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LINE-1 retrotransposons:
modulators of quantity and quality
of mammalian gene expression?

Jeffrey S. Han and Jef D. Boeke*

Summary

LINE-1 (L1) retrotransposons are replicating repetitive
elements that, by mass, are the most-abundant se-
quences in the human genome. Over one-third of
mammalian genomes are the result, directly or indirectly,
of L1 retrotransposition. L1 encodes two proteins: ORF1,
an RNA-binding protein, and ORF2, an endonuclease/
reverse transcriptase. Both proteins are required for L1
mobilization. Apart from the obvious function of self-
replication, it is not clear what other roles, if any, L1 plays
within its host. The sheer magnitude of L1 sequences in
our genome has fueled speculation that over evolutionary
time L1 insertions may structurally modify endogenous
genes and regulate gene expression. Here we provide
a review of L1 replication and its potential functional
consequences. BioEssays 27:775-784,2005.

© 2005 Wiley Periodicals, Inc.

Introduction

The recent whole-genome sequencing binge has made it
apparent that mammalian genomes are littered with enor-
mous numbers of transposable elements interspersed within
and between single-copy endogenous genes.!"~® The most-
abundant self-replicating class of human transposon is the
LINE-1,orL1, element.®® This sequence replicates through a
round of transcription and reverse transcription, generating a
new copy at a new genomic location (Fig. 1). This can lead to
obvious deleterious effects—for example, the insertion of L1
into protein-coding sequences of a gene (see the website
http://www.med.upenn.edu/genetics/labs/kazazian/kazazian_
index.html, and the references therein), abolishing gene func-
tion. However, protein-coding sequences are a small target
(only 1% of the genome®®) and thus most new L1 integrations
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are in introns or intergenic regions.”” The consequences of
these L1 insertions on gene function have not been thoroughly
studied.

Recent experiments have demonstrated that, in experi-
mental systems, L1 sequence within a transcriptional unit can
affect not only the structure of the target DNA,®® but the
structure and amount of MRNA produced.'? This raises the
question of whether L1 sequences integrated into endogenous
genes have similar effects. In this review, we will provide an
overview of L1 biology and discuss models of how L1 may alter
transcriptional profiles and generate novel mMRNA and protein
isoforms. We also hypothesize on how these models could
modify our view of mammalian genome evolution.

Historical overview

Before the age of genome sequencing, it was already clear
that the DNA of many organisms contained more than just
single-copy genes. This was discovered by analyzing the
renaturation kinetics of sheared genomic DNA.M"" For ex-
ample, in most bacteria and viruses, the renaturation of
genomic DNA takes place over a narrow time range, sug-
gesting that the DNA fragments are present at a similar
concentration. This, in conjunction with measuring the mass of
the respective genomes, led to the conclusion that the DNA
sequences of these organisms, for the most part, are present
in single copy. In contrast, when the renaturation kinetics of
DNA from higher organisms such as humans is measured,
large fractions renature at different times (Fig. 2A). These
simple experiments showed that, in addition to single-copy
sequences, there are families of reiterated sequence scat-
tered throughout our genome.

The presence of highly repeated sequences is also evident
by simply digesting human genomic DNA with a restriction
enzyme and analyzing the result on an ethidium-stained gel.
On top of the expected smear of variable length DNA, discrete
bands can sometimes be detected. Cloning and characteriza-
tion of Kpnl-generated bands led to the discovery of the Kpnl
family of repetitive elements in humans,'® and similar studies
uncovered the homologous BamHI family in mice."® Since
full-length members of these families were over 6 kilobases
long and interspersed between single-copy DNA, these were
renamed as long interspersed nuclear elements (LINEs).('¥
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Figure 1. Thelife cycle of the L1 retrotransposon. A full-length, replication competent L1 (depicted as a blue band in the chromosomes) is
transcribed. The resultant RNA is transported to the cytoplasm, where ORF1 and ORF2 are translated and form a ribonucleoprotein particle
(RNP) with the L1 RNA that encoded them. When L1 retrotransposition is activated, the RNP is imported into the nucleus and the L1 RNA is
reverse transcribed at the target site via target-primed reverse transcription (TPRT). This new L1 insertion is depicted as a red band in the
chromosome. If the new insertion is full-length, it has the potential to also serve as a donor for subsequent generations of L1
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The other major component of mammalian repetitive DNA
is short interspersed nuclear elements (SINEs), comprising
predominantly Alu and Alu-like elements, and is less than 500
bp long (these were similarly discovered based on a pair of
conserved Alul sites).(")

LINE-1, now usually referred to by the simpler name L1, is
the most-recent lineage of elements of its type in mammals.
It represents one of a multitude of quite diverse non-LTR
retrotransposons found in host species ranging from fungi to
insectsto plants.“s) Inspection of the nucleotide sequence of a
full-length L1 revealed two potential large open reading frames
with substitution patterns consistent with protein-coding se-
quence including a reverse transcriptase-coding region.('6~1®
This genomic structure was reminiscent of retrotransposons,
and L1 was directly shown to be a mobile element by the
identification of mutations resulting from new L1 insertions.'®
Further investigation has shown that L1 is indeed a retro-
transposon, although it is structurally and mechanistically

distinct from retroviruses and retroviral-like (LTR-containing)
retrotransposons.®® Thus L1 elements are also known as
non-LTR retrotransposons, and retroviral-like retrotranspo-
sons are known as LTR-retrotransposons. A tissue-culture
assay for retrotransposition activity has been useful in dissect-
ing out the sequence requirements for optimal L1 activity.®"

The completion of various eukaryotic sequencing pro-
jects'"™® has confirmed these earlier studies demonstrating
that essentially all eukaryotic genomes are strewn with in-
terspersed transposable elements. In mammals, almost all of
these fall into one of four classes: LINEs (autonomous non-
LTR retrotransposons), SINEs (non-autonomous non-LTR
retrotransposons), LTR-retrotransposons, and DNA transpo-
sons (Fig. 2B). These collectively account for at least 45% of
human DNA,® and perhaps more given that older “relic”
transposon copies may have been rendered unrecognizable
by mutation. Of these element classes, L1 constitutes the
largest fraction of the human genome, directly accounting for
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Figure 2. Repetitive elements are interspersed throughout mammalian genomes. A: A schematic of a C.t curve of mammalian DNA.
Fraction of DNA reassociated can be measured by UV absorbance. The C,t curve shown represents three populations of sequences, each
with a different copy number. The Ct;,, of each of these populations is shown by the arrows and represents the time it takes for 1/2 of the
population to reassociate. High-copy-number sequences are present at a higher number at a given concentration of total DNA and thus
renature faster, and have a smaller C,t;/». Single-copy genes have the largest C,t/o. B: The major classes of transposable elements in the
human genome. LINEs (L1) are retrotransposons that replicate by target-primed reverse transcription. SINEs are small Pol Ill transcripts
that usurp the L1 machinery to also replicate via target-primed reverse transcription. Both LINEs and SINEs are also called non-LTR
retrotransposons. Retrovirus-like retrotransposons (also called LTR-retrotransposons) are retrotransposons that replicate via a mechanism
similar to retroviruses, but without an extracellular stage or a functional envelope protein. DNA transposons are cut and paste transposons.
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at least 21% of the DNA.® Some of these L1 elements are
within genes, and over 75% of human genes contain at least
one L1 insertion,'® usually as part of introns, 5’ untranslated
sequence, or 3’ untranslated sequence.

The L1 life cycle

The structure of a full-length, genomic L1 is depicted in Fig. 2B,
and a summary of the life cycle is depicted in Fig. 1. The 5’
untranslated region (5'UTR) contains an internal promoter
that directs initiation of L1 element transcription at base 1.2
The “internal promoter” structure makes sense for a retro-
transposon, which must take its promoter with it to generate an
active copy when itinserts at a new location. In this way, the L1
promoter resembles the promoter of eukaryotic tRNA genes,
which are transcribed by RNA polymerase Il (Pol I11).%
Indeed, the L1 5 UTR sequence has been shown to be trans-
cribed actively in vitro by Pol 111,3*) but the preponderance of
data, including the protein-coding capacity of the RNA, poly(A)
tail, and in vivo a-amanitin inhibition, suggests that non-LTR
retrotransposon transcripts are made by RNA polymer-
ase 11.2525) within the 5 UTR, several transcription factor-
binding sites have been identified. SRY-family-binding sites®”)
and a RUNX3-binding site®® appear to be important for
transcriptional activation, while a YY-1-binding site near the
5 end directs accurate transcription initiation.®® Since L1
transcription is presumed to occur predominantly in germ
cells®~33 and none of the currently identified transcription
factors are germ-cell specific, we might expect that there are
more factors waiting to be revealed.

After L1 RNA transcription and transport to the cytoplasm,
the two L1-encoded proteins, ORF1 and ORF2, are translated.
ORF1 is a non-sequence-specific RNA-binding protein with
in vitro nucleic acid chaperone activity,®+3% but an unknown
mechanistic role in L1 replication. ORF2 contains endo-
nuclease®® and reverse transcriptase®®” activities, which
have well-defined roles in the retrotransposition process. Both
ORF1 and ORF2 must be encoded in cis for full activity,
meaning that the L1 proteins preferentially act on the RNA that
encoded them.®83% The L1 proteins and RNA assemble into a
ribonucleoprotein particle*® which is predominantly cytoplas-
mic, but presumably a small amount of it, or a subcomplex,
must be transported into the nucleus. This transport may be
mediated by a nuclear/nucleolar localization signal recently
mapped to the N-terminus of ORF2.¢4")

Once in the nucleus, L1 copies its RNA into DNA via a
process called target-primed reverse transcription (TPRT).
TPRT was first demonstrated for the R2 non-LTR retrotrans-
poson in the silkworm Bombyx mori,“>*3) and subsequent
evidence for it was obtained for L1.%¢44 During TPRT, the
endonuclease domain of ORF2 makes a nick in genomic DNA,
generating a 3’ hydroxyl. The reverse transcriptase of ORF2
uses this freed hydroxyl to prime reverse transcription of L1
RNA. At some point, the second strand of target DNA is nicked

and used to prime second-strand synthesis. Depending on
where the second-strand nick is with respect to the first strand,
this may lead to a target site duplication or to a target site
deletion.“® The details of how L1 integration is resolved are
not known. It is notable that most L1 integrants are severely 5’
truncated and non-functional for further replication,*®
possibly because L1 reverse transcription is relatively non-
processive. Further discussion of the structural and functional
characterization of ORF1/ORF2 is covered in greater detail
elsewhere.*”

Ways L1 can wreak havoc in

the host genome

Thereis amultitude of ways that L1 elements can alter genome
structure. By its very nature, L1 is an insertional mutagen. Of
the hundreds of thousands of L1s in our genome, close to
10,000 are full-length and about 100 are active for retro-
transposition in atissue culture assay.“‘s) Thus our genome, to
this day, is being continuously mutated by new L1 insertions.
Given this, there are readily apparent ways that L1 can modify
the genome in a detrimental manner. The most straight-
forwardis the insertion of L1 into genic functional sequences—
promoters, enhancers, exons, etc. Such insertions are ex-
pected to severely compromise gene function (Fig. 3A). In
addition, homologous recombination between L1 elements at
nonallelic sites has been shown to cause genome rearrange-
ments (Fig. 3B),“® although the frequency of this event is
unknown and likely not high, at least in organisms that survive
to gestation. De novo insertions created in a retrotransposition
assay system using tissue culture cells as well as naturally
occurring L1 insertions have shown that the process of L1
retrotransposition itself can also create large deletions and/or
rearrangements (Fig. 3C).® Finally, the insertion of L1 into
the intron of a gene can cause exon skipping or alternative
splicing (Fig. 3D).(5°-5%

With all the potential pitfalls of L1 retrotransposition, how
could this mobile element not only survive in its host, but
reproduce with such spectacular success? One might think
that without some redeeming qualities, L1 elements would be
selected against over evolutionary time and eventually go
extinct. However, as originally pointed out by Hickey,®® this is
not necessarily the case. In sexually reproducing organisms
purely parasitic transposons can in principle become fixed in
the genome as long as their selection coefficient (the fraction
by which host fithess is reduced by the transposon) is less
than 0.5.0%%9) This is expected to select for aggressive trans-
posons in outbred sexual populations (such as mammals),
with the host evolving to negatively regulate transposon
activity.®” Recent evidence suggests that, in mammals, L1
(presumably an aggressive retrotransposon due to its ubiqui-
tous distribution in our genome) is downregulated by cytosine
methylation of its promoter,®® supporting this “genome
defense” hypothesis.®®
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Figure 3. Mechanisms by which L1 retrotransposition can disrupt genes. Exons are depicted as blocks and introns are depicted as lines.
A: Integrations into an essential component of the gene (in this example an exon). B: Homologous recombination between L1s at non-
homologous sites. This could lead to gain or loss of genetic material on a chromosome, and could also lead to translocations. €z During the
process of L1 retrotransposition, deletions and/or rearrangements at the target site have been reported. D: L1 insertions can cause exon

skipping (the example shown) or activation of cryptic splice sites.

Since L1 can, in theory, thrive in mammalian genomes as a
purely selfish element, there is no need for it to provide any
useful function to the host. Even so, transposable elements
have clearly been co-opted by the host to perform important
functions. For example, Drosophila telomeres are maintained
by the non-LTR retrotransposons TART and HeT-A, (¢°=2) and
RAG1/RAG2 of the vertebrate immune system appears to
have evolved from a DNA transposon.®34 This, combined
with the awesome abundance of L1 sequence in our genome,
especially within or adjacent to transcriptional units, has fueled
speculation that L1 insertions may have functional conse-
quences for the genes that they insert into. As discussed
below, there is experimental evidence that L1 insertions can,
in principle, do more than simply destroy gene function by
insertional inactivation. To what extent this actually happens in
the human genome is still open for debate.

A potpourri of L1-generated alleles

There are several ways that L1 has been hypothesized to
affect gene function without necessarily destroying it. First, as
mentioned above, the L1 promoter appears to be silenced by

cytosine methylation.®® If this leads to heterochromatin
formation and this heterochromatin spreads into adjacent
sequences, this could well attenuate the transcriptional activity
of a nearby endogenous gene. This could create different
alleles of the same gene, with each allele expressing the pro-
duct at a different level (Fig. 4A). Although this is an active area
of investigation, no specific examples of such a phenomenon
have been found to date for L1 elements. In a similar mech-
anism, L1 promotes transcription from the 5" UTR in either
direction (there are both sense and anti-sense promoter activi-
ties in the L1 5’ UTR®26%:58)) potentially leading to ectopic
expression of genes. This ectopic expression, in turn, could be
regulated epigenetically through DNA methylation (Fig. 4A).
Again, we have yet to discover a naturally occurring example of
this for L1, but it is noteworthy to mention that there are known
mutants of the agouti gene in mice controlled by an IAP
retrotransposon promoter (IAP is an LTR-retrotransposon),
which is in turn controlled epigenetically(67) A similar example
exists in mouse for the Cabp gene, where an IAP insertion
generates LTR-driven transcripts regulated by methylation.©®
It has recently been shown that there are many other chimeric
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Figure 4. Ways that L1 can create novel functional alleles. A: Epigenetic modification. L1 sequences can be methylated, which is
hypothesized to initiate heterochromatin formation and repress transcription. If this heterochromatin spreads into an adjacent gene,
transcription of that adjacent gene may be decreased. B: 5 and 3’ transduction. In 5" transduction, an upstream endogenous promoter
transcribes upstream sequence (shown as yellow) as well as L1 sequence. When this transcript is retrotransposed, a copy of the upstream
sequence can be mobilized to a new site. In 3’ transduction, transcription proceeds past the L1 poly(A) signal into 3’ flanking sequence
(shown as orange). After retrotransposition, a copy of the 3’ flanking sequence is mobilized to a new site. €z Transcriptional elongation. L1
insertions can attenuate transcription of endogenous genes by inserting into their introns. Longer insertions are predicted to have a greater
inhibitory effect on transcriptional elongation. Dz Premature polyadenylation. L1 insertions into endogenous genes can prematurely
truncate transcription, producing a new mRNA isoforms. This can lead to translation into an intron (which has become the new 3
untranslated region), generating a novel protein isoforms. E: Gene breaking. Full-length antisense L1 insertions into introns of endogenous
genes can not only truncate transcription at cryptic L1 antisense poly(A) sites, but also generate a downstream transcript initiated at the L1
antisense promoter. This would produce two transcripts at the original gene, which could produce slightly altered protein products

collectively similar to the original full-length protein.

transcripts generated from LTR-retrotransposons, typically
originating from the LTR.®® This shows the feasibility of such
mechanisms with other types of retrotransposons.
Tissue-culture experiments have shown that when L1
retrotransposes, it can also co-transpose adjacent, non-L1
sequences to its new integration site. In this process, dubbed
“3’ transduction”, the presumed L1 polyadenylation signal is
bypassed in favor of a downstream endogenous polyadenyla-
tion signal,"® allowing downstream flanking host sequences
to “come along for the ride” (Fig. 4B). Similarly, 5’ transduction
occurs when a cellular promoter, by virtue of being upstream
to the donor L1, transcribes both 5" adjacent sequence and
L1, which is then subjected to reverse transcription/integration
(Fig. 4B).® These results have led to the proposal of a
model whereby L1 can, on occasions, relocate useful non-L1
sequences such as promoters, enhancers, and even exons.

This could, in turn, significantly alter the properties of the
resulting allele. Many apparent natural examples of L1 3’
transduction have been found in the human genome,”'="®
establishing that this is not an artifact of the experimental
system used. However, to date we are unaware of examples
where an L1 5" or 3 transduced sequence has become an
essential component of a cellular gene.

In the past year, we have seen that, as assayed by nuclear
run-on, L1 sequences interfere with transcriptional elongation
when fused to a reporter gene.“o) This effect appears to be
orientation specific, occurring when the L1 sequences are
transcribed in the sense orientation. Furthermore there is a
length dependence to this phenomenon, A minimum of 1 kb of
L1 sequence is required to observe a clear reduction of trans-
cript levels, with longer sequences leading to ever-weaker
RNA production.”"® Though these experiments were done on
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plasmids, one can easily imagine that a similar effect might
occur within L1 sequence copies naturally found within cellular
genes. This is important because, as stated before, many L1
sequences are located within introns and RNA polymerase
must elongate through these sequences even if they are to be
spliced out later. If this transcriptional elongation effect does
take place in the genome, L1 insertions in introns should
attenuate levels of the target gene mRNA, without necessarily
changing the mRNA sequence (Fig. 4C). The magnitude of
this effect could range from subtle to large, depending on
insert length (the “molecular rheostat” model, see reference
10)). Since most L1s in the genome are short (average around
1 kb) dueto 5’ truncation, most of the effects are expected to be
slight and difficult to perceive without careful examination.
Even so, such slight effects can still be selected for or against
over evolutionary time, and bioinformatic data suggest that this
has happened over the course of human genome evolution,
with weakly expressed genes containing, on average, much
more L1 sequence than strongly expressed genes.(‘o) Fur-
thermore, there are examples in the literature in which large
“sense strand” L1 insertions in genes (the human retinitis
pigmentosa 2 gene”™ and the mouse black-eyed white
gene'”) lead to diminished RNA levels as assayed by RT-
PCR. No mechanistic studies were performed, so it is unclear
how this occurs at the molecular level but, on the surface,
these data strongly support the molecular rheostat model.
Though intriguing, the bioinformatic data is merely correlative
and therefore characterization of more allelic pairs differing
only by the presence/absence of an insertion must be
conducted to directly test the model. The effect may be con-
text dependent and thus many alleles should be examined. If
the molecular rheostat model is further validated, it would
describe an important new way (in addition to promoter muta-
tions, chromatin and epigentic effects) to produce alleles that
lower expression levels.

L1 sequences also exist in the sequence of known
proteins.”® 64 known proteins were found to contain trans-
lated L1 sequences, and likewise 127 known proteins were
shown to contain Alusequences (Alu elements are a separate
family of tiny retrotransposons that use the L1 machinery to
retrotranspose”’~89). Incorporation of these L1 sequences
into cellular mRNA usually occurred via alternative splicing,
which extended or truncated the coding region of the original
protein.

In addition, insertion of L1 sequences can lead to trans-
lation of previously untranslated intron sequence, generating
new protein isoforms (Fig. 4D). A well-characterized example
of this exists for the human attractin gene, which codes for
two differentially regulated isoforms and contains a short L1
insertion near the 3’ end.®” The transmembrane mRNA
isoform splices out the L1 sequence and thus contains all of
the exons, including a membrane-spanning domain. In
contrast, the mRNA encoding the soluble isoform of attractin

reads into and terminates at the native poly(A) site of L1
sequence, and thus does not contain the membrane-spanning
domain exons. Instead, the encoded protein extends into and
terminates in intronic sequence, which has become the new 3’
untranslated region. This is a striking display of how the
genetic diversity created by L1 can be exploited for cellular
means. Related is another finding from plasmid-based assays
that L1 contains various cryptic polyadenylation signals within
its sequence, in both the sense and antisense directions.!'%?
If a new L1 integrant lands within a gene, this has the potential
to produce a truncated RNA and thus a new mRNA isoform.
Scouring EST databases has verified that truncated trans-
cripts using these cryptic L1 poly(A) signals do in fact exist.®®
As outlined previously,"'® this could also lead to the production
of new protein isoforms since, as with the soluble attractin
gene, translation of the coding sequence of the last exon
before truncation is expected to extend into the intron until it
hits a fortuitous stop codon (Fig. 4D). If the insertion is close
enough to the intron, L1 sequence may even be translated. Itis
of interest to note that different plasmid systems give differ-
ent amounts of premature polyadenylation,('%82 suggesting
that the effects observed in chromosomes are likely context
dependent.

Finally, as mentioned above, antisense promoter activity
has previously been reported in the L1 5’UTR.(®5 This
raises the intriguing possibility that, although full-length or
nearly full-length antisense L1 insertions in genes may
generate a truncated transcript of the target gene via their
cryptic polyadenylation signals, the remainder of the target
gene transcript (downstream of the L1 insertion) may still be
transcribed by the L1 antisense promoter (Fig. 4E). This
potential “gene-breaking” represents a theoretical mechan-
ism by which genes could be split into separable units, with
new subtle MRNA and protein isoforms being generated. This
may also be less deleterious than a simple truncation, since a
simple truncation will result in untranscribed downstream
sequences; in the case of gene-breaking, the downstream
sequences will be transcribed (albeit on a separate transcript).
Recent studies in our laboratory suggest that gene-breaking
has occurred in the human and chimpanzee genomes.®®)
Further work will focus on whether the corresponding “split”
gene products are functional. A similar event has been shown
to occur when an IAP retrotransposon integrated into the
intron of the Cabp gene in mouse.®® At this site, new
transcripts upstream and downstream from the IAP insertion
were generated. In this case, the upstream transcript
truncates before entering the retroelement by an unknown
mechanism.

L1 retrotransposition-an experiment

in evolution?

Above we have detailed various proposed models in which the
process of L1 retrotransposition may generate new alleles of
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endogenous genes that are significantly different at the func-
tional level, but not necessarily deleterious, as compared to
their pre-insertion counterparts. Some of these L1-generated
alleles have survived the test of time, and strongly suggest that
L1, in addition to its own selfish agenda, may unknowingly be
serving a useful function by creating a plethora of potential
alleles that can be subjected to the forces of natural selec-
tion. These new creations can modulate both the quantity
(expression variants) and quality (structurally distinct isoforms)
of gene products. Although some experimental evidence for
all of these models exists, not all have been explicitly
demonstrated experimentally or by the discovery of natural
examples. Part of this may be due to detection bias—while
disease-causing insertions which, usually completely destroy
gene function, are relatively easy to identify, subtle allelic
variants with a slightly reduced expression level may not
cause a clearly observable phenotype and will generally be
missed unless a concerted effort is undertaken to find
them. Efforts to find such alleles differing by expression level
have been reported,®® and efforts to coordinate these
with the positions of retrotransposon insertions are now
underway.

Due to the current lack of natural examples of functionally
distinct, L1-generated alleles in mammalian genes, it is dif-
ficult to estimate how influential L1 insertions have been in
determining what alleles we carry today. It is known that allelic
variation in gene expression is common in the human
genome.®48% The cause of this variation is a mystery, but it
will be curious to see whether L1 insertions (via the molecular
rheostat model) contribute significantly to this phenomenon.
Answering this question will likely be a time-consuming task,
requiring the structural characterization of many differentially
expressed alleles. It has also been proposed that allele expres-
sion variability may explain human phenotypic variability. 42
If so, it may be the case that the L1 insertions scattered
throughout our genome, most previously considered incon-
sequential to expression, actually help determine what makes
us all so unique!

The examination of mammalian genomes has revealed
remarkably similar gene complements.!" = However, different
species of mammals are clearly distinct in terms of size, shape
and behavior. How have these differences come about when
the available sets of genes are essentially the same? The likely
answer is that these genes are expressed at varying levels
and as altered isoforms in different species. Certainly point
mutations and genome rearrangements bear some of the
responsibility for these changes. However, L1 is a mammalian
retrotransposon family, and, as discussed at great length here,
also has the potential to create these differences. Thus, we
propose that L1 insertions may underlie at least some of
the changes that have led to mammalian speciation. As more
mammalian genome sequences and transcriptome profiles
become available, it will be of great interest to see if some

transcriptome discrepancies are correlated with L1 (or other
transposon) insertions.

Conclusions

LINEs, of which L1 is the most recent lineage, are an ancient
family of retroelements that have successfully reproduced in
mammals for hundreds of millions of years. L1 has expanded
to populate an enormous fraction of our genome and may
be more than just “junk DNA”. Research over the past few
decades has provided insight into how L1 replicates and the
dizzying array of mechanisms by which L1 can modify genome
structure and function. Although L1 does not need to provide
host benefit to survive, the variety of novel alleles that L1
insertions can generate make it worthwhile to contemplate
whether a major component of our evolution is based on the
fortuitous or semi-systematic selection of L1 mediated events.
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