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ABSTRACT

Long interspersed nuclear elements (Line-1 or L1s) account for ~17% of the human genome. While the majority of
human L1s are inactive, ~80-100 elements remain retrotransposition competent and mobilize through RNA
intermediates to different locations within the genome. De novo insertions of L1s account for polymorphic
variation of the human genome and disruption of target loci at their new location. In the present study,
fluorescence in situ hybridization and DNA sequencing were used to characterize retrotransposition profiles of
L1 in cultured human HepG2 cells. While expression of synthetic L1®" was associated with full-length and
truncated insertions throughout the entire genome, a strong preference for gene-poor regions, such as those
found in chromosome 13 was observed for full-length insertions. These findings shed light into L1 targeting
mechanisms within the human genome and question the putative randomness of L1 retrotransposition.

Chromosome 13

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

A full-length human long interspersed nuclear element-1 (Line-1 or
L1) is approximately 6 kb and contains four major components: a 5’ un-
translated region (5'UTR), two open reading frames (ORFs) separated
by a 63 bp inter-ORF region and a 3'UTR with a poly A tail and signal
[1,2]. L1 5-UTR is 907 bp long and contains an internal promoter that
harbors several transcription factor binding sites including, Yin Yang-1
(YY1), Sox11, E2F and RUNX3 transcription factors [3-7]. ORF1 encodes
a ~40 kDa protein with RNA binding and nucleic acid chaperone
activities [8]. ORF2 encodes a ~150 kDa protein with endonuclease
(EN), reverse transcriptase (RT) activities, and a zinc finger domain
(ZF) believed to mediate ORF2-DNA interactions [9-11]. L1s have
been shown to mobilize through target-primed reverse transcription
(TPRT), also known as “copy and paste” mechanism; although alternate
mechanisms are known to exist [12,13].

Full length LT mRNA is transcribed from its internal promoter by
RNA polymerase II/Ill and exported to the cytoplasm [3]. Upon
translation, ORF1p and ORF2p exhibit cis-preference and bind their
encoding mRNA to form a ribonucleoprotein particle (RNP) [14,15]. L1
RNP translocates into the nucleus, nicks a single-strand of genomic
DNA to expose a 3’-OH group which is then used by the RT-domain of
ORF2 to prime and synthesize the first strand of L1 cDNA [16,17]. In
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the majority of cases, ORF2 falls off the template before reaching the
5’end due to its non-processive nature and the presence of premature
cryptic polyadenylation sites in the ORF2 cDNA sequence [18]. This ex-
plains the overwhelming presence of truncated L1s littered throughout
the genome. For example, there are ~516,000 copies of L1 in the human
genome, with 80-100 estimated to be full-length and retrotransposition
competent [19,20]. The RNP of L1 can also act in trans to mobilize short
interspersed elements (SINES), such as Alu sequences, noncoding RNAs
such as U6 snRNA, and some cellular mRNAs leading to the formation of
processed pseudogenes [21-24]. The integration of L1 sequences near
genes can modulate their expression, induce alternative splicing, re-
shuffle the genome causing inter-individual genetic variations and/or
lead to epigenetic dysregulation at the insertion site [25-27]. Within
this context, we recently showed that forced expression of L1%°, an ac-
tive L1 isolated from exon 1 of the retinitis pigmentosa gene (RP) of a
patient with X-linked retinitis pigmentosa [28,29], modulates genetic
networks involved in the regulation of inflammation, adhesion and
cellular metabolism in HepG2 cells [30]. The HePG2 cell line is frequent-
ly used because it retains high functional activity of liver-specific
genes [31,32]. Both wildtype and RT-domain mutant (i.e. D702Y) of
L1®" induce epithelial to mesenchymal transition (EMT) in HepG2
cells, confirming a biological role for LI®® that does not involve
retrotransposition [30].

To further evaluate molecular mechanisms of L1 mobilization and
genetic reprogramming within the HepG2 genome, a follow-up study
was conducted to characterize the retrotransposition profiles of L1%",
Analysis of L1 retrotransposition in HepG2 cells by fluorescence in-situ
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Fig. 1. Expression of ectopic L1 proteins in HepG2 cells. A. Schematic diagram of L1 vectors used to examine the expression and retrotransposition of L1¥ within the HepG2 genome.
PB0O01°™ (CTR) is the vector backbone while pB015™T (WT) consists of L1 ORF1 tagged with Strep and HA (green), ORF2 tagged with Myc and Flag (red) and a neomycin cassette placed
in opposite orientation. The schematic also shows the retrotransposition of ectopic L1 leading to full-length or truncated insertions into the HepG2 genome. B. RT-PCR analysis of L1 ORF1
and ORF2 using primers specific for ectopic L1. The location of the primer sets is indicated in Fig. 1A. C. Western blot of ORF1 and ORF2 proteins with antibodies directed against Strep and
Flag, respectively, detected ~40 kDA and ~150 kDA bands which are absent in cells transfected with control plasmid. D. Detection of spliced neomycin gene from gDNA and cDNA of HepG2
cells indicates the retrotransposition of ectopic L1. The spliced neomycin gene is absent from the cDNA of cells expressing control plasmid. E. Degenerate oligonucleotide primed PCR (DOP-
PCR) product of neomycin gene from HepG2 genomic DNA. The results confirmed the increased size of the biotin-dTTP labeled (L) probe compared to unlabeled probe (Un).

hybridization (FISH), an approach previously used to localize genomic 2. Materials and methods

consensus sequences of L1 ORF2 [30,33], coupled with DNA sequencing,

established a strong preference for insertion into gene-poor regions of 2.1. Cloning, western blotting, RT-PCR and indirect immunofluorescence
chromosome 13. These findings establish for the first time that L1 inser-

tions are not entirely random events as originally proposed, and raise Cloning of vectors pB001™ (vector backbone or CTR), pB016MYT
questions about the biology and molecular mechanism involved in the (aspartate (D) to tyrosine (Y) mutant at position 702 (D702Y)) and
regulation of L1 retrotransposition. pB015WT (wildtype or WT) were done as described in Bojang et al.
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Fig. 2. Analyses of retrotransposition rates in nuclei from different clones of stably transfected HepG2 cells. FISH was completed to evaluate L1 retrotransposition rates in individual nuclei.
Column 1 shows chromosome spreads stained with DAPI, column 2 shows the neomycin probe stained with FITC/CY3 and column 3 shows the merged signals. Differences in neomycin

staining indicate that L1 retrotransposition rates are specific for individual nuclei.

2013 [30]. These vectors were used to generate stable transfected
HepG2 cell lines used to monitor retrotransposition activity of L1¥F,
Total protein was extracted using the m-PER reagent (Thermo Scientific,
Rockford, IL) and L1 ORF1-HASTREP and ORF2-FIAGMYC proteins were
detected using antibodies against Strep (Strep (S10D4) sc-52234, Santa
Cruz, CA) and Flag (Anti-Flag (F1804): Sigma, St. Louis, MO) tags respec-
tively. RNA was extracted using the RNeasy Mini kit (Qiagen, Maryland,
cat# 74104) according to manufacturers' instructions. L1 ORF1 and
ORF2 mRNAs were measured with primers specific for just the
transfected L1 ORF1 (L1-ORFlexo-1F: 5'-GAAGGAAGCGCTAAACATGG-
3’ and L1-ORFlexo-1R: 5'-TGGGACGTCGTATGGGTATT-3’) and ORF2
(L1-ORF2exo0-1F: 5'-TGAAATTGGA AACCATCATTCTC-3’ and LI-
ORF2exo0-1R: 5’-CCTTGTCATCGTCATCCTTGT-3"), and the AACT method
was used to calculate relative levels of message in wildtype and control
cells. Indirect immunofluorescence was done as described in Bojang
et al., 2013 [30] with antibodies against HA tag (i.e. Anti-HA-tag
(6E2) Mouse mAB-Alexa-594 conjugated antibody) of ORF1 and Flag
tag (i.e. Anti-flag tag M2-Alexa Fluor-488 conjugated antibody) of
ORF2 (Cell Signaling Technology Inc., Danvers, MA). Images were
analyzed using the Axiovert Inverted microscope at 63 x magnification.

2.2. Degenerate oligonucleotide primed polymerase chain reaction
(DOP-PCR) and FISH

Two pairs of degenerate primers were used to amplify the L1 5’-UTR
(907 bp) (UTR-1f: CAAGATGGCCGAATAGGAAC and UTR-1r: TACTTTTG

GTCTTTGATGATGGTG) and the spliced 1 kb neomycin gene (Neo-1f:
GGATAGCATTGGGAGATATACCT and Neo-1r: ATTGAACAAGATGGATTG
CACGC). The PCR fragment of the spliced neomycin gene was labeled
using degenerate oligonucleotide primed PCR (DOP-PCR) as described
in Bojang et al., 2013 [30]. After initial PCR of the L1-5'UTR, 2 pg of the
L1-5’UTR was chemically-labeled with CY3 using the MIRUS FISH
labeling kit (Cat # MIR 6510) at 37 °C for 1 h. Both PCR products were
visualized on a 1% agarose gel, purified and quantitated using the
nanodrop. FISH analysis was done as described in Bojang et al., 2013
[30].

2.3. Characterization of L1 insertions by inverse PCR and DNA sequencing

Genomic DNA (gDNA) was isolated from HepG2 cells stably express-
ing wildtype L1 and 500 ng was digested with Mlul. gDNA was then
phenol/chloroform extracted, ethanol precipitated, and ligated using
T4 DNA ligase. DNA rings containing reverse transcribed and mobilized
L1 sequences were isolated using primers specific for the neomycin
gene (Inverse-Neo-1f: AGTGACAACGTCGAGCACAG: Inverse-Neo-1r:
ATCAGGACATAGCGTTGGCT). Amplicons were gel purified and cloned
into pCR2.1 TOPO TA (Invitrogen). Vectors were digested with EcoR1
to confirm insertions and each clone was sequenced using M13 forward
and reversed primers. DNA sequences were blasted against the
NCBI and UCSC Blat genome browser databases to identify L1 insertion
sites.


image of Fig.�2

P. Bojang Jr. et al. / Genomics 104 (2014) 96-104 99

A B DAPI
5'-L1-UTR
— —
= |
UN-L L DAPI

C. -
CY3

DAPI FITC

MERGED

Streptavidin-CY3

¥ v

MERGED

Streptavidin-FITC

MERGED MERGED

Fig. 3. Detection and quantification of full-length and truncated L1 insertions. A. CY3 chemically-labeled L1*"-5'UTR using the MIRUS FISH labeling kit. Results showed a faint band that is
larger in size compared to the unlabeled probe. The increase indicates the incorporation of CY3, while faintness is an indication that UV emission at ~300 nm is not optimal for detection of
fluorescent labeled L1%"-5'UTR (top). DOP-PCR product of neomycin gene from HepG2 genomic DNA showing increased in size of the biotin-dTTP labeled (L) probe compared to unlabeled
probe (Un). B. FISH analysis with L1%°-5'UTR (top) and neomycin (bottom) probes. The data indicate that retrotransposition of ectopic L1 can be readily assayed using FISH analysis. C. Dual
Fish analysis of L1®" using the L1%*-5'UTR and neomycin probes. Column 1 shows DAPI staining (blue) of chromosomes, column 2 shows FITC staining of the neomycin probe (green),
column 3 shows Cy3 staining L1*"-5'UTR probe (red), column 4 shows matched CY3 and FITC staining and column 5 shows the merged staining for all dyes. Colocalization of FITC and
CY3 (red arrow) indicated full-length L1?" insertions, while single FITC staining indicates truncated insertions. Scale bar is 10 pm.

3. Results

3.1. Ectopic L1 undergoes complete cycles of retrotransposition in cultured
HepG2 cells

We have previously shown that L1%" is expressed in HepG2 cells and
remains retrotransposition competent after serial passage [30]. Here,
we further characterize the expression profiles of L1 ORF1 and ORF2
proteins in HepG2 cells and evaluated retrotransposition profiles after
extended culture. Fig. 1A shows a schematic of the L1%" wildtype vector
used in our studies, as described earlier in Bojang et al. 2013 [30,34]. RT-
PCR (Fig. 1B) and Western experiments (Fig. 1C) confirmed that L1
ORF1 and ORF2 proteins are readily detected in HepG2 cells transfected
with L1%®, but not control plasmid. Measurements of integration and ex-
pression of the final spliced neomycin gene product into genomic DNA
isolated from control (CTR), D702Y mutant (D702Y) and wildtype

Table 1.
Frequency of L1 retrotransposition in HepG2 measured by FISH.

Probe Criteria Number of  Spots Average/spread
spreads counted

L1-5’-UTR # of spots >1 15 40 2.67

Spliced neomycin # of spots >1 11 63 5.25

Chromosome spreads were counted for full length (L1-5’-UTR probe) or truncated
(spliced neomycin probe) insertions, with only spreads showing more than one staining
event counted.

(WT) HepG2 cells showed that the un-spliced and spliced forms of the
neomycin gene are only detected in wildtype cells (Fig. 1D). In keeping
with this observation, a 1 kb neomycin gene product is only amplified
from the cDNA of wildtype clones (Fig. 1E). Fig. 2 shows that the rate
of retrotransposition is highly variable in different nuclei isolated from
different clones of stably transfected HepG2 cells. Together; these data
indicate that complete cycles of retrotransposition in HepG2 cells
exhibit variable rates of retrotransposition among different nuclei.

3.2. Ectopic full-length and truncated L1 insertions are detected in the ge-
nome of HepG2 cells

The non-processive nature of L1 RT, the presence of cryptic
polyadenylation sites in L1-ORF2 sequence, and the mode of translation
of L1-ORF2 often lead to insertion of 5’UTR truncated L1 sequences [20].
As such, we sought to track the integration of full-length versus truncat-
ed L1 insertions by FISH. Two unique probes, L1%*-5’UTR and spliced neo-
mycin gene probes were designed to distinguish full-length and
truncated L1 sequences. Each probe was labeled with either biotin-
dTTP or CY3. An increase in the apparent size of labeled probes indicated
the incorporation of biotin-dTTP or CY3, respectively (Fig. 3A). These two
probes were then used to track full-length and truncated L1% insertions
in cultured HepG2 cells (Fig. 3B), and to quantify the number of inser-
tions. In our studies, only spreads with more than one insertion were
counted, as this was judged to represent true, active retrotransposition
events as opposed to stable integration. Arrows denote staining of the
neomycin probe as an index of L1 retrotransposition. A total of 15
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Fig. 4. Patterns of L1 insertion after prolong culturing. Metaphase chromosome spreads isolated from cells expressing wildtype L1 and probed biotin-labeled neomycin probes followed by
streptavidin-CY3 or streptavidin-FITC secondary antibodies. A. Random insertion of ectopic L1 into three (top) and two (bottom) different chromosomes. Notice that sometimes not all
chromosomes are released from the nucleus. B. Repeated or preferential insertion of ectopic L1 into the same chromosome. In the first panel (row-1), there are three L1 insertions, in
panel 2 (row-2) there are five L1 insertions and in panel 3 (row-3) there are six L1 insertions into the same chromosome. Scale bar is 10 um.
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FISH Probe Spread
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Fig. 5. Identification of the chromosome targeted repeatedly for L1 insertion. FISH analysis (left) and the corresponding G-banded spread (right) of chromosomes from HepG2 cell stably
expressing wildtype L1. The neomycin probe stained with FITC indicates the retrotransposition of L1 and the G-banded spread indicates that L1 retrotransposed into chromosomes 8, 21
and 13. Data indicate that chromosome 13 is repeatedly targeted by LI*" for insertion. Scale bar is 10 um.

spreads was examined for the L1-5’UTR and 11 spreads for the neomycin
gene, with 40 to 67 individual spots counted for each probe (Table 1).
The results identified an average of 2.67 full-length insertions compared
to 6.10 truncated insertions, confirming the assertion that the majority
of L1 insertions are truncated at the 5'-UTR (Table 1). To further distin-
guish truncated from full length insertions, we analyzed the expression
of L1 ORF1/2 by indirect immunofluorescence (Supplementary Fig. 1a).
We reasoned that cells with truncated 5’L1 should lose the expression
of both proteins and as expected, some populations of wildtype cells
lacked expression of both L1 ORF1 and ORF2 (Supplementary Fig. 1a,
compare columns 1 and 2 to columns 3 and 4).

Genome analysis has previously demonstrated that the 5'UTR of
different L1s is remarkably similar in sequence, such that the 5'-UTR
probe used may have recognized endogenous L1s within the HepG2
genome. To test this hypothesis, combined FISH analysis using L1%"-
5'UTR and neomycin probes was used as an index of full-length inser-
tions. Fig. 3C shows that CY3 and FITC (column 4) colocalize in HepG2
cells, indicating the presence of full-length ectopic L1% insertion (red
arrow), and the specificity of our probe for ectopic L1. It should be
noted that the 5'UTR probe used did not stain multiple chromosomal
locations in double FISH analysis, however, when the UTR probe was
used by itself, several chromosomes were stained including
chromosomes with multiple insertions (red arrow) (Supplementary
Fig. 1b). The lack of staining might have been caused by the lack of
accessibility of the probes to these regions due to compacted
heterochromatin of these ancient L1 sequences. This conclusion is
supported by the fact that L1 sequences are heavily methylated
which in turn induces the formation of heterochromatin [7,35].
Fig. 3C also shows that not all neomycin staining colocalized with the
5'UTR probe staining (white arrow), supporting the conclusion that
the number of truncated insertions greatly exceeds the number of
full-length insertions. Together, these data indicate that the
retrotransposition activity of ectopic L1 can be readily assayed using
FISH to differentiate between full-length and truncated L1 insertions.

3.3. Preferential L1 insertions into gene poor regions of chromosome 13
Next, we sought to examine the randomness of L1 insertions after

extended culturing. HepG2 cells underwent >25 passages and were
then processed for FISH using the Cy3-labeled neomycin probe. While

the majority of spreads showed a random pattern of retrotransposition
(Fig. 4A), multiple insertions were consistently observed into a single
chromosome (Fig. 4). The metaphase spread presented in the first row
of Fig. 4B displayed three L1 insertions, which increased to five and
then six, as a function of serial passage in culture. To authenticate
preferential insertions, chromosome spreads were isolated from two
independent clones and FISH analysis was repeated. Again, both of
these clones showed preferential insertion into the same chromosome
confirming the initial observation (Supplementary Fig. 2). These
repeated insertions represent full length L1 insertions since truncated
insertions do not have the ability to retrotranspose.

Since L1®° may be preferentially targeted to this particular
chromosome, G-banding experiments were conducted. G-banding
analysis identified random insertions into chromosomes 8 and 21, while
repeated insertions were identified into a chromosome that could either
be 13 or Y based on the G-banding profile (Fig. 5). To authenticate the
results, and to more definitively identify the chromosome targeted for
preferential insertion, inverse PCR of gDNA was completed. Genomic
DNA from HepG2 cells was Mlul digested and T4 ligated followed by
isolation of L1 rings using primers specific for the neomycin cassette
(Fig. 6A). Six unique amplicons (Clones 1-6) of sizes ~2.2, 1.0, 4.0, 0.7,
0.9 and 0.7 kb, respectively, were isolated, gel purified, and cloned into
the pCR2.1TA cloning vector (Fig. 6B). Each clone was sequenced using
M13 forward and reverse primers specific for the pCR2.1TA vector. The
flanking genomic sequences of L1 insertions were identified using BLAT
(http:genome.ucsc.edu) and BLASTN (http://blast.ncbi.nlm.nih.gov/
blastn) sequence alignment search engines against the Human Genome
Sequence. Four of the clones (Clones 2, 4, 5, 6) matched to chromosome
13 at different sites (Fig. 6C), with Clones 4 and 6 being identical in both
size and flanking sequence (Figs. 6B & C). Clone 3 inserted into chromo-
some 8, while the insertion site of Clone 1 could not be definitively
identified given that flanking sequence was not obtained. Overall, these
results identify with confidence chromosome 13 as an autosome with
preferential targeting or duplication of L1 insertions.

Lastly, insertion profiles into chromosome 13 were examined given
that this autosome has the lowest gene load, CpG island density, and
exon coverage of all human autosomes (Dunham et al., 2004). The
criteria employed by Dunham and coworkers were applied, where a
region is classified as gene rich if it contains five or more genes per
megabase (Mb), or gene poor if the density is less than five. Using the
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flanking sequence for each clone, Blat analysis showed that all insertions
occurred within intronic regions, and more specifically, into gene poor
regions denoted as gray shaded segments in Fig. 6D. It should be
noted that this analysis was limited to genes validated using the
updated GRC38/Hg38 build (http:genome.ucsc.edu).

4. Discussion

Evidence is presented here that the pB015*" plasmid can be reliably
used to monitor retrotransposition at the single chromosomal and cellu-
lar levels. In the past, detection of L1 encoded proteins has proven
challenging given the stringent restrictions posed by the structural
organization of genetic elements and the widespread silencing of L1
expression. L1®® consists of two ORFs in-frame which are separated by
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an inter-ORF region containing two in-frame stop codons after the
stop codon of ORF1. Both ORFs are transcribed from a common promot-
er, but the modes of translation for the two proteins are different. While
L1 ORF1 is translated using the 40S ribosomal scanning model, L1 ORF2
relies on the translation/termination model giving rise to lower protein
levels [36-38]. Our own findings lend support to these views, with
higher levels of ORF1 mRNA and protein than ORF2 mRNA and protein
detected in HepG2 cells in all instances examined (Fig. 1).

L1 sequences can be inserted into the genome as full length or 5’-
truncated insertions, with only full-length insertions retaining the
capacity to remobilize to new locations. Both insertion types can create
epigenetic hot spots, alternate splice sites or alternate promoters, which
in turn function to fine-tune the expression of nearby genes [39]. Thus,
understanding the frequency of full-length and truncated insertions at
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Fig. 6. Authentication of preferential insertions using inverse PCR followed by DNA sequencing to determine chromosome identity and insertion sites of L1 retrotransposition. A. Schematic
of the inverse PCR procedure. Briefly gDNA was digested with MIuL, then ligated and PCR amplified using neomycin specific primers. B. Agarose gel electrophoresis of independent inverse
PCR products. C. Sequencing data after TA-cloning of each gel-purified amplicon. The table indicates clone number, approximate size, flanking sequence adjacent to the neomycin insert,
and chromosome location. The results indicate that Clones 2,4,5,6 inserted into chromosome 13, while Clone 3 inserted into chromosome 8. The insertion site of Clone 1 could not be
determined as no flanking sequence was resolved for this clone. D. A schematic depiction of L1 insertion sites into chromosome 13. Dark shaded regions denote gene-rich areas, while
gray shaded areas denote gene-poor regions. In all cases, L1 insertions occur within gene poor regions of the chromosome.
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the chromosomal and single cell levels is paramount for advancing our
understanding of the genomic basis of human disease. The conventional
methodology used for monitoring retrotransposition activity in cultured
cells is to count the number of fluorescent signals, or G418-resistant
foci, and to factor this as a function of the total number of cells (i.e. num-
ber of hygromycin resistant cells). This methodology likely underesti-
mates actual retrotransposition rates because a single cell or
chromosome may contain more than one L1 insertion (see Figs. 1-6).
In contrast, FISH methodology allows efficient tracking of L1
retrotransposition events, and to capture the pattern and number of
L1 insertions at the single chromosomal or cell levels. Of particular
note is that identification of cells with more than one insertion, as
evidenced by the occurrence of multiple loci with selectable markers,
facilitates the differentiation of full length and truncated insertions. As
such, the approach can be used reliably to ask questions concerning
retrotransposition events in a single G418-positive clone, or chromo-
some, and also to assess the randomness of this process. The approach
can also be readily combined with restriction digestion, inverse PCR
and/or sequence alignment to accurately determine both the pattern
and mode of L1 insertions as shown here (Fig. 6).

Although unknown for L1, many transposable elements (TEs) have
developed highly specific targeting mechanisms that direct their inte-
gration to genome safe regions [40-42]. For instance, characterization
of the Tf1 fission yeast retrotransposon has shown that 95% of the inte-
grations are clustered upstream of ORFs, with most of the promoters
targeted by Tfls representing genes associated with stress [40,41].
Likewise, Ty5 transposable elements in yeast have been shown to
change their target sites in response to stress, with integration into
ORFs as opposed to heterochromatin in cells deprived of nitrogen [43].
Interestingly, Ty5 integration into heterochromatin is dependent on
phosphorylation of Ser1095, with mutation of Ser1095 redirecting inte-
gration to expressed regions of the genome [43,44]. Experiments in
maize have shown that integration of DNA transposons lead to variegat-
ed corn color phenotypes, while integration of Hatvinel-rrm DNA
transposon into the promoter region of VVTFL1A gene influences the
branching pattern and the fruit size of grapevines [43,45,46]. A question
that remains unanswered is whether similar mechanisms exist in
higher organisms to direct the integration of mobile elements into the
host genome.

Our analysis of LI™ retrotransposition in HepG2 cells revealed ran-
dom insertions into all chromosomes, except chromosome 13 where
preferential insertions were documented by FISH and DNA sequencing
(Figs. 4 & 6). Previous studies have revealed that older L1s specifically
integrate into gene poor and AT rich regions of the genome, while
new L1 integrations are interspersed, occurring near or within intronic
regions at a loosely defined sequence of 5-TTTT/A-3 [27,47]. These find-
ings establish an evolving, but adaptive mechanism for L1 insertion into
the host genome that might not be random, but rather contextual in a
manner that affords selective advantage to the host. For example, others
have noted the enrichment for recent L1 insertions into the human Y
chromosome, including the unusually high number of full-length L1s
[48]. Our own G-banding studies would support this notion since we
could not readily distinguish between chromosomes 13 and Y, and
one of the clones obtained by inverse PCR could be matched in sequence
with confidence to either chromosome. The occurrence of preferential
insertions into the genome may be linked to a low gene load, with chro-
mosome 13 having the lowest gene density (6.5 genes per Mb) of all
human autosomes and containing a central region of 38 Mb where the
gene density drops to only 3.1 genes per Mb [49]. We regard these
regions as permissive “safe heaven” regions for insertion. Of note is
that all of the insertions identified by DNA sequencing targeted intronic
regions or repeat regions of high homology among all chromosomes, in-
cluding the sex chromosomes (Fig. 6). Thus, another likely target for
preferential insertion may be the Y chromosome, where faulty selection
and a low gene load have also been documented [50,51]. Graves et al.
established the inability of the Y chromosome to sort through its

IRP

genes, and suggested that this may account for its propensity to accu-
mulate junk DNA [50]. A low gene load would make preferential L1
insertions less harmful to the organism such that insertional mutagene-
sis would be of modest negative impact on overall survival.

Fish analysis is a routine procedure employed in the clinical genetics
laboratory. As such, the approaches described here can be readily
adapted in the clinical setting to address questions related to the role
of L1 in human pathogenesis. Such studies are important given increas-
ing recognition that genetic variation between individuals is largely at-
tributed to the polymorphic expression of transposable elements [49,
52]. Further, the activities of TEs can be strongly regulated by environ-
mental cues that define and dictate differences in disease susceptibility
[12,13,27]. To date, up to 100 human diseases have been linked to the
activity of TEs [53-55]. Given that most repetitive regions of the genome
cannot be easily sequenced using current methodologies, FISH analysis
of transposable elements can be used in the clinical setting to evaluate
polymorphic variations between individuals. These findings shed new
light into L1 targeting within the genome, raise important questions
about the cellular mechanisms responsible for L1 retrotransposition
and strongly suggest that L1 retrotransposition is not entirely random.
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