~50 such deletion events were discovered, collectively removing
18 and 15 kb from the human and chimpanzee genomes, respec-
tively (Han et al. 2005). Of course, for both Alu and L1, the
amount of DNA removed via these processes represents only a
fraction of that added by the retrotransposition process itself.
Nevertheless, along with recombination-mediated deletion and
other deletion processes, these deletions may assist in curbing
the expansion of genome size associated with the retrotranspo-
sition process.

Post-insertional mutagenesis

One could argue that the most negative fitness consequence aris-
ing from the proliferation of TE sequences within mammalian
genomes involves the increased potential for mutagenic nonal-
lelic homologous recombination (NAHR) events. Such muta-
genic recombinations can result in a diverse array of genetic re-
arrangements ranging from small-scale genomic deletions, to
chromosomal inversions, to interchromosomal translocations
(for review, see Hedges and Deininger 2007). A much larger frac-
tion of TE-related diseases in humans results from recombina-
tional mutations than from insertional mutations (Deininger
and Batzer 1999).

Although NAHR events occur at appreciable rates and have
been implicated in a number of human genetic diseases, the
overall level of ectopic recombinations and associated phenom-
ena appears to be lower among TEs in mammals than in other
taxa, such as yeast (Johnson and Jasin 2000). This may be the
direct consequence of the modulation of DNA repair pathways in
the mammalian lineage to avoid using nonallelic (i.e., TE) tem-
plates for repair. Unlike yeast, mammals more readily employ
non-recombination-based repair mechanisms, which while of-
ten resulting in the loss of some genetic information, neverthe-
less avoid the potentially calamitous effects of large-scale rear-
rangements associated with homologous repair-associated path-
ways (Johnson and Jasin 2000). It is currently unclear whether
this shift in DNA repair mechanism preference over eukaryotic
evolution has been a capitulation to, or the instigation of, the
expansion of genomic repeats.

Evidence for the deleterious effects of TE-related NAHR
comes from multiple sources. As indicated above, >0.3% of hu-
man genetic diseases are attributed to nonallelic recombinations
(Deininger and Batzer 1999). To date, all such cases have been
associated with Alu-Alu recombination events deleting or dupli-
cating genic regions. Comparative genomic data and population
studies, on the other hand, provide the clearest case for negative
selection against L1 ectopic recombination events (Song and
Boissinot 2007). Full-length L1 elements show a skewed distribu-
tion toward non-recombining sex chromosomes, with shorter
insertions being under less-stringent selection pressures than
longer L1 inserts (Boissinot et al. 2001, 2006). A subsequent
analysis examining the population frequency of full-length vs.

near—full-length elements showed that near-full-length elements
(lacking promoter sequences crucial to transcription) were in fact
indistinguishable from the full-length L1 elements in terms of
their fitness effects (Song and Boissinot 2007), lending further
support to the notion that the potential for ectopic recombina-
tion is one of the major factors behind negative selection against
these segregating loci. It is also possible that longer, nearly full-
length L1 inserts that are present within introns may interfere
with normal gene expression, contributing to the observed nega-
tive selection against longer L1 elements.

The apparent disparity between strong ectopic recombina-
tion-related selection against L1 (observed through population-
based genomic studies) and the exclusion of L1 among reported
cases of TE-recombination-related disease mutations may at first
seem paradoxical. It is most likely the case that the larger number
of Alus, as well as their tendency to cluster in and around genic
regions, makes the possibility of small-scale, nonlethal (yet ulti-
mately pathological) mutations more likely. The less-prevalent
L1 sequences, on the other hand, while more prone to recombine
due to their greater lengths of homology (Boissinot et al. 2006;
Song and Boissinot 2007), may also be more likely to engage in
large-scale genomic rearrangements that result in nonviable off-
spring. As a consequence, they are not well represented among
documented diseases.

In addition to the above data suggesting genomic instability
associated with TEs, human—chimpanzee comparisons have also
shed light on the background level of neutral recombination
events that may be occurring among genomic TEs. A comparison
of the human and chimpanzee genomes has indicated ~492 Alu-
Alu recombination events in humans that have collectively re-
moved some 400 kb of sequence, including three exons that are
functional in the chimpanzee (Sen et al. 2006). The median
length of these deletions was 486 bp, although, as discussed
above, these observed genomic data are likely heavily influenced
by prior evolutionary filtering.

Post-insertional alterations to mobile elements

We have already discussed how elements may continue to con-
tribute to recombinational mutagenesis long after their initial
insertion into the genome. There are also several examples of
more subtle genetic disruptions caused by extant elements. The A
tails of LINEs and SINEs, for instance, are one of the major
sources for the creation of microsatellites in mammalian ge-
nomes (Arcot et al. 1995). In at least two reported cases, A-rich
regions of human Alu elements have evolved into unstable re-
peats: a triplet causing Friedreich’s ataxia (Campuzano et al.
1996) and an unstable pentanucleotide causing spinocerebellar
ataxia 1 (Kurosaki et al. 2006).

Alu elements have also been found to contain sequences
that can be converted to active splice signals by single point
mutations long after their insertion. These point mutations lead
to splicing alterations that sometimes cause disease (Vervoort et
al. 1998) and certainly cause at least partial disruption of proper
splicing of a number of genes, a process termed Alu exonization
(Sorek et al. 2002). Similar observations have been made for
mouse and human L1 elements, which can contribute splice sites
that are already existing in their consensus sequences (for more
details, see the section “LINE-1 expression,” below) (Belancio et
al. 2006; Maitlik et al. 2006; Zemoijtel et al. 2007). Various sce-
narios of post-insertional interference of mobile elements with
gene expression are summarized in Figure 4 and reviewed in Ka-
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zazian (2004). Alu elements present in the introns of unspliced
transcripts are, however, subject to extensive RNA editing (Atha-
nasiadis et al. 2004; Kim et al. 2004). This modification is pro-
posed to serve as a protective measure against the usage of cryptic
splice sites and/or nuclear export of unspliced transcripts.

L1 endonuclease and double-stranded DNA breaks

Even though the L1 contribution to genetic instability has long
been recognized, insertional and recombinational mutagenesis
in the germline have been considered to be the major avenue of
impact of human mobile elements on genomic DNA (Kazazian
1998; Deininger and Batzer 1999; Ostertag and Kazazian 2001a;
Kazazian and Goodier 2002). Recently it has been confirmed ex-
perimentally that the L1 integration process outlined in Figure 3
leads to introduction of double-strand DNA breaks (DSB) (Belg-

A. LINE-1 insertion in the reverse orientation.
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naoui et al. 2006; Farkash et al. 2006; Gasior et al. 2006). Double-
strand breaks in the cellular DNA result in gamma-
phosphorylation of histone 2AX (H2AFX), which can be detected
by immunohistochemistry in the form of gamma-H2AFX foci,
wherein each focus corresponds to a single DSB (Rogakou et al.
1998). Detection of gamma-H2AFX foci created in response to L1
expression demonstrated that the number of DSBs introduced by
transiently transfected L1 element in HeLa cells is at least 10-fold
greater than the rate of L1 integration under the same transfec-
tion conditions; it was further established that this damage was
specific to the L1 endonuclease activity (Gasior et al. 2006). DNA
DSBs can be repaired by nonhomologous end joining (NHE]) or
homology-driven repair (HDR) pathways. The main pathway for
DSB repair in mammals is NHE] (for review, see Gorbunova and
Seluanov 2005). DSB DNA lesions are highly toxic to mammalian
cells, and they often result in mutations when nonconservatively
repaired by the cellular DNA repair machinery (Pierce et al. 2001;
Vilenchik and Knudson 2003). The discovery of L1-induced DSBs
suggests the possibility that Ll-associated mutagenesis, in the
form of random mutations resulting from the error-prone repair
of DSBs, could be greater than insertional mutagenesis. The re-
paired sites of L1 endonuclease breaks would carry no signs of L1
involvement (such as target site duplications or inserted L1 se-
quence), and therefore these random mutations would most
likely be attributed to the exogenous mutagens, reactive oxygen
species, etc. Introduction of DSBs into the cellular DNA may also
trigger genetic instability due to nonhomologous recombination.
Further compounding this mutagenic potential, creation of DSBs
by L1 elements independent of L1 insertion means that even
very low levels of L1 expression (for example, from mutant ele-
ments that retain functional endonuclease activity) in germline
and somatic cells would result in introduction of damage to cel-
lular DNA that could contribute to cancer initiation and progres-
sion as well as age-associated disease. L1 activity is also likely to
contribute to cancer via instigation of NAHR among high-density
SINE elements, such as Alu (Babcock et al. 2003; Gentles et al.

Figure 4. Different effects of mobile-element integration on gene ex-
pression. (A) Integration of the full-length L1 element into the intronic
region in the opposite orientation relative to the gene transcription can
result in premature termination of the cellular transcript due to the usage
of the polyadenylation (pA) sites encoded by the L1 antisense strand.
Independent of this process, L1 antisense promoter can drive expression
of the gene portion located downstream of the L1 insertion site, produc-
ing a 5'-truncated mRNA. This transcript may include all of the remaining
exons that are accurately spliced, or it may lack some of the exons if the
L1 antisense sequence donates a splice donor site that is used with one of
the normally utilized splice acceptor sites within the gene. These types of
transcripts have the potential to generate proteins by initiating transla-
tion at alternative ATG. (B) A similar phenomenon is observed when a
full-length L1 element inserts in the same orientation as gene transcrip-
tion. In this case, usage of the pA sites present in the L1 sense strand leads
to the production of prematurely polyadenylated cellular transcripts. At
the same time, L1 sense promoter can drive the expression of the re-
maining portion of the gene resulting in the production of the mRNA that
contains L1 5’ UTR sequences spliced to the exons located downstream
of the L1 insertion site. Functional alternative ATGs in this portion of the
RNA can lead to the translation of the truncated protein with a dominant
negative effect or a gain of function. (C) Alu sequences inserted within
introns can be included into mature mRNAs if they gain functional splice
donor or acceptor sites via random mutagenesis of their sequence. (D)
Integration of the full-length L1 element upstream of the cellular gene
may also interfere with the normal gene expression due to the presence
of the functional promoter activity (SP, sense promoter; ASP, antisense
promoter) and splice sites in both sense and antisense strands of the L1
5" UTR.
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2005; for review, see Hedges and Deininger 2007). Alu-Alu non-
allelic recombination has already been established as a signifi-
cant source of disease-related genomic instability (for review, see
Deininger and Batzer 1999). Alu amplification relies on L1 retro-
transposition machinery, and, as a direct consequence, every Alu
copy is flanked by a pair of L1 endonuclease recognition sites that
have already been successfully utilized by ORF2 at least once in
the past. It has been proposed (Babcock et al. 2003; Gasior et al.
2006) that the proximity of these endonuclease targets to ho-
mologous interspersed elements predisposes these locations to-
ward involvement in homology-driven DNA repair processes
and, consequently, increases the likelihood of genomic instabil-

ity.

LINE-I expression

There has been a general assumption that, with few exceptions,
endogenous L1 expression was restricted to the germline (Bran-
ciforte and Martin 1994; Trelogan and Martin 1995; Ostertag et
al. 2002). This was based on early studies which indicated el-
evated levels of L1 ORF1 protein in mouse germ cells, Leydig cells
of embryonic testis, and theca cells of adult ovary, with lesser
signals being observed in the few non-germ cell types examined.
The only normal cell type reported to be positive for ORF1 ex-
pression in early studies was the epithelium of normal mammary
glands (Asch et al. 1996). Recently, L1 translation products have
been reported at fairly high levels in some somatic tissues, such
as the vascular endothelia of human male gonads (Ergun et al.
2004). L1 ORF1 and ORF2 protein expression has also been de-
tected in rat cardiomyocytes and endothelial cells, respectively
(Lucchinetti et al. 2006). These reports combined with abundant
levels of L1 ESTs detectable across a wide range of somatic tissues
(Perepelitsa-Belancio and Deininger 2003) and unpublished data
from our own laboratory that support production of endogenous
L1 mRNAs in normal human tissues suggest that somatic cells are
likely to support varying levels of L1 expression.

Recent studies with transgenic mice have also shown that
transgenic L1 elements driven by their endogenous promoter are
capable of expression and retrotransposition in neuronal stem
cells (Muotri et al. 2005), and it has been suggested that these L1
integration events may alter differentiation plasticity of neuronal
stem cells. The latest studies in transgenic mouse models dem-
onstrate that when L1 is expressed in somatic cells, they are ca-
pable of supporting very high levels of retrotransposition activity
(An et al. 2006; Babushok et al. 2006). Somatic and germline
mosaicism for the L1 insertion has also been reported in humans
(van den Hurk et al. 2007). However, the requirements for L1
mobilization in normal adult cells in tissue culture remains con-
troversial (Kubo et al. 2006; Shi et al. 2007). One of the most
important unanswered questions regarding mammalian L1 ele-
ments is the extent to which they contribute to somatic damage
via insertional mutagenesis, as well as the other forms of damage
described above.

There are several thousand full-length L1 elements in hu-
man (Lander et al. 2001) and potentially more in mouse (De-
Berardinis et al. 1998). Thus, it is not surprising that their expres-
sion cannot be completely suppressed across all tissues. Although
there is almost certainly some tissue specificity provided by the
trans-acting factors used by the L1 promoter (Hata and Sakaki
1997; Yu et al. 2001; Yang et al. 2003; Athanikar et al. 2004), it is
generally accepted that methylation is the primary mode of re-
pression for mammalian mobile-element expression (Hata and

Sakaki 1997; Bourc’his and Bestor 2004). The internal promoter
used by L1 elements encompasses a CpG island, and they are
typically highly methylated (Hata and Sakaki 1997). There have
been a number of studies correlating methylation levels, particu-
larly in transformed cells, with L1 expression (Bratthauer and
Fanning 1992; Bratthauer et al. 1994). In addition, knockout of
the Dnmt3l gene in mice, which is a key factor in de novo meth-
ylation, causes loss of methylation of L1 elements and in LTR
elements, resulting in high levels of expression of their RNAs and
catastrophic failure of the male germline (Bourc’his and Bestor
2004).

In addition to methylation suppressing initiation of tran-
scription, L1 elements are also subject to several levels of post-
transcriptional regulation. It has been suggested that the A-
richness of L1 elements may contribute to a general slowdown of
transcription (Han et al. 2004). It has also been demonstrated
that the vast majority of human and mouse L1 transcripts are
subject to either premature polyadenylation (Perepelitsa-
Belancio and Deininger 2003) that results in transcripts lacking
one or both open reading frames, or to splicing events that also
eliminate crucial portions of L1 sequence (Fig. 2) (Belancio et al.
2006, 2008). One of the intriguing aspects of the L1 RNA regu-
lation via processing is that some of the spliced and prematurely
polyadenylated transcripts can potentially produce functional L1
proteins in addition to or independent from their translation
from the full-length L1 mRNA. The use of splicing as one of the
mechanisms of down-regulation of L1 expression has also re-
cently been reported in Danio rerio (Tamura et al. 2007). Despite
multiple mechanisms working in unison to suppress endogenous
L1 expression, potentially functional L1 loci are expressed in hu-
man embryonic cells and cancer cells (Skowronski et al. 1988;
Garcia-Perez et al. 2007). There is also mounting evidence that
RNA-based silencing is employed to control retrotransposon ac-
tivity in mammals. A recent study in mice demonstrated that a
PIWI-related silencing complex harbors numerous L1-targeted
RNAs, and mutations in the PIWIL2 (formerly MILI) protein lead
to loss of methylation of L1 and IAP elements along with a cor-
responding increase of expression (Aravin et al. 2007). In addi-
tion, there appears to be some capability of RNAi inhibition of L1
activity because of antisense transcripts made from the 5’ end of
L1 (Soifer et al. 2005; Yang and Kazazian 2006). All of these limi-
tations placed on initial expression, in conjunction with second-
ary controls on retrotransposition exemplified by the APOBEC3
proteins (see section “Cellular responses to mobile-element ac-
tivity,” below), are likely necessary to keep the negative conse-
quences of L1 activities to a tolerable level.

A consequence of the presence of polyadenylation and splic-
ing signals, as well as the influence of A-richness, is that insertion
of an L1 element into a gene, even within an intron, can result in
truncated or improperly spliced and/or polyadenylated tran-
scripts of the target gene. Examples of these improper transcripts
are found in the human and mouse EST libraries (Speek 2001;
Nigumann et al. 2002; Wheelan et al. 2005; Belancio et al. 2006;
Maitlik et al. 2006; Zemoijtel et al. 2007). In combination with the
presence of functional sense and antisense promoters (Swergold
1990; Speek 2001) in the L1 5’ UTR, splice sites and polyadenyl-
ation signals within full-length L1 insertions have even more
potential to interfere with the production of cellular mRNAs in
numerous ways (Fig. 4). Previously reported bioinformatic analy-
ses of L1 distribution across various mammalian genomes em-
pirically supported the idea that L1 inserts in the forward orien-
tation impose a much higher risk of interference with the normal
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gene expression than those integrated in the reverse orientation
(Medstrand et al. 2002). This hypothesis has also been demon-
strated experimentally (Chen et al. 2006; Ustyugova et al. 2006),
suggesting that genic L1 inserts in the forward orientation are
most likely eliminated from the genome fairly quickly. The genic
insertion orientation bias has been consistent enough across taxa
that it has been incorporated as part of a novel gene detection
strategy (Glusman et al. 2006).

One of the unique aspects of L1’s influence on gene func-
tion is the observation that these elements can interfere with the
normal gene expression even when positioned outside of the
gene boundaries (Speek 2001; Nigumann et al. 2002; Belancio et
al. 2006). Perhaps this is one reason why there is a noticeable
depletion of the full-length L1 inserts upstream and downstream
of mammalian genes (Medstrand et al. 2002). Interference of mo-
bile elements with normal gene expression is further com-
pounded by the presence of different classes of TEs that carry
various regulatory elements that can result in the production of
the complex chimeric transcripts (Landry et al. 2001). It is diffi-
cult to estimate the true impact of TE insertions on gene expres-
sion, for even genomewide quantitative surveys of ESTs would be
limited to detection of only those hybrid transcripts that are
relatively stable and have not been eliminated during embryonic
development and/or long-term evolutionary selection.

Cellular responses to mobile-element activity

Mobile elements are effectively parasitic entities in the sense that
they require several activities provided by the host cell for their
amplification. Above and beyond their obvious mutagenic po-
tential, mobile elements influence numerous cellular processes in
the course of interacting with the host cell. These interactions are
illustrated by the finding that overexpression of L1 elements has
been shown to lead to toxic effects on cells (Goodier et al. 2004;
Gasior et al. 2006). The endonuclease activity produced by the
OREF?2 protein is at least partially, but not completely, responsible
for that toxicity. This ORF2 endonuclease toxicity is likely due to
the induction of the double-strand break (DSB) repair response,
as evidenced by the formation of gamma-H2AFX foci at the sites
of the breaks. DSBs can culminate in cell cycle arrest or apoptosis
(Lindblad-Toh et al. 2005; Belgnaoui et al. 2006; Gasior et al.
2006). This DSB response almost certainly involves ATM activa-
tion, as cells deficient in ATM were found to only poorly support
L1 retrotransposition (Gasior et al. 2006). This is similar to stud-
ies with DNA transposons, such as Sleeping Beauty, which are
found to have their amplification influenced by a number of
genes associated with DNA repair (Izsvak et al. 2004).

Several reports have demonstrated that cells produce pro-
teins that inhibit retrotransposition. A family of human proteins,
APOBECS3, exhibits various influences on the retrotransposition
process as well as on retroviral life cycles. All of the APOBEC3
proteins except 3A inhibit HIV replication, while APOBEC3A,
APOBEC3B, and, to a lesser extent, APOBEC3C inhibit human L1
and Alu activities (Bogerd et al. 2006, Muckenfuss et al. 2006;
Stenglein and Harris 2006). Despite the reliance of Alu elements
on L1 activity for their amplification, APOBEC3G inhibits Alu,
but not L1, mobilization by sequestering Alu RNAs in cytoplas-
mic high-molecular-mass A3G complexes away from the nuclear
L1 enzymatic machinery (Chiu et al. 2006; Hulme et al. 2007).
The various APOBECs also inhibit a spectrum of other mobile
elements (for summary, see Hulme et al. 2007). The underlying
mechanism of this inhibition is not currently clear. Although the

APOBECS3 proteins possess cytidine deaminase activity, mutants
abolishing this activity are equally capable of inhibiting mobile-
element retrotransposition (Stenglein and Harris 2006). Surpris-
ingly, the mouse genome contains only a single APOBEC3 gene,
while the human genome has seven functional forms (Conticello
et al. 2005). It is possible that the diversity of APOBEC forms in
primates evolved to more efficiently inhibit retroelements. This
may have resulted in the silencing of LTR—and, to a lesser ex-
tent, L1—elements in primates, in contrast to their continued
activity in mice (for summary, see Mouse Genome Sequencing
Consortium et al. 2002). Some of this diversity may also have
developed to inhibit Alu elements, which, despite their enor-
mous success, have exhibited attenuated activity over the past
40 million years. Although the inhibition of retroelements by
APOBECS3 proteins can be quite strong, as indicated in the tran-
sient transfection studies described above, it was found that there
were no immediate consequences of knocking out the single
Apobec3 gene in mice (Mikl et al. 2005). Thus, it is possible that
the effect of APOBECs may exert only subtle influences on retro-
element activity, which only become apparent over extended
time periods.

ORF1 expression triggers activation of MAPK13 (formerly
p383 MAP kinase) (Kuchen et al. 2004). The p38 MAP kinases are
a group of serine/threonine protein kinases that participate in
the signal transduction cascade of the cellular responses to di-
verse external stimuli (for review, see Kumar et al. 1997).
MAPK13 has been shown to abrogate apoptosis in renal carci-
noma cells treated with an inhibitor of cyclic GMP production
(Ambrose et al. 2006). Thus, it is quite plausible that L1 expres-
sion can influence numerous signaling pathways in cells and that
diverse cell types will respond differentially to L1 based on their
characteristic signaling pathways.

The ability of environmental stimuli to alter retrotransposi-
tion frequencies is also indicative of the complex interactions of
these elements with host factors. There is obviously the need for
trans-acting factors to interact with the element promoters. How-
ever, several heavy metals, as well as ionizing radiation, have
been shown to be capable of stimulating the L1 retrotransposi-
tion process at a stage downstream of transcription (Kale et al.
2005, 2006; Farkash et al. 2006). This stimulation appears to be
independent of DNA-nicking activity of these factors and, there-
fore, is likely to involve influences on some other downstream
interactions in the integration process. Similarly, there have been
several reports of environmental influences on L1 (Stribinskis
and Ramos 2006) and Alu (Liu et al. 1995) transcription.

The selfish DNA vs. function controversy

Due to the ancient and complex history of mobile elements and
their host genomes, the relationship between host and element is
not easily designated as “parasitic,” “symbiotic,” or “mutualistic”
in nature. Along with the numerous detrimental effects of mo-
bile-element activity described above, it has been increasingly
observed that TEs serve as substrates for evolutionary innovation
in many taxa. In several cases, such as with Drosophila telomere
maintenance by TART and HeT-A (for review, see Pardue et al.
2005) and V(D)] recombination in the vertebrate immune system
(Hiom et al. 1998), mobile elements appear to have become “do-
mesticated” and commandeered for essential host functions. It
has also been shown that members of a SINE family that remains
active in the Coelacanth genome have been co-opted in tetra-
pods to alternatively serve as both highly conserved noncoding
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regulatory regions and as components of proteins (Bejerano et al.
2006). Nevertheless, we should be mindful not to make the leap
from the several established cases of TE benefits to the thus-far
unsubstantiated claim that TEs are maintained over time within
taxa for their various evolutionary advantages. Generally speak-
ing, the notion of selection for evolvability in this context re-
mains controversial and lacking in empirical support (Sniegowski
and Murphy 2006).

It seems more plausible to the authors that, given their am-
plification capability and the population and host-response dy-
namics involved, selection simply need not be invoked to ex-
plain general persistence of TEs across many taxa over evolution-
ary time scales (for example, see Bestor 1999).

Conclusions

A general impression appears to have developed in the scientific
community that mobile elements are fascinating evolutionary
oddities which, despite lending themselves to very interesting
speculations, are not terribly relevant to the immediate health of
organisms. The finding of widespread examples of mobile ele-
ments contributing to disease, as well as additional avenues for
introducing damage to the host genome, has generated some
level of concern for the role of mobile elements in human health.
Such concern provides incentive for a more thorough explora-
tion of the impact of these elements on somatic cells, as opposed
to simply focusing on the germline activities that contribute to
their evolution. The wide range of mechanisms by which the
host limits mobile-element activity strongly suggests the impor-
tance of repressing mobile elements. Only when we more fully
understand the mechanistic interactions of mobile elements
with cellular components will we be able to make a reliable as-
sessment of whether TEs pose more of a long-term liability or
asset to the host organism.
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