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Letter

Novel retrotransposon analysis reveals multiple
mobility pathways dictated by hosts

Keniji Ichiyanagi, Ryo Nakajima, Masaki Kajikawa, and Norihiro Okada'

Department of Biological Sciences, Graduate School of Bioscience and Biotechnology, Tokyo Institute of Technology, Midori-ku,

Yokohama 226-8501, Japan

Autonomous non-long-terminal-repeat retrotransposons (NLRs) proliferate by retrotransposition via coordinated
reactions of target DNA cleavage and reverse transcription by a mechanism called target-primed reverse
transcription (TPRT). Whereas this mechanism guarantees the covalent attachment of the NLR and its target site at
the 3’ junction, mechanisms for the joining at the 5’ junction have been conjectural. To better understand the
retrotransposition pathways, we analyzed target-NLR junctions of zebrafish NLRs with a new method of identifying
genomic copies that reside within other transposons, termed “target analysis of nested transposons” (TANT).
Application of the TANT method revealed various features of the zebrafish NLR integrants; for example, half of the
integrants carry extra nucleotides at the 5’ junction, which is in stark contrast to the major human NLR, LINE-I.
Interestingly, in a cell culture assay, retrotransposition of the zebrafish NLR in heterologous human cells did not
bear extra 5’ nucleotides, indicating that the choice of the 5’ joining pathway is affected by the host. Our results
suggest that several pathways exist for NLR retrotransposition and argue in favor of host protein involvement. With
genomic sequence information accumulating exponentially, our data demonstrate the general applicability of the
TANT method for the analysis of a wide variety of retrotransposons.

[Supplemental material is available online at www.genome.org.]

Non-long-terminal-repeat retrotransposons (NLRs), including
long interspersed nuclear elements (LINEs), comprise a substan-
tial portion of many eukaryotic genomes (Arkhipova and Me-
selson 2000; Kazazian Jr. 2004). NLRs are divided into at least 11
clades, and the establishment of each clade dates back to the
Precambrian era (Malik et al. 1999). Despite such ancient diver-
gence, these elements share similar sequence features and mobil-
ity pathways. A typical intact NLR consists of a 5’-untranslated
region (UTR), two open reading frames (ORFs), and a 3" UTR with
a microsatellite tail (Fig. 1). Most genomic NLR copies are trun-
cated to various lengths in their 5’ regions. The product of the
first ORF, ORF1p, typically exhibits RNA binding and nucleic
acid chaperon activities and has been proposed to play a role in
the stabilization of NLR RNA (Hohjoh and Singer 1996; Kolosha
and Martin 1997; Martin and Bushman 2001; Martin et al.
2005a). The ORF2 protein, ORF2p, has two distinct enzymatic
activities—endodeoxyribonuclease (EN) and reverse transcriptase
(RT). During retrotransposition, ORF2p nicks the target duplex
DNA and subsequently initiates reverse transcription of the NLR
RNA using the 3’-OH end of the nicked DNA as a primer to
synthesize an antisense-strand DNA of a new NLR copy by the
mechanism called target-primed reverse transcription (TPRT)
(Luan et al. 1993; Cost et al. 2002) (see Fig. 6, below). The second
strand of the target duplex becomes cleaved during or after TPRT,
detaching the upstream region of the target duplex from the
downstream DNA. The sense-strand synthesis and joining of the
NLR and upstream target DNA at the 5’ junction complete ret-
rotransposition; however, detailed mechanisms for these steps
remain speculative.

Upon retrotransposition of the major mammalian NLRs,
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L1s, the target-site sequence of 8-20 base pairs (bp) is duplicated
at each L1 end (i.e., target-site duplication, TSD) (Moran et al.
1996; Gilbert et al. 2002, 2005; Symer et al. 2002; Babushok et al.
2006). Thus, TSD enables us to determine the target-site bound-
aries of genomic L1 copies (Szak et al. 2002; Martin et al. 2005b;
Zingler et al. 2005). At the 5' junction, 5'-truncated L1 copies
often share microhomology (MH) stretch with the end of the
TSD, whereas full-length copies do not. These studies have led to
models where the 5’ junction is joined via annealing of the NLR
and target DNAs in the MH stretch (Feng et al. 1998; Martin et al.
2005b; Zingler et al. 2005). It also has been proposed that RTs
jump from the RNA template to the target DNA via the MH
stretch (George et al. 1996; Babushok et al. 2006).

In contrast to L1s, some NLRs are not associated with such
obvious TSDs. Thus, reliable identification of the NLR-target
junctions of their genomic copies remains difficult, although ge-
nomic sequence information has been accumulating in recent
years. We considered that such difficulty could be overcome by
collecting genomic NLR copies that reside within other trans-
posons, because the preintegration sequence could be inferred
from the consensus sequence of the host transposon. Hereafter,
we refer to this collection strategy as target analysis of nested
transposons, or TANT method.

The L2 clade of NLRs is represented by currently extinct
LINE-2 (L2) in mammals, where the dominant active NLR clade is
L1. The zebrafish genome harbors at least three active NLRs of the
L2 clade: CR1-1_DR, CR1-2_DR, and CR1-3_DR, which are also
called ZfL2-1, ZfL2-2, and Z{L2-3, respectively (Kapitonov and
Jurka 2003; Sugano et al. 2006). CR1-1_DR and CR1-3_DR carry
two ORFs. Their ORF2s encode an EN/RT protein and ORF1s en-
code an esterase-like protein (Fig. 1). Roles for ORFlp in retro-
transposition are unknown, although mutations in ORF1 of
CR1-1_DR decrease the frequency of retrotransposition (Sugano
et al. 2006). CR1-2_DR carries only a single ORF, which encodes
an EN/RT protein (Fig. 1). These three NLRs end with tandem
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Figure 1. Schematic representation of the NLRs analyzed in this study.
ORF1 and ORF2 are shown in gray and black, respectively. The terminal
repeats are shown on the right. The endonuclease, reverse transcriptase,
and esterase domains are shown as EN, RT, and ES, respectively. The
percentages indicate amino acid identities between any two proteins.

repeats and apparently are not associated with a TSD (Kapitonov
and Jurka 2003).

In this report, we used the TANT method to characterize
genomic copies of these L2-clade NLRs. Bioinformatic analyses of
their target-NLR junctions, in combination with the analysis of
CR1-2_DR, experimentally retrotransposed in HeLa cells, re-
vealed previously unrecognized consequences of their retrotrans-
position, and suggests the involvement of host functions in join-
ing the NLR and target DNAs. Our data thus demonstrate the
general applicability of the TANT method to the study of the
mobility pathways of a wide variety of transposons.

Results

Collection of human Lls within transposons

To test the effectiveness of the TANT method, we first collected
genomic copies of human L1 that reside within other trans-
posons, because target-site junctions of this NLR have been well
characterized. For 47 5'-truncated and 18 full-length genomic
copies analyzed, L1 copies are predominantly associated with
TSDs of 8-20 bp and share a MH stretch with their target sites at
the 3’ junctions (Table 1; Fig. 2A). At the 5’ junction, many of
5'-truncated copies (66%) have MH stretches and only a few cop-
ies (9%) are associated with an insertion of nucleotides of un-
known origin, whereas many full-length L1s (72%) contain 2-16
extra nucleotides (Table 1). The length distributions of TSDs and
MH stretches (Fig. 2B,C,D), target preference to 5S'-TTAAAA-3’
(data not shown), and the discrete 5’ differences between 5’'-
truncated and full-length L1s are well consistent with previous
observations of L1 copies collected and chosen based on the pres-
ence of an obvious TSD (Szak et al. 2002; Martin et al. 2005b;
Zingler et al. 2005). Thus, the TANT method data reliably repre-
sent a general feature of target-NLR junctions generated by ret-
rotransposition.

Target sites of CRI_DRs within transposons

We next applied the TANT method to analyze CR1_DRs in the
zebrafish genome sequence, because they are vertebrate non-L1
NLRs whose retrotransposition has been studied experimentally
(Sugano et al. 2006). We collected 86, 120, and 74 copies of
transposon-harbored CR1-1_DR, CR1-2_DR, and CR1-3_DR, re-
spectively, with only a few being full-length insertions and the
rest containing 5’ truncations. Analysis of their 5’ and 3’ junc-
tions revealed that, in contrast to a previous report (Kapitonov
and Jurka 2003), all three NLRs are predominantly (67%-81% of
total) associated with TSDs of 1-14 bp (Fig. 3A,B for examples;
Table 2 for statistics). The TSD lengths of all the three NLRs seem

to follow a Gaussian distribution, with a mode of 5 bp and the
majority between 3 and 8 bp (Fig. 3C).

A very small fraction (1%-6%) is blunt inserted, whereas a
larger fraction (18%-28%) is associated with target-site trunca-
tions (TSTs) (Table 2; Supplemental Fig. S1). The truncations
range from 1 to 549 bp, as estimated by using the consensus
sequences of the host transposons as a guide (Fig. 3D). Interest-
ingly, they show a bimodal distribution, discriminating short
and long TSTs (=12 bp and =13 bp, respectively), suggesting that
two different mechanisms underlie the target truncation upon
retrotransposition (see Discussion).

For all CR1_DRs, compilation of target sequences around
the insertion sites do not indicate any strong nucleotide prefer-
ence at any position, although a downstream sequence of several
base pairs is somewhat AT-rich in targets of CR1-1_DR and CR1-
2_DR (Supplemental Fig. S2). This very weak preference could be
explained by either some degree of cleavage specificity of NLR-
encoded ENs or selection for cleavage products that can anneal
with the NLR RNAs to start TPRT (see below). In any event, any
nucleotide is allowed at almost all positions, leading to our con-
clusion that all CR1_DRs have very little sequence specificity for
their integration targets.

Features of the 3’ junctions of CRI_DRs

Homology between the ends of the downstream target DNA and
the NLR RNA to be reverse transcribed has been documented for
L1s, suggesting that these homologous regions anneal to pro-
mote the TPRT initiation (Ostertag and Kazazian Jr. 2001; Kulpa
and Moran 2006). Interestingly, 73%-81% of the integrants of
CR1_DRs also show such MH between targets and the terminal
tandem repeats of the integrating NLRs (Fig. 3A,B; Table 2;
Supplemental Fig. S1). The lengths of the MH stretches differ
significantly from that of two random sequences (Fig. 3E). L1-
and CR1/L2-clades of NLRs diverged more than 400 million years
ago (Malik et al. 1999), and they show different degrees of target-
site specificity. Therefore, the conservation of the 3’ feature with
MH suggests that annealing of target DNA and NLR RNA is a
general mechanism to assist the TPRT initiation of many NLRs.
In summary, the majority of the integrants (58%-71% of total) of
CR1_DRs are associated with both a short TSD and 3" MH
(Supplemental Table S1).

On the other hand, we also found that some copies (14%-
24%) are associated with an insertion of nucleotides (1-91 bp) at
the 3’ junction (Fig. 3F; Table 2; Supplemental Fig. S1). Because

Table 1. Human L1 insertions in transposons

L1 type 5’ truncated Full-length
Total number analyzed 47 18
target site duplication (TSD) 42 (89%) 17 (94%)
blunt insertions 1 (2%) 0 (0%)
truncation (TST) total® 4 (9%) 1 (6%)
5’ junction microhomology 31 (66%) 2 (11%)
direct joining 12 (26%) 3 (17%)
extra nucleotides 4 (9%) 13 (72%)
3’ junction microhomology 42 (89%) 15 (83%)
direct joining 1 (2%) 0 (0%)
extra nucleotides 4 (9%) 3 (17%)

Numbers in parentheses indicate percentages of the total numbers ana-
lyzed.
*Total number of integrants with TST.
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Figure 2. Analysis of L1 integrants within other transposons. (A) An example of a genomic L1 integrant. Only junction regions are shown. The
consensus sequence of the host transposon, MERT1A (magenta), the sequence of a part of human chromosome 4 (black), and the L1PA4 consensus
sequence (green) are aligned. Asterisks indicate identical sequences and the magenta and green boxes indicate MERT 1A and L1PA4 regions, respectively,
inferred from the alignments. The target-site duplication (TSD) is shown in red letters. (B) Length distribution of TSD. Both full-length and 5’-truncated
copies are included. (C) Length distribution of the 5’ microhomology (MH). Both full-length and 5’-truncated copies are included. (D) Length
distribution of the 3" MH. Both full-length and 5'-truncated copies are included.

we could not find the putative original NLR copies carrying the
extra 3’ nucleotides in the current database, these extra 3’
nucleotides do not seem to be products of 3’ transduction, a
retrotransposition event where the new copy is accompanied by
the 3’-flanking region of the original copy. Thus, the extra 3’
nucleotides were presumably added after transcription of the
NLR RNA. For one integrant, we found a genomic region (on a
different chromosome) that is 87% identical to its extra 3’
nucleotides (61 bp). For seven examples of extra 3' nucleotides
(15-22 bp), we found homologous EST sequences (with 93%-
100% identity). These extra nucleotides may have been gener-
ated by use of DNA or RNA templates. However, we could not
find potential templates for seven of the 15 examples of the extra
3" nucleotides that are 15 bp or longer. It is therefore likely that,
in general, the extra 3’ nucleotides were generated by nontem-
plated DNA synthesis or by use of very short template regions. It
has been reported that R2- and L1-encoded RTs can add nucleo-
tides without a template or with a very short region(s) of a tem-
plate before initiating the canonical RNA-templated TPRT (Luan
and Eickbush 1995; Cost et al. 2002). The RTs encoded by
CR1_DRs may also have such an activity that consequently gen-
erates extra 3’ nucleotides.

Features of the 5’ junctions of CRI_DRs

The 5’ junctions of the zebrafish NLRs show quite different fea-
tures from those of L1. Whereas only a minor fraction of the
genomic L1 integrants (9% of the total 5'-truncated copies)
(Table 1) has extra nucleotides of unknown origin at the 5’ junc-
tion, about half (49%-62%) of the 5'-truncated copies of
CR1_DRs contain such extra 5’ nucleotides. The two full-length
insertions also contain extra 5’ nucleotides. The additions are

1-114 bp in length with an AT content of 65%-71% (Fig. 3B,H;
Table 2; Supplemental Fig. S1). Because almost all of these ele-
ments are 5’ truncated and because we could not find their pu-
tative original NLR copies in the current database, it is unlikely
that these integrants are products of 5’ transduction. Rather, the
extra 5’ nucleotides were probably added after transcription of
the NLR RNA. Thus, we searched for sequences in the database
that are homologous to the respective sequences of the extra
S'nucleotides: we found five examples of genomic regions (42-99
bp with 85%-92% identity) and three examples of EST sequences
(15-50 bp with 90%-100% identity). However, we could not find
any such homologous sequences in the current database for most
(47 of 54) of the extra nucleotides that are =15 bp. These suggest
that the extra 5’ nucleotides were, in general, created in a non-
templated manner or via switching very short template regions
(i.e., template switching).

Some of the integrants (29%-45%) had MH at the 5’ junc-
tions (Fig. 3A; Table 2 Supplemental Fig. S1). The length distri-
butions of these MHs differ significantly from that expected for
two random sequences (Fig. 3G). Thus, the MHs may not have
been generated by chance, but by a mechanism integral to cer-
tain retrotransposition pathways (see Discussion). In summary,
CR1_DRs carry either extra nucleotides or MH at their 5’ junc-
tions.

Insertion of extra 3’ nucleotides and truncation of target sites
are inter-related

We analyzed the relationships among the features of target-site
alterations and 5’ and 3’ junctions. We did not find a significant
relationship between the features of 3’ and 5’ junctions (Fig. 4A).
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Figure 3. Analysis of integrants of CR1_DRs. (A,B) Two examples of CR1-2_DR integrants. The consensus sequences of the host transposons (magenta,
TDR2 in A and SINE3-1 in B), the sequences of parts of the zebrafish genome (black), and the CR1-2_DR consensus sequence (green) are aligned.
Asterisks indicate identical sequences, and the magenta and green boxes indicate the regions of CR1-2_DR and host transposons inferred from the
alignments. The TSD is shown in red letters. The two integrants have TSDs and 3’ MHs. The example in A has 5" MH, whereas the example in B has an
insertion of extra 5’ nucleotides. (C,D) Length distributions of TSD (C) and TST (D) of CR1_DRs. The colors that discriminate each CR1_DR are indicated
in the key in each panel, with the total numbers of CR1_DRs analyzed in parentheses. (E,G) Length distributions of MH at the 3’ (£) and 5’ (G) junctions.
The probability distribution of the MH length for two random sequences was calculated as described previously (Roth et al. 1985) and is shown in black.
The P values for expected and observed numbers were <0.01 in all x? tests. (F,H) Length distributions of extra nucleotides at the 3’ (F) and 5’ (H)
junctions.
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Table 2. Insertions of CR1_DRs in transposons

NLR CR1-1_DR (ZfL2-1) CR1-2_DR (ZfL2-2) CR1-3_DR (ZfL2-3)
Number of ORFs in an intact copy 2 1 2
Total number analyzed 86 120 74
target site duplication (TSD) 58 (67%) 97 (81%) 52 (70%)
blunt insertion 5 (6%) 2 (2%) 1 (1%)
truncation (TST)? 23 (27%) 21 (18%) 21 (28%)
short TST =12 bp 12 (14%) 13 (11%) 8 (11%)
long TST =13 bp 11 (13%) 8 (7%) 13 (18%)
5’ junction microhomology 25 (29%) 52 (43%) 33 (45%)
direct joining 8 (9%) 8 (7%) 5 (7%)
extra nucleotides 53 (62%) 60 (50%) 36 (49%)
3’ junction microhomology 63 (73%) 97 (81%) 55 (74%)
direct joining 2 (2%) 6 (5%) 5 (7%)
extra nucleotides 21 (24%) 17 (14%) 14 (19%)

Numbers in parentheses indicate percentages of the total numbers analyzed.

“Total number of integrants with TST.

However, statistical analyses revealed that target-site alterations
and the features of 3’ junctions are interrelated (P < 0.01) (Fig.
4B). Indeed, insertion of the extra 3’ nucleotides is enriched in
integrants with TSTs (Fig. 4B): about half (48%-57%) of TST
integrants are associated with insertion of the extra 3’ nucleo-
tides, suggesting their mechanistic inter-relationship (see
Discussion).

Copies of the dual-ORF CRI_DRs with long TSTs are biased
toward insertion of extra 5’ nucleotides

Finally, we analyzed the relationship between the §' junction
and target-site alterations (Fig. 4C; Supplemental Table S2). We
found some interrelation: Most long TST-associated integrants of
CR1-1_DR and CR1-3_DR (82% and 77%, respectively) carry the
extra 5’ nucleotides. On the other hand, we did not find any
interrelation for the CR1-2_DR integrants. It is worth consider-
ing that CR1-2_DR has a single ORF, whereas CR1-1_DR and
CR1-3_DR have two ORFs (Fig. 1). Thus, although the exact
mechanism(s) for generation of the extra 5’ nucleotides is un-
known at present, the ORF1 proteins may be involved in the
pathways for joining the 5’ junction during a type of retrotrans-
position where target sites suffer extensive truncation (see Dis-
cussion).

Retrotransposition of CRI-2_DR in HelLa cells does not create
integrants with extra 5’ nucleotides

As described above, zebrafish CR1_DRs and human L1 have sig-
nificantly different outcomes with regard to the features of the 5’
junction. Because different NLRs retrotransposed in different
hosts were compared, it remained unknown whether this dis-
crepancy could be ascribed to differences in the NLR-encoded
proteins or in the hosts. To address this question, we had a ge-
netically marked CR1-2_DR (Fig. SA) retrotranspose in cultured
human cells. Of the 19 integrants we determined, none carried
extra nucleotides at the 5’ junction, whereas 13 clones (72%) had
MH and others were directly jointed (Fig. 5B). This is in striking
contrast with CR1-2_DR integrations in the zebrafish genome,
and instead resembles L1 insertions in human (Fig. 5B). There-
fore, it seems likely that the patterns of the 5’ joining are dictated
by the host.

Discussion

The TANT method for genome-wide analysis
of transposon integrants

We developed the TANT method for large-scale analysis of
boundaries of genomic NLR copies. This method takes advantage
of the fact that we can mine genomic databases for NLR copies
residing in other transposons and for consensus sequences of
transposons; we can then use the information to determine the
junction sites of nested NLRs. It is formally possible that second-
ary DNA rearrangements could have occurred at these junctions
after retrotransposition, leading to misinterpretation. This possi-
bility can, however, be minimized by selecting younger ele-
ments. Indeed, the statistics for the L1 elements collected and
analyzed by the TANT method (Table 1) are very consistent with
previous reports, thereby validating the method. Given that ge-
nomic sequence information for many kinds of higher eukary-
otes has been expanding steadily, the TANT method will be gen-
erally applicable to investigation of many kinds of transposons,
as we have shown here for L1 and CR1_DRs.

Retrotransposition of CRI_DRs predominantly generates
a short TSD

Whereas it has been reported that CR1_DRs lack obvious TSDs
(Kapitonov and Jurka 2003), our analysis reveals that the major-
ity of these elements have TSDs (Table 2). The prevalence of TSD
retention in the genomic copies we identified argues against the
possibility of secondary rearrangements, as discussed above. Fur-
thermore, the Gaussian-like distributions of the TSD lengths (Fig.
3C) imply that the first- and second-strand cleavages are ordered
enzymatic reactions with the second-strand nick positioned down-
stream of the first-strand nick (Fig. 6A,B). Such ordered reactions
have been proposed for R2 retrotransposition, in which the sec-
ond strand is cleaved by a subunit of the (EN/RT), homodimer,
whereas the other subunit is responsible for the first-strand cleav-
age and cDNA synthesis (Christensen and Eickbush 2005).

Target-site truncations as the outcome of noncanonical TPRT
reactions

A fraction (18%-28%) of the integrants we identified is associated
with TSTs (Table 2). Careful analysis revealed bimodal distributions
of the TST lengths (Fig. 3D). For short TSTs, it has been proposed
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Figure 4. Two-dimensional matrix analysis for the interrelatedness of
the junction features. (A) 5’ junction vs. 3’ junction. Integrants are cat-
egorized into those having MH, direct joining (direct), or extra nucleo-
tides (extra) at the 5’ junction. In each category, integrants are further
categorized into those having MH (blue), direct joining (light blue), and
extra nucleotides (red) at the 3’ junction. The number of copies collected
is indicated inside each rectangle and the P values by x? tests of inde-
pendence are shown at the right. (B) Target-site alterations vs. 3’ junc-
tion. Integrants are categorized into those with TSTs and the others
(TSD+blunt), and further categorized by their 3’ features. The number of
copies collected is indicated inside each rectangle. (C) Target-site alter-
ations vs. 5’ junction. Integrants are categorized into those with long
TSTs or others (short TSTs, TSDs, or blunt insertion), and further catego-
rized by their 5’ features. The number of copies collected is indicated
inside. Integrants with MH and those joined directly were combined for
the x? analysis to enhance the power of validation.

P=0.14

target site

P=0.025

that nicking of the second strand at several base pairs upstream of
the first nicking site and subsequent use of that nick to prime the
sense-strand synthesis results in loss of the segment between the
two nicks (Gilbert et al. 2002). If CR1_DRs use the ordered cleavages
and reverse transcription discussed above, then how or when can
such upstream second-strand cleavage compete over the canonical
downstream nicks? A hint seems to lie in our observation that in-
tegrants with TSTs are biased toward the insertion of extra 3’
nucleotides (Fig. 4B). This coincidence can be explained by the as-
sumption that a TPRT that starts with NLR RNA-independent DNA
synthesis uncouples TPRT from the second-strand cleavage, thereby
resulting in cleavage at unusual sites (Fig. 6C,D).

Implications for NLR-mediated DNA end joining

The upstream nicking model for creation of TSTs requires strand
separation between the two nicked sites. However, the long TSTs
include truncations of up to 0.5 kb; therefore, it is unlikely that
they are products of this pathway. Rather, it is more likely that
exonucleolytic digestion of the target duplex from the site of
cleavage is involved in creating long TSTs. We note that loss of a
relatively long DNA region resembles the DNA truncation seen
after repair of double-strand breaks (DSBs) via nonhomologous
DNA end joining (NHE]), the major pathway for DSB repair in
vertebrates (Lieber et al. 2003). Thus, it is tempting to speculate
that the sequences of CR1_DRs can be captured at sites of DSB. In
this model, the DNA repair machinery digests the target DNA, to
some extent, from the DSB site. Although an RT-independent,
DNA-based mechanism cannot be ruled out, we propose that the
NLR RTs can use the sites of DSB to prime the reverse transcrip-
tion for some fraction of events (Fig. 6E). This possibility has
been proposed for mammalian L1s as well (Edgell et al. 1987;
Morrish et al. 2002). It also has been reported that sequences of
an LTR-retrotransposons (IAP) and a SINE (B1) were captured at
DSB sites (Lin and Waldman 2001). These observations suggest
that use of retrotransposon sequences to heal DSBs is a general
paradigm.

Pcmv CR1-2_DR

=
intron

pZfL2-2/mneol/ColE1

R
—_Hvg"™ ¢

CR1-2_DR zebrafish genome

CR1-2_DR human cell
L1 human genome
L1 human cell
Figure 5. Retrotransposition assay in Hela cells. (A) Construction of

pZfL2-2/mneol/ColET1. A full-length CR1-2_DR was placed under the
control of the CMV promoter (P, in the pCEP4 vector carrying the
hygromycin-resistance gene (Hyg). The mneol marker and ColE1 origin
were inserted in the 3’ UTR of CR1-2_DR. The mneol marker is a neomy-
cin-resistant gene (Neo) interrupted by an insertion of an intron in the
antisense orientation. This marker itself is in an antisense orientation rela-
tive to the NLR transcript. Thus, the vector does not confer the Neo
phenotype, whereas CR1-2_DR retrotransposition, which includes splic-
ing of the transcript, reverse transcription of that spliced RNA, and inser-
tion of the synthesized cDNA into the genomic DNA, restores an intact
Neo gene, converting the host cell to Neo. (B) Statistics for various NLR
integrants. Integrants of CR1-2_DR in the zebrafish genome (top), those
in Hela cells using pZfL2-2/mneol/ColE1 (second), L1 copies in trans-
posons in the human genome (third), and de novo L1 insertions in hu-
man cultured cells (bottom) were categorized with regard to 5’ junctions.
The frequency of extra 5’ nucleotides in de novo L1 insertions were
reported previously (Symer et al. 2002; Gilbert et al. 2005). Because MH
and direct joining were not distinguished in these reports, these inte-
grants are represented as MH. The number of copies collected is indi-
cated inside each rectangle. The P-values by x? tests for each pair are
indicated at the right.
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and 5" MH. The numbered arrows indicate the following reactions: (1) first-strand cleavage by NLR-encoded ENSs, (2a) reverse transcription initiated with
the help of annealing of target DNA and NLR RNA, (2b) reverse transcription primed by extra nucleotides at the 3’ end, (3) second-strand cleavage, (4)
annealing of nascent NLR cDNA and target DNA, (5) addition of extra 5’ nucleotides, (6) sense-strand synthesis and ligation, (7) addition of extra 3’
nucleotides, (8) nucleolytic digestion of overhanging sequences, (9) introduction of a double-strand break (DSB), and (10) exonucleolytic digestion from

the DNA ends. (EXTRA) Extra nucleotides added either the 5’ or 3’ end.

Pathways for joining the 5’ junction are dictated
by the host environments

The majority of L1 retrotransposition bear an MH stretch at the
5" junction (Gilbert et al. 2002, 2005; Symer et al. 2002; Martin et
al. 2005b; Zingler et al. 2005; Babushok et al. 2006). Here we
showed the presence of such 5" MH stretches in a substantial
proportion of CR1_DRs integrants (Table 2). During these retro-
transpositions, the target DNA (in most cases, the 3" overhang
generated by the second-strand nick) and the nascent NLR cDNA
may have become annealed, and the 3’ end of the target strand
may have been used to prime sense-strand synthesis (Fig. 6A,C),
as proposed for L1 and R1 retrotranspositions, with the synthesis
being catalyzed by NLR RTs (Feng et al. 1998; Martin et al. 2005b)
or by a host DNA polymerase(s) (Zingler et al. 2005).

The most surprising finding in this study is that half or more
of the CR1_DRs integrants carry extra 5’ nucleotides (Table 2).
The nucleotides were likely added without a template during
retrotransposition. The nucleotides could be synthesized from
the 3’ end of nascent NLR cDNA generated by incomplete reverse
transcription, as proposed by Babushok et al. (2006). Instead, we
favor a model in which the nucleotides are synthesized from the
3" end of the top strand of the target, while the RTs synthesize the
long cDNA (Fig. 6B,D,E). We speculate that the extra 5’ nucleo-
tides can in turn serve as a primer to synthesize the sense-strand

DNA from somewhere on the nascent antisense-strand cDNA,
producing integrants having 5’ truncations and extra 5’ nucleo-
tides. In addition, CR1-1_DR and CR1-3_DR relatively fre-
quently use this 5’ nucleotide-adding pathway in retrotranspo-
sition that results in a long TST (Fig. 4C). Because ORF1p of CR1-
1_DR has DNA-binding activity (M. Nakamura, M. Kajikawa, and
N. Okada, unpubl.), it may coat the nascent cDNA, which con-
sequently prevents the target-cDNA annealing, thereby provid-
ing a better opportunity for addition of extra nucleotides.
Formally, the extra 5’ nucleotides could be synthesized by
either NLR RTs or host DNA polymerases. If they were synthe-
sized by NLR RTs, the tendency of the 5’-junction features would
not be altered by changing the host. Unlike copies in the ze-
brafish genome, however, no CR1-2_DR integrant that experi-
mentally retrotransposed in human cells carried extra 5’ nucleo-
tides (Fig. 5). Rather, all integrants were associated with an MH
stretch or direct joining, resembling the statistics of L1 retro-
transposed in human. These results suggest that alternative path-
ways account for the integrants associated with MH at the 5’
junction and those with extra 5’ nucleotides, and that the path-
way utilization is directed by the host. It may be possible that the
endogenous L1 proteins affected CR1-2_DR retrotransposition
pathways in HelLa cells, but is less likely because it does not ex-
plain why 5’ features are different between full-length and 5'-
truncated L1 insertions in human. Rather, host factors are likely
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involved in the processes for joining of the target and NLR DNAs
at the 5’ junction. Consistent with this idea, we have recently
revealed that zebrafish L1-clade NLRs are approximately three
times more frequently associated with extra 5’ nucleotides than
human L1s are (Ichiyanagi and Okada 2006). Interestingly, it has
been reported that several host-encoded DNA repair proteins are
involved in the mobility of a bacterial group II intron (Smith et
al. 2005), which retrotransposes and retrohomes via TPRT (Sal-
danha et al. 1999), and that the pathway utilization for its ret-
rotransposition is dictated by the host (Coros et al. 2005). Re-
cently, human L1 retrotransposition was suggested to require the
activity of the ATM protein (Gasior et al. 2006), a central regu-
lator of DNA-damage response (Shiloh and Kastan 2001), which
is consistent with the idea that NLR retrotransposition interme-
diates are recognized as DNA damage and subsequently pro-
cessed by DNA-repair proteins (Gilbert et al. 2005). We note that
both MH and extra nucleotides are also seen in NHE]J-mediated
repair products (Roth et al. 1989; Gottlich et al. 1998; Kabotyan-
ski et al. 1998; Smith et al. 2003), hinting the involvement of the
NHEJ machinery in 5’ joining during NLR retrotransposition.
Further studies, including experiments using mutant hosts, will
elucidate the exact pathways and factors involved in the ampli-
fication of these genomic symbionts.

Methods

Collection of transposon-harboring NLR copies
and identification of target-NLR junctions

We downloaded RepeatMasker tables of interspersed repeats for
human (hgl7, May 2004) and zebrafish (danRer2, June 2004)
genomes from the UCSC Genome Browser (Hinrichs et al. 2006).
Using the tables and Perl scripts (available upon request), we
screened L1 and CR1_DRs copies that reside within other host
transposons using the following criteria: (1) NLR copies contain
the complete 3’ region, (2) NLR copies sandwiched between two
fragments of the same transposon with the same orientation
(NLRs within a single transposon), (3) the divergences of the
host-transposon sequences from the consensus sequences are
<12%, (4) these values of divergence of the two host transposon
fragments do not differ significantly (P > 0.05 by a x? test), (5) the
insertions and deletions of the host transposons in comparison
with the consensus sequences are <10%, (6) both fragments of
the host transposon are >50 bp, and (7) the ends of the host
transposon and NLR sequences are located <200 bp apart at both
junctions. For 5’-truncated L1s, we selected integrants where L1
copies showed =3.8% divergence from the consensus sequences.
For full-length L1s, we selected integrants where L1 copies
showed =5.1% divergence. When duplicated fragments were col-
lected, we used and counted only one of them. Complete data
sets are available in the Supplemental files (L1.txt, CR1-1_DR.txt,
CR1-2_DR.txt, and CR1-3_DR.txt).

The genomic sequence files were downloaded from the
UCSC Browser, and consensus sequences of NLRs and host trans-
posons were obtained from RepBase (Jurka et al. 2005). With the
help of homology alignments, we manually analyzed the junctions
of all NLR copies collected. To be conservative, we regarded MH as
a segment with 100% identity between the target and NLR ends.

Construction of the CRI-2_DR vector, retrotransposition
in Hela cells, and sequence analysis

We amplified the region containing the mneol retrotransposition
marker and the ColE1 origin in pCEP4/L1.3mneol/ColE1 (Gilbert

et al. 2002) by PCR using a 5’ primer containing a Notl site and
a 3’ primer containing a BamHI site. The PCR fragment was used
to replace the Notl-BamHI fragment of pBB4 (Sugano et al.
2006), which carries the ORF of CD1-2_DR (clone ZL15) and a
Notl-BamHI fragment containing the mneol marker. The result-
ing plasmid was digested with BamHI and ligated with another
PCR fragment that contains the 3’-tail region of ZL15 with
BamHI sites at both ends. The resulting plasmid that carried the
3’ tail in the correct orientation was designated as pZfL2-2/
mneol/ColE1. Thus, this vector consisted of a CMV promoter,
the CR1-2_DR ORF, mneol, ColE1 ori, the 3’ tail of CR1-2_DR,
and the polyadenylation signal in pCEP4 (Invitrogen) (Fig. 5).
The mneol marker allows selection (G418 resistance) of cultured
cells that have undergone retrotransposition, and the ColE1 ori-
gin facilitates recovery of genomic fragments containing retro-
transposed elements by self-circularization, transformation into
Escherichia coli, and subsequent selection for self-replicating plas-
mids that confer kanamycin resistance. Isolation of cells carrying
a retrotransposition product and determination of sequences of
the integrants were performed as described previously (Gilbert et
al. 2002) using primers specific to CR1-2_DR.
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