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The impact of L1 retrotransposons
on the human genome

Haig H. Kazazian, Jr & John V. Moran

The ‘master’ human mobile element, the L1
retrotransposon, has come of age as a biological entity.
Knowledge of how it retrotransposes in vivo, how its
proteins act to retrotranspose other poly A elements
and the extent of its role in shaping the human genome
should emerge rapidly over the next few years. We
review the impact of retrotransposons and how new
insight is likely to lead to important practical
applications for these intriguing mobile elements.

Evolutionary biologists hypothesize that the earliest life forms
contained self-replicating RNA genomes. The advent of poly-
merases that make DNA copies of RNA templates allowed the
conversion of information from unstable ribose-based polymers
to more stable deoxyribose-based polymers through the process
of reverse transcription. In this way, reverse transcription
appears to have played a pivotal role in the formation of the first
DNA genomes.

Although reverse transcription has been ongoing during
genome evolution, its impact is only just being realized. It is
now apparent that reiterative rounds of reverse transcription
served to expand both the size and complexity of the human
genome. The chief perpetrators in this process seem to have
been a small number of autonomously mobile DNA sequences
known as long interspersed nuclear elements (LINEs or L1s). At
least one-quarter of the human genome consists of sequences
which either are derived directly from retrotransposition-com-
petent L1s or likely resulted from the promiscuous action of L1-
encoded reverse transcriptase on other transcripts, including
Alu elements and cellular mRNAs (Table 1; refs 1,2). Although
other autonomous mobile sequences may exist in the human
genome, their contribution to its total mass is far less dramatic
than that of L1 elements.

Weeds in the garden—human mobile elements
As a result of the genome project, we now know that only approxi-
mately 3% of the human genome is comprised of exonic
sequences. The remainder, so-called ‘junk DNA;, is composed
largely of introns, simple repeated sequences and mobile elements
or their remnants. Mobile elements fall into three major classes:
DNA-based transposable elements, autonomous retrotransposons
and non-autonomous retrotransposons (Fig. 1; ref. 3).
DNA-based transposons, which resemble bacterial transposons,
have the potential to encode a transposase that shares homology
to the DD,cE family of integrases®. These elements transpose
through a DNA intermediate via a ‘cut and paste’ or ‘copy
and paste’ mechanism. This class comprises about 1.6% of the
genome and its most prevalent members are mariner elements®”.

Although no transposition-competent human mariner element
has been identified, an active mariner element, called ‘sleeping
beauty’, has been reconstructed from the consensus transposase
sequences of salmon. This element demonstrates ‘cut and paste’
transposition in HeLa cells, raising the possibility that active
human elements exist®.

Autonomous retrotransposons are mobilized via an RNA inter-
mediate and fall into two subclasses: those that contain and those
that lack long terminal repeats (LTRs). LTR-containing retrotrans-
posons resemble retroviruses in structure, but lack a functional
envelope gene. The most abundant members of this class are the
human endogenous retroviruses (HERVs) which comprise about
1-2% of the genome’. Like mariner elements, no retrotransposi-
tion-competent HERVs are known, but some elements are
expressed’, suggesting HERV's capable of retrotransposition may
exist. Retrotransposons lacking LTRs are mainly L1 elements,
which comprise roughly 15% of the genome? and are concen-
trated in AT-rich regions®. Although over 100,000 Llis exist, the
vast majority are incapable of retrotransposition because they
contain deleterious mutations®. Greater than 95% of L1s are vari-
ably 5 truncated and about 10% of those are internally re-
arranged. Thus, it seems that a relatively small number of L1s gave
rise to a substantial portion of human genomic DNA.

The final class of mobile elements, the non-autonomous
retrotransposons, is composed mainly of Alu elements and
processed pseudogenes, both of which end in a poly A tail and
lack protein-coding capacity. Their mobilization requires a cellu-
lar source of reverse transcriptase, which is most likely encoded
by retrotransposition-competent L1s.

Snakes in the grass—retrotransposons cause disease
Mobile elements were first recognized as potential causal agents of
human disease in 1988 when two separate insertions of truncated
L1s were found to disrupt the factor VIII gene, resulting in haemo-
philia A (ref. 10). Six additional recently retrotransposed L1 inser-
tions were subsequently found, one in the factor VIII gene!l, three
in the DMD gene!?!® (E. Bakker and G. van Ommen, pers.
comm.), one in APC (ref. 14) and another in the B-globin gene
(V. Divoky and J. Prchal, pers. comm.). While five of these
occurred either in the germ line or during early development, the
L1 insertion in APC was found in a colon cancer but not in the
constitutional tissue of the patient'4, indicating that L1 retrotrans-
position can occur in somatic tissues.

Recent L1 insertions have a number of interesting structural
features. First, each insertion differs in sequence from every other,
suggesting that each arose from a distinct progenitor element.
Second, although seven of the eight insertions described above
are 5’ truncated to lengths varying from 538 bp to 3.8 kb, all of the
protein-coding regions (to the extent they are present) have
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remained intact. The eighth, an L1

Table 1 ¢ Interspersed repeats in the human genome

insertion into the B-globin gene,
is a full-length (6.0-kb) insertion

(V. Divoky and J. Prchal, pers. GC level

comm.). These data raise the possi- (database size) Alu
bility that not all mutagenic L1

insertions are ‘dead on arrival’ and < 43% GC .
that some may retain retrotranspos- “ 020 kB) 5:7%
ing ability. Indeed, full-length  7IAEC g,
mouse L1 insertions appear capable > 52% GC '

of undergoing subsequent rounds (1225 kB) 20.2%
of retrotransposition (see below). Fraction of total

Third, seven of the eight insertions  genome (3x109bp)  10.0%

Total

DNA (includes MIR, LINE2,
LINE 1 HERV  transposons MalLR, and other sequences)
20.5% 1.7% 1.8% 38.5%
6.1% 0.7% 2.0% 34.1%
4.6% 0.5% 0.5% 30.3%
14.6% 1.3% 1.6% 35%

belong to a class of transcription-
ally-active L1s, the Ta subset!?, sug-
gesting that the majority of

Interspersed repeats in the human

genome. Data are derived from an analysis of all Human GenBank entries of

greater than 40 kb (a total of seven mB from 40 loci) by Smit. Sequences were pooled by GC content to demon-
strate skewed distribution in AT- and GC-rich DNA.

retrotransposition-competent Lls
are derived from this subset of expressed L1 elements.

Alu retrotransposition has also been associated with human
disease. Eleven insertions of full-length Alu elements have been
identified as the molecular basis of disease in the past seven
years, including insertions into the factor IX gene in
haemophilia’é, the NFI gene in neurofibromatosis!’, the FGFR2
gene in Apert syndrome (M. Oldridge, D.M. McDonald-
McGinn, E.H. Zackai and A.O.M. Wilkie, pers. comm.), the APC
gene in desmoid tumours (K.C. Halling, pers. comm.), the XLA
and XSCID genes in X-linked immunodeficiency syndromes (T.
Lester, pers. comm.) and BRCA?2 in breast cancer!8. In contrast
with the L1 insertion into APC which occurred in somatic tissue,
Alu insertions into the APC and BRCAZ2 genes occurred either in
the germ line or during early development.

Class Examp

Fig. 1 Three classes of mobile elements
in mammalian genomes. DNA trans-
posons, as illustrated by mariner, trans-
pose by either a ‘cut-and-paste’ or
‘copy-and-paste’ mechanism, using
a transposase. The large arrowheads
represent inverted repeats. The amino-
acid residues, two Asp (D) and one Glu
(E), which are critical to transposase
activity are indicated. Autonomous
retrotransposons, as exemplified by
IAP and L1 elements, retrotranspose
through an RNA intermediate. To date,
all characterized IAPs are defective due
to deletions or nonsense mutations and
presumably are mobilized in trans by
other cellular reverse transcriptases.
LTR-retrotransposons use a retroviral-
like mechanism, while non-LTR retro-
transposons most likely use target-
primed reverse transcription (TPRT).
Arrows at each end of these retrotrans-
posons represent target site duplica-
tions that are usually present and
the arrows above the 5’ ends of the ele-
ments represent their internal promot-
ers. Non-autonomous retrotransposons
illustrated by Alu and processed
pseudogenes are thought to use the
TPRT mechanism of non-LTR retrotrans-
posons for mobility. Again, the arrows
at each end represent target-site dupli-
cations. In the Alu element, ‘A’ and
‘B' represent regions which contain
sequence similarity to RNA polymerase
Iil promoter sequences. The structures
are not drawn to scale. Mariner ele-
ments are about 1.4 kb, while IAP and
L1 elements are 6-7 kb in length; Alu
elements are approximately 300 bp and
composed of left (L) and right (R) Alu
monomers,
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It is difficult to estimate the fraction of human disease-associ-
ated mutations due to L1 and Alu insertions. The number
observed so far (19 in total) is clearly an underestimate because
most mutation-detection strategies currently utilize PCR and
therefore fail to detect large insertions. As a putative estimate
of the number of independent human mutations associated
with disease, the Human Gene Mutation database, established by
D.N. Cooper, E.V. Ball, PD. Stenson and M. Krawczak (http://
www,uwem.ac.uk/uwem/mg/hgmd0.html), currently contains
approximately 12,770 different mutations in various genes. This
number is, however, a modest underestimate as it is based on sin-
gle entries for each given mutation and it does not take into
account multiple independent-origin (de nove) mutations at the
same site. With this caveat in mind, the frequency with which
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Fig. 2 Retrotransposition in cultured cells. a, An overview of
the L1 retrotransposition assay in Hela cells. An active L1 was
tagged with an indicator gene containing an antisense copy of
the neo gene disrupted by IVS-2 of the y-globin gene in the
sense orientation. The splice donor (SD) and splice acceptor
{SA) sites of the intron are indicated. The neo gene is flanked
by a heterologous promoter (P') and a polyadenylation signal
(A') denoted by hatched rectangles. After transfection of Hela
cells, transcripts originating from the promoter (P) which dri-
ves L1 expression are capable of splicing the intron, but con-
tain an antisense copy of the neo gene. G418-resistant (G418%)
colonies (authentic retrotransposition events) arise only when
the transcript is expressed from the P promoter and then
reverse transcribed and integrated into chromosomal DNA.
(Figure adapted from ref. 38.) b, Results of a typical retro-
transposition assay. G418R foci were fixed to flasks and stained
with Giemsa for visualization. In the upper flask, an active L1
has readily retrotransposed, while, in the lower flasks, L1s with
missense mutations in conserved amino acids of either the
endonuclease (EN)} or reverse transcriptase (RT) domains of
ORF2 showed a reduction in retrotransposition frequency of
2-3 orders of magnitude.

mutations can be ascribed to retrotransposition events is esti-
mated to be approximately 19 of 12,770, or about one in 670.
Although six of eight L1 insertions associated with disease have
been observed in genes located on the X chromosome, this over-
representation is probably due to the hemizygosity of X-linked
genes in males rather than preference for retrotransposition on
the X chromosome.

The rarity of retrotransposition events causing disease in
humans contrasts with the frequency in mice. Seventeen disease-
associated retrotransposition events have been observed among
approximately 160 spontaneous alleles at 86 characterized loci in
the mouse genome (B.A. Taylor, pers. comm.). Of these, four are
L1 insertions!23, The L1, insertion in the spastic mouse!%20
and L1, insertion in the (grleans reeler mouse?! are full-length
and maintain intact open reading frames. Unlike the situation in
humans, however, a number of spontaneous mouse mutants are
due to insertion of defective LTR-retrotransposons. These ele-
ments include intracisternal A particles (IAP; Fig. 1), early trans-
posons (ETn) and mammalian apparent LTR-retrotransposons
(MaLR). Seven insertions of IAPs, which are endogenous retro-
viral-like elements present in approximately 1,000-2,000 copies
in the mouse genome?* are responsible for agouti and other phe-
notypes?*-30, Six insertions of ETn and MaLR have been found
in other spontaneous mouse mutants®!-36. Thus, the estimated
frequency of retrotransposition events among spontaneous
mouse mutants is 17 in 160, or about 10%, a frequency that is
more than 60-fold greater than the estimated frequency in
humans. This difference is due primarily to the mobility of
defective LTR-based elements in mice.

Be fruitful and multiply—the structure of active L1s
Inspection of the mutagenic insertions described so far suggests
that full-length progenitors of L1 insertions are probably the best
source of active mammalian retrotransposons. Approximately
3,000—4,000 human L1s are full length, but most of these are ren-
dered inactive by nonsense and frameshift mutations. Candidates
for active, retrotransposition-competent L1s were first identified
through the isolation and characterization of L1.2 and LRE2, the
likely progenitors of factor VIII gene and DMD gene insertions,
respectively’”12. Each element has a 5  untranslated region
(UTR) that contains an internal promoter, two non-ovetlapping
ORFs (ORF1 and ORF2) separated by a 66-bp intergenic spacer
and a 205-bp 3'~UTR with an unorthodox polyadenylation signal
followed by a poly A tail (Fig. 1).

The establishment of a cultured-cell assay for L1 retrotranspo-
sition demonstrated conclusively that these L1s are autonomous
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retrotransposons that do not rely on endogenous L1s in trans for
their retrotransposition® (Fig. 2). Sassaman et al. developed a
selective screening strategy to isolate other active L1s directly
from the Ta subset®®. Currently, seven retrotransposition-com-
petent L1s have been identified from an estimated 30-60 present
within the human genome?®.

Identification of retrotransposition-competent mouse Lls
was a far less arduous task. Since L1, and L1, are full-length
insertions with intact ORFs, they are themselves candidates for
active elements. Both elements readily retrotranspose in cul-
tured mouse cells, indicating that the mutagenic insertions may
retain the capacity to retrotranspose in vivo™. L1, and Lloy
belong to a newly-discovered L1 subfamily, T, with approxi-
mately 2000 full-length members??, suggesting that this sub-
family (like the Ta subset in present-day humans) may contain
the bulk of retrotransposition-competent Lls in present-day
mice. Moreover, the number of active Ty elements may be fur-
ther expanding the mouse genome.

Copy and paste—a proposed mechanism
L1 is the proposed ‘master’ mobile element in the human genome.
It is thought that the proteins derived from retrotransposition-
competent L1s also act on Alus and cellular mRNAs to instigate
their retrotransposition®!. Thus, elucidating the mechanism of L1
retrotransposition is likely to be crucial to understanding the
mechanism of insertion of other non-autonomous elements.
Recently, a potential mechanism has emerged for L1 retrotranspo-
sition based on the work of Eickbush and colleagues on the insect
non-LTR element R2BM (ref. 42). Although data supporting this
mechanism have been generated, unanswered questions remain at
every step in the proposed pathway of retrotransposition.

Active elements are first transcribed from their internal pro-
moter (ref. 43; Fig. 3). L1 transcription is thought to be limited
to undifferentiated cells!5, early germ cells** and undifferenti-
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Fig. 3 A proposed mechanism of L1 retrotransposition. An active L1 is transcribed in the nucleus and is subsequently transported to and translated in the cyto-
plasm. The two L1 protein products, p40 and ORF2 protein, complex with their encoding L1 transcript in ribonucleoprotein particles (RNPs). The complex is then
transported to recipient DNA sequences where target-primed reverse transcription (TPRT) occurs. The new, integrated L1 copy is usually truncated at its 5’ end.
Although many questions remain at all steps in the pathway, there is good evidence for RNA-protein complex assembly and TPRT, suggesting the general valid-

ity of the proposed mechanism.

ated tumour cells**. This may result from undermethylation at
CpG residues in undifferentiated cells. In fact, it has been sug-
gested that a major purpose of CpG methylation is to reduce the
expression of mobile elements in differentiated cells®. The
length of the L1 transcript and its poly A tail suggests that tran-
scription is carried out by RNA polymerase II. The presence of
an internal promoter, however, in addition to other data%,
makes it plausible that a combination of polymerases act in L1
transcription. The ubiquitous transcription factor YY1 binds to
a functionally important site in the internal promoter*3, but the
role of this protein and those of other transcription factors
remain unclear.

After transcription, the bicistronic L1 transcript is translated
in the cytoplasm. The product of ORF1, p40, is critical for retro-
transposition in HeLa cells?® and it is easily detected by poly-
clonal antibodies in the cytoplasm of various undifferentiated
cultured cells and tumour lines*®. Human p40 is a sequence-spe-
cific RNA-binding protein which specifically binds to the L1
transcript near the 5" end of ORF2 (ref. 50). Indeed, ribonucleo-
protein particles (RNPs) containing p40 and L1 transcripts have
been isolated from human and mouse cells’2, If the proposed
retrotransposition pathway is correct, these RNPs should be
enriched for the RNA of active Lls. Interestingly, the only
sequenced L1 cDNA obtained from mouse RNPs has two intact
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OREFs™3, suggesting that it could be derived from a functional L1.
Translation of ORF2 appears very much reduced compared
with that of ORF1 (ref. 54). Although the ORF2 protein is also
thought to bind the L1 transcript and to accompany it into the
nucleus, this protein has been difficult to detect and its nuclear
presence has not been confirmed. Whether p40 and ORF2 pro-
teins are both critical to the transport of L1 RNA into the nucleus
or whether L1 RNA bound to ORF2 protein reaches chromatin
passively after nuclear breakdown in mitosis is unknown.

Once in the nucleus, it is likely that L1 RNA undergoes target-
primed reverse transcription in order to carry out retrotranspo-
sition. The protein encoded by the insect R2BM element was
shown in vitro to display endonuclease activity which makes a
single-strand nick leaving a 5” phosphate group and a 3" hydroxyl
group. The 3" hydroxyl group then serves as a primer for the
reverse transcriptase encoded by the R2BM protein®2, Feng et al.
showed that L1 ORF2 protein contains an N-terminal endonu-
clease (EN) domain®®, which has striking similarities to an
Escherichia coli endonuclease, Exolll. Key residues in the Exolll
catalytic site are completely conserved in L1 and all other non-
LTR retrotransposons that lack site specificity®®. Although L1
endonuclease also has similarities with apurinic/apyrimidinic
(AP) endonucleases, it lacks conserved amino acids that form
two helical loops essential to the structure of AP endonucleases™’
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and shows no preference for apurinic DNA5. Furthermore, in
contrast to Exolll, the L1 endonuclease has a very low turnover
number, prefers target sites composed of (Py),/(Pu), (where /
indicates the nick site) and is critical for retrotransposition in
Hela cells® (Fig. 2b).

The ORF2 protein also contains a reverse transcriptase (RT)
domain (Fig. 1), composed of seven regions of sequence similar-
ity with RTs of other retrotransposons and retroviruses®®. This
RT domain is critical for retrotransposition in Hela cells®®
(Fig. 2). While it is unclear precisely how the enzyme functions,
it is thought that the 5" truncation is due to its relatively poor
processivity. Interestingly, the L1 RT domain has considerable
sequence similarity to the catalytic subunit of telomerase®®,
raising the possibility that a retrotransposon protein was co-
opted for an essential cellular function. Alternatively, it is feasible
that telomerase predated the RT of non-LTR retrotransposons.

Although there is some insight into the mechanism of retro-
transposition, the subsequent steps of second-strand cleavage
of the target DNA at a downstream site (which is necessary for
target-site duplication), the second-strand DNA synthesis and
ligation of the retrotransposing DNA to genomic DNA still
remain to be explained. Furthermore, any proposed retrotrans-
position mechanism must also take into account inversions of
the 5° region of truncated L1 insertions that have been occa-
sionally observed!®1214,

To thine own self be true—cis preference

The protein products of a particular L1 are thought to bind usu-
ally to the RNA of that same L1. This is described as cis prefer-
ence because binding to the encoding RNA is preferred, but not
exclusive. Cis preference was suggested by the lack of nonsense
and frameshift mutations in mutagenic L1 insertions'? and the
finding that two human insertions were exact, although trun-
cated, copies of their retrotransposition-competent progeni-
tors!237:38_ Recently, we used cotransfection of active and mutant
L1s into HeLa cells to demonstrate directly a cis preference of L1
proteins for their encoding RNA in vivo. Although the cis prefer-
ence was evident in these experiments, low-level trans comple-
mentation could not be ruled out. Heidman and colleagues have
recently shown low-level reverse transcription of cellular mes-
sages in HelLa cells transfected with active L1.2 (ref. 61). Cis pref-
erence is important to the organism because it limits
mutagenesis due to retrotransposition of RNAs with 3’ poly A
tails, especially defective L1 transcripts and cellular mRNAs.

But then how does one explain the retrotransposition of Alu
elements if these events are under the concerted direction of EN
and RT enzymatic activity of L1s? As Alu elements number
between 500,000—1,000,000 copies in the human genome, they
have been even more successful ‘genomic colonizers’ than L1s
themselves. Boeke has suggested that the EN and RT activities of
the L1 ORF2 protein are available to Alu by dint of cellular prox-
imity52. Two signal-recognition particle proteins, SRP9 and
SRP14, form a heterodimer and bind with high affinity to the
7SL domain of Alu®*%5, This complex most likely binds to the
large ribosomal subunit, leaving Alu poly A in close proximity to
L1 ORF2 protein. Thus, as Boeke puts it, the Alu poly A RNAs are
“hanging around the ribosomal neighborhood, presumably
greatly increasing their chances of hijacking a retrotransposon
RT” (ref. 62). Support for the role of L1s in Alu retrotransposi-
tion comes from the similar sequence and length of target-site
duplications (TSDs) at the 5" and 3" ends of L1 and Alu elements,
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suggesting that retrotransposition of both L1 and Alu elements is
mediated by the same endonuclease, L1 EN (ref. 66). It is
unclear, however, why only a minor subset of transcribed Alus
appears to be capable of retrotransposition®” and also why the
genomic distributions of Alus (GC-rich DNA) and L1s (AT-rich
DNA) differ markedly? (Table 1). It is possible that the structure
of the RNA complexed with L1 protein(s) plays a role in deter-
mining target-site specificity.

Although Luan et al. showed that 250 nucleotides at the 3" end
of the R2BM transcript are crucial to the RT activity of R2BM
(ref. 68), the poly A tail itself, and not the 3" UTR sequences,
appears critical to the RT activity of L1. Holmes et al. found that
a transcript with 489 nucleotides of non-L1 sequence just pre-
ceding the poly A tail could be readily retrotransposed in vivo!2.
In HeLa cells, Moran et al. demonstrated that the 3” UTR is dis-
pensable for retrotransposition of an active L1 and that 138 bp
of non-L1 sequence prior to the poly A could be reverse tran-
scribed®8. Thus, unlike R2BM RT, L1 RT does not seem to
require a specific RNA sequence upstream of its poly A. This has
led to the hypothesis that L1 RT binds to the poly A stretch itself,
and that although it greatly prefers its own RNA, it will act
rarely on other cellular mRNAs and with greater frequency on
Alu RNA because of the proximity of Alu RNAs to L1 RNA on
the ribosome.

Next in LINE— potential uses

Harnessing the power of retrotransposons is envisaged to lead
to practical applications. Our knowledge of L1 biology, how-
ever, is currently too limited to put human retrotransposons to
use. Nevertheless, L1s have enticing potential applications. They
could be used as insertional mutagens in mice through transfec-
tion of ES cells and subsequent blastocyst injection. Alterna-
tively, retrotransposition could be carried out in the sperm of
transgenic mice, and sperm containing retrotransposition
events could be sorted by the presence of a fluorescent tag and
used to produce mutant progeny. Genes which, when disrupted
by L1 insertion, result in a phenotype of interest can then be
cloned by utility of the tagged L1 element. As human Lls are
capable of high-frequency retrotransposition in mouse LTK-
cells®®, these strategies offer potential for effective insertional
mutagenesis in mice.

L1s also have potential as a gene delivery vehicle. One vehicle
presently being assessed in cultured mammalian cells is a chi-
maeric vector containing an adenoviral backbone carrying an
active human L1. Attractive features of using human L1s in gene
delivery are the potential for ongoing delivery of multiple gene
copies and the endogenous nature of L1 DNA. One drawback,
however, is our current inability to control both truncation of
the inserted sequence and the sites of L1 insertion—most retro-
transposed genes would be inactive due to truncation and a frac-
tion of them would disrupt genes. Further research into the
intricate biological nature of these mobile elements will likely
lead to possible ways of overcoming these limitations and
extending the scope of practical applications.
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