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Repetitive elements and genome instability

Transposable elements are discrete segments of DNA that have
the distinctive ability to move and replicate within genomes. Trans-
posons were discovered in the 1940s by Barbara McClintock (who
later was awarded with the Nobel Prize) in the maize genome, and
have since been found ubiquitous in essentially all living organisms.
The process of element movement is generally called transposition,
and can contribute to insertional mutagenesis, altered gene expres-
sion and recombination. Transposons make up significant fractions
of genomes; for example, about 45% of the human genome is com-
posed of sequences of a variety of different elements [1]. Despite
their parasitic nature, there is increasing evidence that transpos-
able elements are a powerful force in gene evolution. Indeed,
about 50 human genes are derived from transposable elements [1],
among them genes that are responsible for immunoglobulin gene
recombination in vertebrates.

Transposable elements fall into two major classes. The first is
retroelements that transpose through an RNA intermediate and
include long interspersed elements (LINEs), short interspersed ele-
ments (SINEs), and long terminal repeat (LTR) retrotransposons.
Retroviruses are specialized LTR retrotransposons that have the
capacity to move from one cell to another by infection, whereas
endogenous retroviruses (ERVs) are retroviruses that lost their
capacity to infect cells, but nevertheless can retrotranspose in the
genome. Retroelements transpose through a replicative (copy-and-
paste) mode of transposition, in which the transposon does not get
excised from its donor locus but instead a copy of it is produced
which inserts elsewhere in the genome. Thus, replicative transpo-
sition leads to an increase in the copy number of the transposon
within a genome.

The major non-LTR retrotransposon in mammals is LINE-1 (or
L1). L1 has about 5 x 10° copies in the human genome, thereby
making up about 17% of human genomic DNA. LINEs contain two
openreading frames (ORFs) that encode proteins required for trans-
position (Fig. 1A). The element-encoded endonuclease generates a
single-stranded nick in the target DNA, and the reverse transcrip-
tase uses the nicked DNA to prime reverse transcription from the
3’ end of the LINE RNA. The LINE retrotransposition machinery is
believed to be responsible for most reverse transcription activity in
the genome, including retrotransposition of the non-autonomous
SINEs and generation of processed pseudogenes.

SINEs are short (about 100-400 bp) retrotransposable elements
that contain a polymerase Il promoter and encode no proteins
(Fig. 1B). These non-autonomous transposons are thought to use
the LINE machinery for transposition [2]. The vast majority of
known SINEs are derived from tRNA sequences, with the exception
of the human Alu element, which is derived from the 7SL compo-
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nent of the signal recognition particle. Alu elements were originally
identified as repetitive DNA elements in human DNA renaturation
curves, and contain a recognition site for the restriction enzyme
Alul. Alu elements are represented in the human genome with
>1 x 108 copies which make up about 11% of the total genome. Alu
is the only active SINE in humans. Another non-autonomous retro-
transposon that likely uses the L1 machinery for retrotransposition
is the hominid-specific SVA (SINE-VNTR-Alu) family. The compos-
ite SVA elements are currently active in humans, and are present
in about 2700 copies in the human genome [3].

LTR retrotransposons are similar to retroviruses in that they are
flanked by long terminal repeats that contain transcriptional reg-
ulatory elements that drive the expression of at least two ORFs
similar to the gag and pol genes (Fig. 1C). LTR retrotransposons
are widely distributed in eukaryotes, and make up about 8% of the
human genome. Transposition occurs through reverse transcrip-
tion of the retrotransposon RNA, and integration of the resultant
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Fig. 1. Structures and organization of the main types of transposable elements. (A)
Non-LTR retrotransposon. The element consists of a 5 untranslated region that
has promoter activity (arrow pointing towards the downstream genes), which is
required to drive transcription of the element-encoded genes. ORF1 encodes a
nucleic acid binding protein. ORF2 encodes an endonuclease (EN) and a reverse
transcriptase (RT). The element has a polyA tail. (B) A typical SINE. The element is
a small, RNA-derived pseudogene, which is transcribed from an RNA polymerase
III promoter within the element (arrow). The element has a polyA tail. (C) LTR
retrotransposon. The element consists of long terminal repeats (LTRs) similar to
those of retroviruses. The LTRs flank two open reading frames. ORF1 encodes the
group specific antigen (gag), ORF2 encodes a protease (PR), an integrase (IN), and
a reverse transcriptase-RNaseH (RT-RH) function. (D) DNA transposon. The cen-
tral transposase gene (yellow box) is flanked by inverted terminal repeats (ITRs,
shown as black arrows). The ITRs contain the binding sites for the transposase and
sequences that are required for transposase-mediated cleavage.
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cDNA into a new location by the integrase protein. ERVs appear to
have been recently active in mammalian genomes [4].

Members of the second major class of transposable elements
are called DNA transposons because they move directly as DNA,
by a conservative (cut-and-paste) mechanism of transposition, in
which the element gets excised from the donor locus and is sub-
sequently reinserted elsewhere. The simplest DNA transposons
are composed of short terminal inverted repeats flanking a trans-
posase gene (Fig. 1D). The transposase binds to the inverted repeats,
and catalyzes ‘cut-and-paste’ transposition. Although DNA trans-
posons are widespread in prokaryotes, they are less abundant in
eukaryotes. For example, only 2-3% of the human genome is com-
posed of DNA transposons, and there is no indication for their
activity in the past 50 million years [1,5]. DNA transposons carry
an attractive and elaborate enzymatic machinery as well as DNA
components that have been exapted by the host genome via an evo-
lutionary process referred to as molecular domestication. Indeed,
approximately 50 human genes evolved from transposable ele-
ments, mostly from DNA transposons [1]. These include the RAG1
and RAG2 immunoglobulin gene recombinases that mediate V(D)]
recombination that is central in the adaptive immune response
common in all jawed vertebrates [6]. Thus, although transposable
elements have not been selected for conferring selective advantage
to the host, they can contribute useful functions to genomes.

A general feature of transposable elements is that they can repli-
cate independently of the cellular replication cycle, and new copies
can emerge in new locations in the genome, a process that is inher-
ently carries a mutagenic potential. The power of transposition to
shuffle DNA around, to generate novel gene expression patterns
and thereby drive evolution was first hypothesized by McClin-
tock, and is today a widely accepted paradigm in the scientific
community. However, a process that might have beneficial con-
sequences on an evolutionary time-scale at the population level,
can easily turn out to be deleterious at the level of the individ-
ual, in case it leads to disease. This issue of Seminars in Cancer
Biology highlights the potential of transposable elements (genomic
repeats in general) to contribute to genomic instability and can-
cer. There are three major mechanisms through which transposable
elements might trigger genomic rearrangements and deregulation
of gene expression: (i) de novo insertion events that can cause inser-
tional mutagenesis if they land within a gene (disruption of gene
function), (ii) transcriptional deregulation of gene function, and
(iii) secondary DNA rearrangements including deletions, duplica-
tions, inversions and translocations promoted by dispersed copies
of transposable elements scattered around the genome. As high-
lighted by Belancio et al. [7], and by Konkel and Batzer [8], non-LTR
retotransposons are especially prone to contribute to the genesis
of structural variations in the human genome due to their inher-
ent mobility, abundance, and high sequence identity. The potential
of dispersed transposon copies to promote non-allelic homologous
recombination can be even more damaging to the genome than a de
novo insertion, contributing to the development of disease, includ-
ing cancer. This effect has nothing to do with mobility of genetic
elements in the genome; rather, the sheer presence of large num-
bers of repeats (a large fraction of them having been distributed
across the genome by transposition) can trigger recombinational
mechanisms. Chen et al. [9] describe the various mechanisms
responsible for such rearrangements, including non-allelic homol-
ogous recombination, gene conversion, single strand annealing and
microhomology-mediated replication-dependent recombination.

Transposon movement also leaves its mark in the genome by
aberrant transposition events that induce genomic rearrangements
including deletions, translocations and duplications of chromo-
somal DNA. For example, L1 elements can carry non-transposon
sequences into new places, a process that can contribute to “exon
shuffling” and thus to gene evolution [10]. This is because L1 tran-

scription can read through the native transcription termination site
of the element into flanking genomic sequences. It is estimated that
about 0.5-1% of the human genome may have been generated by
L1-mediated transduction of 3’-flanking sequences. Similarly, the
composite non-LTR retrotransposon SVA occasionally carries over
5’-flanking genomic sequences to new chromosomal locations [11].
As discussed by Hancks and Kazazian [12], this is presumably due
to the requirement of external promoters to drive transcription of
the elements that produce transcripts containing the entire SVA
element plus upstream sequences. These 5'-transduced SVA ele-
ments may give rise to entire subfamilies as a result of repeated
rounds of retrotransposition events. Another mechanism by which
SVA elements might mutagenize gene expression is interruption of
the normal splicing pattern of genes by the splice signals that can
be incorporated in genes by SVA retrotransposition.

DNA hypomethylation is a hallmark of cancer, and deregulation
of the transcriptional activity of the LTRs of human ERVs (HERVs)
can contribute to further destabilization of the cancer genome via
transcriptional effects. For example, as outlined by Romanish et al.
[13], deregulated transcription of HERV sequences could facilitate
oncogene activation by donating their LTRs as promoters and/or
enhancers.

Just like retroelements, DNA transposons are also inherently
mutagenic because they can insert into many places of the genome.
Thus, a cellular DNA recombination system that evolved from an
ancient transposon, like V(D)J recombination, is better to be down-
regulated in its transpositional activity in order to avoid mutational
damage. Indeed, the integration step of this specialized transposon
appears to be efficiently blocked in cells. However, as Ramsden et al.
[14]argue, V(D) recombination is not completely risk-free, because
the excised DNA fragments may be involved in “hit-and-run” trans-
position events (an insertion event followed by re-excision) as well
as in intermolecular recombination.

Finally, genomic trouble can not only be triggered by trans-
posable elements that are endogenous in the genome, but also
by transposon-based vectors that we exogenously insert into the
genome for the purpose of genetic screens or for transgenesis
including gene therapy. Indeed, the capacity of DNA insertion
across the genome can be exploited to deliberately disrupt gene
function. For example, the Sleeping Beauty transposon [15] has
become a useful tool for somatic mutagenesis in mice. Dupuy [16]
discusses the various components (strong transcriptional signals
as well as splice sites) that have been incorporated in the transpo-
son to either upregulate the expression of oncogenes or disrupt the
expression of tumor tuppressor genes, and highlights the power
of this approach to devise tissue-specific screens to uncover the
genetic basis of various cancers. Just the opposite: transcriptional
interference with endogenous gene function is a side effect that
gene therapists want to avoid at all costs. As discussed by Kustikova
et al. [17], selection of gene-modified cells in the patient may
support the preferential survival of clones with insertional dereg-
ulation of genes that are involved in the control of engraftment,
proliferation or differentiation, in the worst case initiating onco-
genic progression. Nevertheless, several lines of evidence show that
the genomic risk of gene therapy can be potentially reduced by
targeting cells that lack sustained replicative potential, targeting
vector integration away from genes, reducing the number of vec-
tor copies per cell, and designing gene expression cassettes that
avoid long-distance enhancer interactions or fusion transcripts.

The reader finds in this issue of Seminars in Cancer Biology
selected examples of mutagenicity and genomic instability medi-
ated by repetitive DNA, most of which has been amplified and
distributed across the genome by transposition. These examples
cover the whole spectrum of the various types of transposable ele-
ments and the consequences of their presence and activities in
the genome. Continued efforts of large-scale sequencing of tumor
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samples will shed further light on the role these repeats play
in tumorigenesis, whereas transposon-based genetic screens will
continue to enhance our understanding of other genetic determi-
nants of cancer.
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