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Abstract

The human Long Interspersed Element-1 (LINE-1) and the Short Interspersed Element (SINE) Alu
comprise 28% of the human genome. They share the same L1-encoded endonuclease for insertion,
which recognizes an A+T-rich sequence. Under a simple model of insertion distribution, this
nucleotide preference would lead to the prediction that the populations of both elements would be
biased towards A+T-rich regions. Genomic L1 elements do show an A+T-rich bias. In contrast, Alu
is biased towards G+C-rich regions when compared to the genome average. Several analyses have
demonstrated that relatively recent insertions of both elements show less G+C content bias relative
to older elements. We have analyzed the repetitive element and G+C composition of more than 100
pre-insertion loci derived from de novo L1 insertions in cultured human cancer cells, which should
represent an evolutionarily unbiased set of insertions. An A+T-rich bias is observed in the 50 bp
flanking the endonuclease target site, consistent with the known target site for the L1 endonuclease.
The L1, Alu, and G+C content of 20 kb of the de novo pre-insertion loci show a different set of biases
than those observed for fixed L1s in the human genome. In contrast to the insertion sites of genomic
L1s, the de novo L1 pre-insertion loci are relatively L1-poor, Alu-rich and G+C-neutral. Finally, a
statistically significant cluster of de novo L1 insertions was localized in the vicinity of the c-myc
gene. These results suggest that the initial insertion preference of L1, while A+T-rich in the initial
vicinity of the break site, can be influenced by the broader content of the flanking genomic region
and have implications for understanding the dynamics of L1 and Alu distributions in the human
genome.
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1. Introduction

Transposable elements (TEs) constitute substantial portions of all sequenced mammalian
organisms (Chimpanzee Sequencing and Analysis Consortium. 2005; International Human
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Genome Sequence Consortium 2001; Lindblad-Toh et al 2005; Mouse Genome Sequencing
Consortium 2002; Rat Genome Sequencing Project Consortium 2004). Within the human
genome, the TE content is primarily composed of retrotransposons (Deininger et al 2003;
International Human Genome Sequence Consortium 2001). Retrotransposons mobilize via an
RNA intermediate which is reverse-transcribed and integrated into the genome (reviewed in
Kazazian 2004). They can be divided into two general categories; autonomous retrotransposons
encode the protein components necessary to initiate insertion into the genome, while non-
autonomous elements parasitize the protein machinery of autonomous retrotransposons
(Dewannieux et al 2003; Jurka 1997; Kajikawa and Okada 2002; Wei et al 2001). Nucleotide
preferences exhibited by the endonucleases employed by retrotransposons can play a role in
their genomic distribution. The human genome possesses an average G+C content of 41% but
shows deviations when averaged over large 20-100 kb regions, called isochores (International
Human Genome Sequence Consortium 2001; Macaya et al 1976; Soriano et al 1983). This
uneven distribution of G+C content could be expected to bias the genomic distribution of non
site-specific TEs.

The Long Interspersed Element-1 (LINE-1 or L1) is a ~6 kb autonomous non -LTR
retrotransposon that comprises about 17% of the human genome (International Human Genome
Sequence Consortium 2001; Moran and Gilbert 2002; Ostertag and Kazazian 2001). Alu is a
~300 bp non-autonomous, non-LTR retroposon that represents another 11% of the human
genome (Deininger and Batzer 2002; International Human Genome Sequence Consortium
2001). L1 and Alu are both non-site-specific and demonstrate a strong bias for insertion into
a short, A+T-rich L1 endonuclease target site, as has been demonstrated for genomic L1 and
Alu insertions (Boissinot et al 2000; Boissinot et al 2004; Feng et al 1996; Jurka 1997; Jurka
and Klonowski 1996; Morrish et al 2002; Myers et al 2002; Ovchinnikov et al 2001; Salem et
al 2003; Szak et al 2002), for L1 and Alu insertions from molecular assays (Dewannieux et al
2003; Feng et al 1996; Gilbert et al 2002; Gilbert et al 2005; Morrish et al 2002; Symer et al
2002), and for the L1 endonuclease in vitro (Cost and Boeke 1998; Feng et al 1996). Even
though they both utilize the same endonuclease, L1 and Alu are distributed differently in the
human genome. L1 preferentially inhabits G+C-poor isochores, and Alu preferentially inhabits
G+C-rich isochores (International Human Genome Sequence Consortium 2001; Soriano et al
1983).

Models have suggested various ways to explain how the differential distribution of Alu and
L1 elements. These include positive selection for Alu in genic regions (Britten 1997; Kidwell
and Lisch 1997), biased Alu loss in gene-poor regions via recombination (Batzer and Deininger
2002), or that G+C-rich or -poor regions strive to maintain their local G+C content in a process
called compositional matching (Filipski et al 1989; Pavlicek et al 2001). It has also been noted
that gene density positively correlates with G+C-rich regions of the genome (International
Human Genome Sequence Consortium 2001). Thus, L1 could be excluded from genic (G+C-
rich) regions relative to Alu due to negative selection from stronger gene disruptive effects
(Boissinot et al 2001; Boissinot et al 2006; Han and Boeke 2005; Perepelitsa-Belancio and
Deininger 2003; Roy-Engel et al 2005; Wheelan et al 2005).

To better understand the potential role of insertion-site preferences vs. post-insertion alterations
of L1 insertions, we have characterized the pre-insertion loci of over one hundred de novo L1
insertions in HeLa cells generated from a tissue culture assay (Gilbert et al 2002; Gilbert et al
2005; Moran et al 1996; Symer et al 2002). HeLa cells (as compared to in vivo) provide a useful
cell line for understanding insertions because their triploid content (Macville et al 1999) should
generally prevent haplo-insufficiency from affecting growth rates. In addition, we have

generated a computer simulation of random insertions specific to HeLa cells and used this to
evaluate deviations from expected G+C content and repetitive element content. We have also
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compiled a much smaller dataset of de novo SINE insertions in HeLa cells from the literature
and characterized their pre-insertion loci.

2. Materials and Methods

2.1 Sources of pre-insertion loci for L1 insertions

Techniques for L1 insertions and their recovery have been previously described (Gilbert et al
2002; Gilbert et al 2005). The first data set consists of the published inserts generated from the
L1.3,L1.2, LRE2, or L1rp based vectors in HeLa cells, comprehensively listed in (Gilbert et
al 2002; Gilbert et al 2005; Moran et al 1996). The second source of data derives from L1
assays employing a derived vector that eliminated the 5 UTR of L1.3 (L1_CMV _rec) which
would limit the ability of inserted L1s to remobilize (El Sawy et al 2005). During the analysis
of those clones, more robust L1s were synthetically created. The third source was generated
by swapping into L1_CMV _rec synthetically generated L1gp ORF2 sequence with several
synonymous sequence changes to eliminate canonical polyA sites (synL1 neo) (El Sawy et al
2005). Full details of the previously unpublished insertions and differences in generation are
presented in Supplemental Table 1, consistent with the format used previously (Gilbert et al
2005). L1_CMV _rec and syn_L1 transfected HeLa cells were grown under G418 selection for
2 weeks until colonies were visible, collected in batch and allowed to grow prior to genomic
DNA isolation using a DNeasy kit (Qiagen). Genomic DNA was digested with Apal
(L1_CMV _rec) or Hind 111 (syn_L1), ligated with T4 DNA ligase (New England Biolabs) at
low concentration to circularize fragments, and then concentrated using microconcentrators
(Microcon) prior to electroporation into competent E. coli (EP-Max 10B, Bio-Rad).

2.2 Analysis of L1 insertion clones

PCR primer pairs were used to determine the approximate insert length of recovered

L1 CMV_rec clones with a primer in the neoR sequences which would be available in every
insert (F1: GAATTCTACAAACTACCATCAGAGAATAC, F2:
GAATTCTTCTTATACACCAACAACAG F3:
GAATTCAGGACATGAACAGACACTTC, neo_3’_F: CCTTCTTGACGAGTTCTTC,
underlined GAATTC sequences are non L1). For synL1_neo clones, restriction enzyme digests
of DNA were used to determine the approximate insert length. Xhol-EcoRV-Apal-EcoRI and
EcoRI-BsrGI-Bglll multi digests yielded diagnostic fragments. In both cases DNA was then
sequenced using several optimally placed primers based on the length of the insert (neo_mid_F:
ATGATCTGGACGAAGAGCATCAGG, neo3'_F, L1_int_R:
TTGGGAGAGTGTATGTGTCGAGGA, orlon_3788_R:
TTTCTGAGGGCTCTGTTCTGTTCC, L1_int2_R:
TGTAGTTGAGCGGCTTTGAGTGAG, orlon_3344_R: GAGTTCACCCATGATTTGGC,
orlon_3788_R: TTTCTGAGGGCTCTGTTCTGTTCC, orlon_4349_R:
CATGTGTTTTTTGGCTGCAT, orlon_1062_R: CTGGTGATTTTGCTCATTAG. Once a
sequence read traversed the 5” L1-genomic junction, a BLAST query to the human genome
was used to identify the genomic target site. Using this sequence, primers were designed to
sequence the 3’L1-genomic junction for each clone. Primers were generally designed to be
approximately400-600 bp 3’ of the identified genomic sequence at the 5’ L1 junction and
sequence towards the neoR cassette of the L1 insertion. Pre-insertion loci were defined as the
20 kb (10 kb to each side) of genomic sequence flanking the utilized endonuclease incision
site taken from the human genome in GenBank (accession numbers provided previously or in
Supplemental Table 1).

2.3 Computation of random genomic sites

Simulation of random insertion of L1 sequences into a genome with a HelLa karyotype was
conducted using local Perl scripts, which are available from the authors upon request. For the
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purpose of the simulation, the sequenced nucleotides of the human genome (version hgl7)
were mapped to a corresponding set of unique consecutive integers. Using karyotypic data
provided in (Macville et al 1999), the mapping process accounted for over and under-
represented chromosomal regions of the HeLa karyotype by increasing or decreasing the
amount of integer space allocated to the corresponding human regions. Insertion locations were
chosen by randomly selecting an integer from the total mapped set using a uniform distribution.
The sequence flanking the chosen location (10 kb for both flanks) was subsequently extracted
from the human genome and analyzed for repeat content with a local installation of
RepeatMasker (default settings).

For the purpose of evaluating the probability of insertions to cluster together within
chromosomal regions of specified size, a separate Perl script was created which tracked
insertion locations for 10000 replicates of N=104 insertions. The sampling process and
sequence mapping for the Hela genome was identical to that described above. For each
replicate, the number of inserts clustering within 1 Mb regions was recorded.

3.1 Genomic characteristics of L1 pre- insertion loci

A tissue culture assay for L1 retrotransposition was used to obtain de novo L1 insertions in
HeLa cells (Gilbertetal 2002; Gilbert et al 2005). This assay allows for the cloning of individual
L1 insertions because the retrotransposition indicator cassette is equipped with a neo/kanR gene
under the control of both a viral and bacterial promoter and a plasmid origin of replication.
Characterization of insertion clones with subsequent comparisons to Genbank allows for the
reconstruction of the pre-insertion loci. In addition to the previously published L1 insertions,
two additional unpublished L1 insertion sets were characterized from more recently developed
vectors, L1 CMV _rec and synL1 neo (Materials and Methods).

RepeatMasker was used to annotate the repeat content of 108 de novo, endonuclease-dependent
L1 pre-insertion loci including 10 kb to either side of the endonuclease cut site. To determine
whether L1 insertion structures or different vectors demonstrated independent biases, the 108
pre-insertion loci were subdivided by L1 insertion structure and by the lab in which they were
generated (Supplemental Table 2). The majority of events were simple 5’ truncations (5’ trunc)
without any rearrangement of L1 sequence (n=80). These 80 de novo L1 pre-insertion loci are
enriched for Alu (13%), MIR (3.2%), and L2 (3.7%) sequences, depleted for L1 (13%)
sequences, and are neutral for MaLR content when compared to the overall genome. MaLR is
a moderately interspersed element that uses a different insertion mechanism than L1 and
demonstrates relatively weak G+C-poor and gene-poor biases (Medstrand et al 2002). Thus,
MaLR should represent a suitable control for randomness assuming little or no genic bias
(Medstrand et al 2002).

There was little difference between repetitive element content for the datasets generated with
different L1 vectors. However, minor deviations relative to the 5’ truncated set include sites
were observed for full-length (FL) insertions (n=6) with Alu and L1 contents of 12.8% and
19.1%, respectively. A similar situation was observed for L1 insertions with internal inversions
(with associated L1 duplication or internal L1 deletion, n=17) with an L1 content of 18.4%.
Both classes of insertions approximate the genomic content of L1s (17%). Finally, sites
associated with L1-L1 chimeras (n=5) showed dramatically low Alu content (2.8%) and higher
than average L1 content (23.0%). L1-L1 chimeras are rarely detected in genomic DNA, either
because they genuinely are infrequent or because systematic biases in assembly algorithms
exclude their incorporation into assembled genome sequences. Therefore, we did not include
L1-L1 chimeras in our overall analysis. We note that all three subclasses require a larger sample
size to determine whether they truly deviate in their insertion characteristics. The repetitive
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element content for all of the clearly endonuclease-dependent L1 pre-insertion loci (n=103) is
summarized in Table 1 and this was used for subsequent comparative analyses.

To statistically determine whether de novo L1 pre-insertion loci deviate from genomic
repetitive element content, we computationally generated a random site dataset (n=1042) with
compensation for the HeLa karyotype (Macville et al 1999) and then used RepeatMasker to
determine the repetitive element content of the 20 kb flanking regions. The random-site
flanking regions demonstrated the expected genome repetitive element content and were then
compared to thede novo L1 pre-insertion loci (Table 1). Deviation of Alu content between de
novo L1 pre-insertion loci and random sites was significant (p=0.0039), whereas no statistical
differences (p >0.05) were seen for the other assayed repetitive elements. In comparing the
distributions of Alu content of de novo L1 pre-insertion loci with the random sites (Figure 1A),
de novo L1 pre-insertion loci are particularly depleted flanking regions with low Alu content
(<10% Alu). However, the L1 distributions in each set are largely similar (Figure 1B). A
technical consideration that may influence these results is that several 5’ truncations from the
previously unpublished L1 insertions using L1_CMV _rec and synL1_neo had high repetitive
element content (generally Alu) in the immediate predicted 3’ genomic sequence. These
flanking regions were not conducive to effective primer design and were thus excluded from
this analysis. This bias would likely underestimate the Alu content and thus not adversely
influence our interpretation. However, it does point out that our L1 insert population is derived
from a insertion events that are amenable to complete analysis.

The G+C content of de novo L1 insertion sites was also characterized (Table 1). In general the
full 20 kb was equivalent to the genome average of 41%. A small window (50 bp) centered
around the endonuclease cut site was demonstrably G+C-poor (32% compared to 41%). The
endonuclease 15t strand preferred cut sequence is 5°’-TTTTAAA-3’, although base substitutions
are allowable and further flanking sequences may also have an influence (Cost and Boeke
1998;Feng et al 1996;Gilbert et al 2002;Gilbert et al 2005;Morrish et al 2002;Symer et al
2002). The second-strand target site shows a bias towards a consensus that includes an
approximately 5-base long, A+T-rich sequence (Gentles et al 2005;Szak, et al 2002). Setting
the 50 bp window to include 11 A and T bases would provide an expected G+C baseline of
32%. This value would then be very similar to that observed for de novo L1 pre-insertion loci
(Table 1). To determine the statistical significance of these differences, the G+C content of the
random sites was also characterized and compared to the de novo L1 pre-insertion loci (Table
1). The de novo L1 insertion 20 kb G+C content was not significantly different from the
simulated insertions and showed a similar distribution (Table 1, Figure 1C) whereas the 50 bp
region was significantly different as well as distributed differently (Table 1, Figure 1D). The
overall results contrast with insertion sites of genomic L1s (G+C neutral versus G+C-poor,
Alu-rich versus Alu-poor, respectively) suggesting that de novo L1s in a transformed cell line
are distributed in a way significantly different than observed for the total population of genomic
L1 elements.

Given the uneven distribution of G+C content of the human genome, the observation that the
50 bp flanking sequence of de novo L1 insertion sites was G+C-poor but the 20 kb flanking
sequence was essentially G+C neutral was surprising. To determine whether 50 bp regions
with this degree of A+T richness would be preferentially located in A+T-rich isochores, a
subset of the random sites was generated in which the 50 bp region G+C content was restricted
to 26-37% (mean= 32.6%, n=391). The average G+C content of the 20 kb regions decreased
to 39% (Table 1). The average Alu and L1 contents decreased and increased, respectively
(Table 1). The G+C, Alu, and L1 content of this restricted dataset was further differentiated
from the G+C, Alu, and L1 content of the de novo L1 pre-insertion loci to enhance or create
the statistically significant differences (<1078, <1075, and p=0.00051). These results provide
data to support the argument that, while L1 prefers to utilize A+T rich endonuclease target
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sites, the larger flanking content is biased towards G+C neutrality and higher Alu content. This
is a significant deviation from expectations based on the total population of genomic L1s and
increased likelihood of finding small regions of A+T-rich sequences within A+T-rich
isochores.

3.2 Genomic characteristics of SINE pre- insertion loci

Pre-insertion loci derived from published de novo SINE insertions in HeLa cells (Dewannieux
et al 2003; Dewannieux and Heidmann 2005) were also analyzed (Table 1). The SINE dataset
was generated using a similar retrotransposition assay as used for L1 with the exception that
genomic loci were cloned using inverse PCR. The SINEs characterized included five Alu, four
mouse B1, and four mouse B2. Even though the B1 and B2 elements are mouse SINEs, they
still demonstrate dependency on the cotransfected L1 expression vector for high levels of
retrotransposition in HeLa cells (Dewannieux and Heidmann 2005). SINE pre-insertion loci
showed a markedly stronger bias to be Alu-rich relative to the random insertion set (27% Alu
relative to 11% for genomic, p <10~8) and no significant difference from the random insertions’
L1 content (p=0.84). MIR, L2, and MaLR sequences were also lower than observed in the
genome (but was only marginally significant for MaLR (p=0.16, 0.11, 0.042 respectively).
Consistent with de novo L1 insertions, the de novo SINE insertions showed no difference for
G+C content in the 50 bp region compared to the A+T-rich subset of the random insertions
(p=0.079). The small number of analyzed SINE insertions makes it difficult to make strong
conclusions, and more data will be needed to strengthen these observations.

3.3 Chromosomal distribution of L1 and SINE pre- insertion loci

We also fine-mapped 104 L1 insertions and the 13 SINE insertions to chromosomes (Figure
2A). Insertion #53 was found in GenBank to be located to the X chromosome, but a full 20 kb
contig could not be identified which is why it was excluded from the previous analyses. The
proportion of L1 insertions on each chromosome generally correlated with the proportion of
each chromosome to the total HeLa genome (Figure 2B) (modified HeLa chromosome content
derived from (Narezkina et al 2004)). There were three notable exceptions: only 3 insertions
were observed into the X chromosome, 12 were found in chromosome 12, and only 1 was
found in chromosome 9. The chromosomal targeting of the de novo L1 insertions was also
compared to the chromosomal locations of the computationally derived random insertion sites
(Figure 2C). A similar degree of correlation was seen as with the chromosome proportion
analysis. Finally, we compared the L1 insertion distribution to Avian sarcoma virus (ASV), an
LTR retrovirus (Hindmarsh and Leis 1999). ASV demonstrates little or no specific gene or
subgenic targeting biases (Mitchell et al 2004; Narezkina et al 2004). The chromosomal
distribution of L1 insertions is more highly correlated to previously mapped ASV insertions
(Narezkina et al 2004) than the analyses directly linked to chromosome size (Figure 2B, right
Y axis).

The majority of the previously published L1 insertions were within 20 kb of known genes
(Gilbert et al 2002; Gilbert et al 2005). The new pre-insertion loci introduced in this study are
consistent with that observation (data not shown). One notable cluster of insertions occurred
in the vicinity of the c-myc locus (Figure 3). Four of the described de novo insertions were into
a 470 kb region with c-myc at the center. One inserted into a known breakpoint region 3 kb 3’
of the last coding exon and another into the c-myc regulatory region. One insertion was into
the nearby, oncogenic PVRT locus. The 4™ insertion occurred into a pseudogene ~300 kb 5°
of c-myc. A modification of the random insertion program was used to estimate the probability
that a four-insert cluster could occur by chance (Materials and Methods). For a more
conservative estimate we scored clusters in a 1 megabase region. Out of 1000 runs of 104
insertions, no cluster of 4 insertions within a 1 megabase region were found.
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By examining the pre-insertion loci of de novo L1 insertions, we observed significant
differences in their characteristics compared to insertion sites of the total population of genomic
L1 elements (International Human Genome Sequence Consortium 2001; Medstrand et al
2002). These differences are notable even compared to analyses that specifically target young
L1 insertions which demonstrate an A+T bias relative to the genome average (Boissinot et al
2004; Szak, et al 2002). The de novo L1 retrotransposition events (and to an even greater extent
de novo Alu retroposition events) preferentially insert into Alu-enriched sequences and do not
demonstrate a G+C bias in a 20 kb window. An A+T-rich bias is still reflected in the sequences
immediately adjacent to the insertion site; however, our results suggest that the preference of
the L1 endonuclease for A+T-rich sequences does not lead to an insertion bias over large
genomic regions. This is a particularly striking deviation from expectation because our random
site data distinctly demonstrate that A+T-rich 50 bp regions are preferentially located in A+T-
rich isochores. A possible explanation for the de novo L1 insertion bias is that our insertions
preferentially utilize A+T-rich endonuclease sites that are embedded within Alu-rich regions.
The G+C-richness of Alu may then contribute unexpectedly higher G+C content to the flanking
region.

These observations suggest that two common assumptions in explaining Alu and L1 dynamics
in the human genome may require refinement. One is that both Alu and L1 preferentially insert
into A+T-rich regions based on the L1 endonuclease preferred cleavage site. It appears that in
this tissue culture assay G+C content (or sequence characteristics that correlate with G+C-rich
regions) over a larger region plays a positive role in L1 insertion site selection, which
counterbalances the preferential location of A+T rich local regions within A+T-rich isochores.
The second is that L1 and Alu insertion preferences are similar because they both utilize the
L1 endonuclease. Our data (notably based on a very small SINE data set) suggest that, although
they are generally similar for G+C content, SINE elements have a more pronounced insertion
bias for Alu-rich regions relative to L1 elements.

Our L1 and Alu insertion site data show a striking correlation to the insertion sites of young
SVA elements (Wang et al 2005). The SVA insertions that postdate the human-chimpanzee
divergence preferentially insert into Alu-rich, L1-poor, and G+C-rich sequences. Their low
copy numbers would likely keep them from being eliminated due to recombination. The
insertion preferences of SVA may best represent a genomic correlate of our tissue culture data
that is obscured for Alu and L1 by their high copy numbers and long history in the human
genome.

One caveat in our comparison of HeLa insertions vs. extant L1 elements in the human germline
is that it is possible that there are different insertion preferences in cultured cells than in the
germline. However, there is currently no mechanistic data that would support such an
interpretation. It also is possible that ascertainment bias may influence the analysis of de
novo L1 insertions because they enrich for insertions that can effectively express the neoR
cassette or resist epigenetic silencing. Indeed, silencing of L1 selection cassettes has been
observed in vitro (Muotri et al 2005; Ostertag et al 2000). This caveat would be interesting to
revisit using L1 insertions in human cells without the use of a selectable marker. However, the
observation that L1 insertions are similar to ASV insertions, which did not employ a selection
cassette, suggests that silencing of L1 cassettes does not strongly affect our analyses.
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4.2 Model for L1 and Alu distributions in the human genome

We propose a refined model to account for the observed genomic biases in L1 distribution.
First, the insertion site preference is essentially neutral to G+C content (and thus A+T content)
over alarge region. However, a slight preference is seen for Alu-rich sequences. Initial negative
selection would eliminate L1 from genic regions, thus imparting a weak A+T-rich bias. This
selection would probably be stronger than expected solely from selection at the sexually mature
organism level, as negative impacts on somatic germline precursors, meiotic cells, gametes,
and the developing embryo (pre-zygotic selection) would lead to their under-representation
the gene pool (Boissinot et al 2004; Hastings 1991). The observation that many L1 insertions
in Hela cells lead to L1-L1 chimeras with loss of intrachromosomal genomic regions,
translocations, and endonuclease-independent target site deletions (Gilbert et al 2002; Gilbert
etal 2005; Morrish et al 2002; Symer et al 2002) that are rarely observed in the human germline
further supports this argument. We further postulate that a shift of L1 towards A+T-rich regions
would occur over evolutionary time because negative selection acts to exclude full-length L1s
from genic regions (Boissinot et al 2001; Boissinot et al 2006). Indeed, our data suggest that
the forces affecting this shift are stronger than previous models may have taken into account.

Our data on SINE insertions in the Alu-rich regions are consistent with observations for the
youngest SINE insertions in both the human (Jurka et al 2004) and mouse (Jurka et al 2005)
genomes, although they cannot be compared quantitatively with those data. Thus, it seems
likely that the HeLa system is recapitulating the general principles for SINE insertions in the
genome. The insertion of SINEs into Alu-rich regions, may also help through proximity to
contribute to the ability of Alu elements to cause genomic deletions during the insertion process
(Callinan et al 2005) and through non-allelic recombination afterwards (Deininger et al
2003). Recent work has suggested that Alu insertions are predominantly neutral to gene
function (Cordaux et al 2006) suggesting that Alus can insert into genes with little negative
effect. However, their loss via non-allelic recombination would still be expected to be under
negative selection in genic regions, contributing to their retention.

L1 insertions generally target chromosomes in proportion to size. This has also been observed
for recent L1 insertions in the genome (Boissinot et al 2004). Our studies do show fewer de
novo insertions than expected in the X chromosome relative to a random insertion model. The
X chromosome may only represent a target a third its potential size if all but one copy is kept
inactivated in a Barr-body state (HeLa generally is 3n (Macville et al 1999). However, it has
not yet been demonstrated that compact chromosomes would necessarily impede L1 insertion.
These data do highlight a difference compared to genomic L1 distributions in which the X and
Y chromosome are enriched in L1 sequence (Boissinot et al 2001). It is hypothesized that
elimination due to recombination on these chromosomes is reduced during meiosis allowing
a biased retention of L1s with a reduced fitness cost (Boissinot et al 2006). These forces do
not seem to play a role in HeLa cells under our growth conditions and underscores the utility
of this approach for finding initial insertion preferences.

Possible reasons for the observed chromosome 9 depletion are difficult to envision, other than
that a large majority of the chromosome is missing specifically from a large fraction of the two
tissue culture samples even though different isolates of HeLa generally contain chromosome
9in cytological evaluations (Macville et al 1999). We know of no other feature of chromosome
9 that would be expected to impact insertions. It also is possible that this underrepresentation
simply represents a sampling bias.

The same sampling bias may explain the enrichment of de novo L1 insertions into chromosome
12. Although, the enrichment also could be explained by noncytologically observable
chromosomal amplifications. Finally, it is also possible that chromosomes 9 and 12 have slight
variations of chromatin, Alu clustering, gene density, etc, that affect L1 insertions in
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conjunction with target size. Interestingly, chromosome 12 also demonstrated a specific
enrichment for ASV insertions. An alternate explanation is that both estimates of HelLa
chromosome content are not representative of HeLa cells used in the experiments.

4.3 Clustering of L1 and SINE insertions

The presence of insertion clustering is a potential indicator of specific chromosome regions
that are particularly susceptible to the L1 endonuclease. There was generally no clustering of
L1 insertions with the one potential exception of four L1 insertions near the c-myc locus.
Interestingly, there is a previously published L1 insertion in the dog c-myc locus (Amariglio
et al 1991). There was also a report of a L1-related rearrangement in the human c-myc locus
(Morse et al 1988) but this event was not fully characterized and had several features suggesting
that it was not a typical L1 insertion. The somatic insertion of endogenous L1 in the dog c-
myc gene (Figure 3)(Amariglio et al 1991) may represent an ascertainment bias because of the
influence c-myc has on cellular proliferation. However, it seems unlikely that the L1 insertions
created in the Hel a assay could present a similar proliferation advantage. Thus, c-myc and its
surrounding regions may represent a site susceptible to L1 insertion as has been proposed for
other integrating elements (Dudley et al 2002). One underlying feature potentially related to
insertion enhancement is that c-myc is highly expressed or amplified in cancer cells (Dudley
et al 2002). Such c-myc amplifications have been reported as absent in HelLa cells (Macville
etal 1999). Notably, the c-myc locus in HeLa cells harbors human papillomavirus virus (HPV)
insertions leading to changes in c-myc expression (Couturier et al 1991; Macville et al 1999).
The nearby presence of inserted viral DNA that is highly expressed could represent a chromatin
context specifically altered by exogenously derived DNA.

Overall, our data suggest the possibility of higher order chromatin structure influencing L1
insertions, but greater numbers of insertion loci need to be characterized. It’s nonetheless
tempting to speculate that this retroposon insertion susceptibility may persist even after
insertion. Thus, the insertion bias we’ve observed into Alu-containing regions actually reflects
a bias into these regions that are “marked” with a prevalence of prior insertion activity. The
nature of this insertion susceptibility is profoundly important for understanding genome
evolution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ASV

avian sarcoma virus
CMV

Cytomegalovirus
HPV

human papillomavirus
L1

LINE-1 retrotransposon
LINE

long interspersed element
NeoR

neomycin resistance gene
ORF

open reading frame
RT
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TPRT

TSD

reverse transcriptase

short interspersed element

target-primed reverse transcription

target site duplication
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Fig 1.

Algu, L1, and G+C content of de novo HelLa L1 pre-insertion loci and random sites. The 10 kb
flanks on each side of de novo L1 pre-insertion sites (closed squares) and simulated sites (open
circles) were characterized for frequency containing A) %Alu content, B) %L1 content, C) %
G+C content for 10 kb on either side of the endonuclease site/random site, and D) %G+C
content for 25 bp on either side of the endonuclease site/random site. X-axis values are binned
by 5.
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Fig 2.

Chromosome distribution of de novo L1 and SINE pre-insertion loci A) de novo L1 and SINE
insertion sites were mapped to individual chromosomes according to the chromosome
assignment of the highest contig BLAST hit and each chromosome is presented as a % of the
total (white). This was compared to the percent chromosome content with corrections for the
Hel a karyotype (black). The chromosome distributions of >1000 random insertion sites from
a computer simulation with corrections for the HeLa karyotype are also shown (grey). B) Plot
and curve fits of chromosome distributions of de novo L1 and SINE insertions (x-axis, as %
of total) versus % chromosome content as calculated previously (squares’s, black line) and
versus % ASV insertions (grey diamonds, grey line, right Y-axis. C) Plot and curve fit of
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chromosome distributions of de novo L1 and Alu insertions (x-axis, as % of total) versus a
computer simulation of random sites in HeLa total (y- axis).
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Fig 3.

Insertions near the c-myc locus. A schematic of the c-myc locus with 5° flanking pseudogene
POUS5F1P1 and 3’ flanking PVRT gene is presented. The locations of 4 de novo L1 insertions
are marked with arrows above the genes pointing down. The locations into c-myc of a somatic
L1 insertion/rearrangement from a breast cancer and the site of a canine L1 insertion shown
with arrows pointing up.
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Table 1

Repetitive Element and GC content of L1 Pre-insertion Loci

Page 18

%Alu %L1 % %MIR %L2 % %GC %GC
Alu MaLR 50bp2
+L1

L1P 13.0 13.3 26.3 3.2 3.7 3.7 41 32

Genome® 10.6 16.9 275 2.5 3.2 3.6 41 41 (32%

Sim. Random€ 10.0 16.4 26.4 2.9 3.2 3.8 41 41

P-value 0.0039 0.063 0.28 0.20 0.85 0.33 <107

Sim. random (A 8.3 19.5 25 3.2 3.8 39 33

+T-rich 50 bpY)

P-value <108 0.00051 0.011 0.18 0.81 <108 0.67

SINESD 26.9 15.5 424 1.9 1.7 14 44 34

Sim. Random® 10.0 16.4 26.4 2.9 32 38 41 41

P-value! <107 0.84 0.16 0.11 0.042 0.034 0.029

a25 bp to each side of endonuclease cut site

bAII endonuclease-dependent and non L1-L1 chimeras (Gilbert et al 2005)

c . .
(International Human Genome Sequence Constortium 2001)

d . . . . .
expected if 11 of 50 bases involved in the cleavage site are restricted to A+T

e . . . L
random simulation of insertion sites in HeLa

fANOVA comparing 103 de novo L1 PIL versus the simulated or subset thereof

gsubset of random with restricted range of GC% in 50 bp region 26-37.9

h(Dewannieux et al 2003; Dewannieux and Heidmann 2005)

'ANOVA comparing 13 de novo SINE PIL versus the simulated
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