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BACKGROUND

The human genome contains a large number of repetitive elements derived from transpos-
able elements (TEs). In addition to active Alu and long interspersed element (LINE or L1)
interspersed repeats, the human genome comprises a large number of ancient TEs. These
include fossil germ-line insertions of DNA transposons, fossil short interspersed elements
(SINEs), L2, and L3 LINEs. Processed pseudogenes and human endogenous retroviruses
(HERVs) have amplified more recently in evolutionary history and some of them are still well
preserved. Copies of some of the recently extinct TEs continue to contribute to genomic
rearrangements by homologous recombination. In this chapter, we review ancient SINE and
LINE repeats, processed pseudogenes, HERVs, and DNA transposons. We briefly introduce
the genomic structure and replication strategy of these elements, their expression competence,
and focus on the contribution of these repeats to human diseases. We also discuss some of the
TE-derived genes and regulatory elements.

INTRODUCTION

Repetitive elements or repeats are sequences present in multiple copies in the genome but,
unlike multigene families, they do not have any clear function in the host. Low-copy repeats
generated by large-scale genomic duplications represent a class by themselves, and are dis-
cussed in Chapter 5.
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In general, repetitive elements are divided into tandem repeats and interspersed repeats
(Table 1). Tandem repeats are head-to-tail repetitions of the same sequence motif. Interspersed
repeats are active or inactive copies of TEs dispersed throughout the genome. Repetitive
elements can be grouped into sets of similar copies, called families or subfamilies. Families of
TEs that encode enzymes necessary for their replication are termed autonomous. Nonautono-
mous elements do not encode all necessary proteins, and their replication (amplification)
depends on proteins provided by the autonomous elements. Nonautonomous elements can,
thus, be viewed as parasitic elements competing for replication machinery with the autono-
mous copies. Amplification of both autonomous and nonautonomous elements depends also
on additional factors provided by the host cell.

Based on their replication strategy, interspersed repeats are broadly divided into DNA
transposons and retrotransposons. The DNA transposons amplify using the host DNA repli-

Table 1
Repetitive Elements in the Human Genome

          Type/class Superfamily Further divisiona Family Genome (%)b

Tandem Satellites Approx 20?
  repeats Telomeric and subtelomeric repeats <0.01

Microsatellites and minisatellites 1.4

Interspersed DNA Mariner/Tc1 11 families 2.8
  repeats    transposons hAT 14 families 2.4

PiggyBac   1 families 0.02
MuDr   2 families 0.03

Harbinger HARBI1 gene —
P Single-copy genes —

Non-LTR L1 LINE L1 17
retrotransposons SINE Alu 10.5

SVA (SINE-R) 0.13
Retropseudogenes — 0.1–0.3c

CR1 LINE L2 3.1
L3 0.31

SINE MIR 1
MIR3 0.29

LTR retro- Copia (HERVs) Class I >90 families 2.5
   transposons (gamma retroviruses)

Class II 11 families 0.5
(beta retroviruses)

Class III >30 families 6
(spumaviruses)

Gypsy Single-copy genes —

This table shows the basic division of human repetitive elements. See refs. 3,6,123,128, and Repbase update (4).
aFor non-LTR transposons, we also included dependent nonautonomous elements (SINEs, retropseudogenes).
bThe numbers represent the proportion of detectable repeats in the sequenced genome. Centromeric and

heterochromatic satellites are underrepresented in the sequenced regions, but based on reassociation studies the
proportion is estimated to be approx 20%.

cDepending on the detection method.
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cation machinery, and their transcripts serve solely as mRNAs participating in translation of
transposon-encoded proteins involved in the transposon insertions and excisions. The
retrotransposons replicate via an RNA intermediate and, thus, their transcripts serve both as
mRNAs for protein translation and as templates for DNA synthesis. Before integration into the
genome, retrotransposon RNA must be copied into cDNA using RNA-dependent DNA poly-
merase, also known as reverse transcriptase (RT) (1,2).

Recognizable copies of all repetitive elements constitute approx 50% of the human genome
(3). During the course of the human genome sequencing, more than 600 repeat families and
subfamilies have been discovered. All are systematically organized in Repbase Update (RU)
(http://www.girinst.org/Repbase_Update.html) (4).

NON-LTR RETROTRANSPOSONS

Non-long terminal repeat (LTR) retrotransposons are the most abundant repetitive elements
in human genomic DNA and represent approx one-third of the genome (Table 1). Their DNA
copies are co-linear with the RNA transcripts and they lack LTRs present in retroviruses.
Autonomous non-LTR retrotransposons are often referred to as LINEs and their nonautono-
mous counterparts as SINEs. The human genome contains two superfamilies of LINEs: active
L1 (LINE1) elements, and extinct families of L2 and L3 elements (Table 1). The latter belong
to the CR1 superfamily. Human SINEs are represented by the active Alu and SVA repeats
retrotransposed by L1 elements, and by the extinct mammalian-wide interspersed repeat (MIR)
and MIR3 SINEs that coamplified with L2 and L3 families, respectively. Active L1, Alu and
SVA non-LTR retrotransposons are described in Chapters 2 and 3. Here, we concentrate on
ancient LINE (see Ancient LINEs) and SINE (see Ancient SINEs) elements. We also review
L1-retroposed copies of cellular transcripts known as processed pseudogenes (see Processed
Pseudogenes).

Ancient LINEs
A typical structure of LINE elements is shown in Fig. 1A. LINEs usually contain two open

reading frames referred to as ORF1 and ORF2. The L3 ORF1 protein shares similarity with
esterase domains (5). L2 elements apparently lack ORF1, although it is possible that the very old
age of L2 copies and frequent 5' truncation typical for LINEs prevented reconstruction of a full-
length L2 element (6). The ORF2 protein contains the RT and apurinic-apyrimidinic endonu-
clease enzymatic domains. The transcription of LINE elements starts from a poorly characterized
internal promoter for RNA polymerase II (Fig. 1A). After translation, the complex of LINE RNA
and protein(s) enters the nucleus, where an endonucleolytic nick at a DNA target serves to prime
reverse transcription (7). Target-primed reverse transcription is another feature distinguishing
non-LTR from LTR retrotransposons, which normally use cellular tRNA as primers for reverse
transcription (see Human Endogenous Retroviruses). Unlike in L1 and L1-dependent elements,
no target site duplications are created during integration of L2 and L3 elements. Furthermore, L2
and L3 carry microsatellite-like 3' tails instead of the polyA tail found in L1 insertions (6). Based
on high sequence diversity, the age of L2 and L3 elements in the human genome is estimated to
be approx 200–300 million years, corresponding to the early radiation of reptiles, birds, and
mammals. Recognizable L2 and L3 copies, together with their nonautonomous counterparts MIR
and MIR3, represent approx 5% of the human genome (6).

The potential of L2 and L3 copies to stimulate genomic rearrangements is very limited
owing to their ancient origin, and no such case has been identified in humans so far. The
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Fig. 1. Structure of human interspersed repeats. The figure shows typical structures of integrated
interspersed repeats. (A) Structure of non-long terminal repeats (LTR) retrotransposons. The first bar
shows a schematic organization of LINE elements. Human L1 and L3 elements contain two open
reading frames (ORFs), L2 copies apparently lack ORF1. The function of the first ORF1 is poorly
understood. ORF2 encodes a protein with the apurinic-apyrimidinic endonuclease and reverse tran-
scriptase (RT) enzymatic domains. L1 insertions have a 3' polyA tail and are flanked by variable long
target duplications, typically 5- to 20-bp long. L2 and L3 elements lack the target site duplications,
and their 3' tails are composed of simple repeat sequences. The second and third schematic bars depict
organization of SINEs. L2- and L3-dependent MIR and MIR3 SINEs (middle) consist of two parts.
The 5' part (dark gray) is derived from a tRNA gene and harbors an internal pol III promoter. The 3'
tails of MIRs are homologous to the 3' end of the corresponding LINE counterparts (light gray). Alu
elements (bottom) derived from 7SL RNA genes have a dimeric structure and contain a composite pol
III promoter. SINEs share insertional characteristics with their LINE counterparts including the 3' end
simple repeats in MIRs. L1-dependent Alu repeats contain 3' polyA tails and are flanked by 5- to 20-
bp long direct repeats. (B) Structure of LTR retrotransposons. All LTR retrotransposons contain two
LTRs, which include a pol II promoter and polyA signal. The internal part of autonomous elements
comprises three main open reading frames: gag, pol, and env; in some HERV families pro can be
separate from pol. The 5' part of the internal sequence contains a tRNA primer binding site (PBS) for
initiation of reverse transcription and also an encapsidation sequence (Ψ) necessary for incorporation
of retroviral RNA molecules into virions. Internal sequences of nonautonomous LTR retrotransposons
may or may not share similarity with retroviral ORFs, but they contain all structures required for
retroviral replication and reverse transcription such as LTRs, PBS, or the encapsidation signal. Both
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proliferation of L2 and L3 elements stopped long before the mammalian radiation, and recom-
bination between highly diverged sequences is very unlikely. No protein-coding gene derived
from L2 or L3 elements has been detected.

 Ancient SINEs
Successful amplification of SINEs by the LINE machinery requires their transcription to be

initiated by internal promoters. Typical SINEs are derived from cellular genes transcribed by
RNA polymerase III, containing internal promoters. For example, L1-dependent Alu elements
are derived from 7SL RNA genes encoding the RNA scaffold of the signal recognition particle,
whereas MIRs are derived from tRNA genes. The 5' parts of MIRs are homologous to tRNA
genes, and the 3' terminal portions are homologous to the respective LINE elements on which
their proliferation depends (Fig. 1A). MIR shares its 3' terminus with L2 elements, MIR3 with
L3 elements (6,8,9). MIR and MIR3 SINEs, like their LINE2 and LINE3 counterparts, are very
old and their contribution to genomic rearrangements in the human genome seems to be
minimal because no homologous recombination between ancient SINEs associated with human
disease has been reported.

 Processed Pseudogenes
Eukaryotic genomes contain a large number of pseudogenes (10), which are homologous

to known functional genes, but are apparently defective owing to the presence of various
mutations, such as truncations, frameshifts, or missense changes. Pseudogenes are sometimes
abbreviated using the Greek letter Ψ followed by the symbol of the original functional gene
from which the pseudogene was derived. The human genome contains two types of
pseudogenes: duplicated pseudogenes and processed pseudogenes generated in germ-line
cells. Duplicated pseudogenes resemble normal cellular genes and are created by direct DNA
duplications. Processed pseudogenes or retropseudogenes, on the other hand, are structurally
distinct. Typically, they are characterized by the lack of both a promoter and introns, and by
the acquisition of a polyA-like sequence at their 3' ends (11,12). Because of co-linearity with
spliced mRNAs, processed pseudogenes appear to originate by reverse transcription and inte-
gration of cellular mRNAs.

The mechanism of amplification of processed pseudogenes represented a long-standing
puzzle. The presence of a polyA tail and lack of long terminal repeats indicated involvement
of a non-retroviral enzymatic machinery (12). Furthermore, processed pseudogenes share
common insertion characteristics, such as the TTAAAA insertion motif shared with LINE-L1
and Alu repetitive sequences (13), strongly pointing to active L1 elements as the donors of the
RT. Indeed, a series of sophisticated experiments has demonstrated reverse transcription and
integration of spliced reporter mRNA by the L1 enzymatic machinery with all hallmarks of
processed pseudogenes (14–18). Genomic studies of processed pseudogenes have disclosed
additional characteristics of L1-mediated retroposition: integration independent of the chro-

the autonomous and nonautonomous elements are flanked by 4- to 6-bp long direct repeats. (C)
Structure of DNA transposons. DNA transposons contain terminal inverted repeats (TIRs) of variable
sizes (from approx 10 to several hundred nucleotides). Autonomous elements encode the replication
enzyme transposase. Nonautonomous elements share TIRs with autonomous copies, which are rec-
ognized by transposase. DNA transposons are flanked by 2- to 10-bp long target site duplications,
characteristic for each (super)family.
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mosomal location of the parent gene (19,20), preferential insertions into GC-poor DNA seg-
ments (isochores), dark Giemsa bands (20–22), as well as frequent 5' truncations and inver-
sions (23–25). Therefore, it is generally accepted that human processed pseudogenes are
copies of cellular RNA transcripts reverse transcribed and integrated into the genome by L1
machinery. Retroposition of cellular RNAs by other RT-encoding elements such as endog-
enous retroviruses appears to be rare (26).

The number of processed pseudogenes derived from protein-coding mRNA is estimated to
be somewhere between 10,000 and 30,000, depending on detection methods and stringency
criteria (20,27,28). Some may be misannoted as functional genes. Moreover, most pseudogenes
are 5' truncated and contain only a partial 3' untranslated region and thus are not detectable by
standard translated searches (23). The majority of processed pseudogenes preserved in the
human genome were created after the split between the rodent and primate lineages. The peak
of their generation roughly corresponds to the main period of Alu amplification 60–40 million
years ago, after which the frequency of retroposition has declined (19,20,22).

The number of processed pseudogenes depends on several properties of mRNA. Short and
GC-poor mRNAs tend to produce more pseudogenes (27), although the significance of small
size may be artificial (23). The number of pseudogenes is positively correlated with the breadth
of expression of the parental gene (27) and, as expected, with germline/embryonic cell expres-
sion (20), because only germ-line retrotranspositions can be passed onto future generations.
The contribution of functional gene groups to the human processed pseudogene population is
not random either. Although the number of processed pseudogenes is comparable to the num-
ber of human genes, only approx 10% of human genes are represented among processed
pseudogene(s), and 30 human genes account for 20% of all human processed pseudogenes
(20). Ribosomal protein genes, DNA/RNA binding proteins, receptors, kinases, metabolic
enzymes, mitochondrial proteins, and housekeeping genes in general are represented by the
highest number of processed pseudogenes (19,20,22,25,29). In summary, it seems that genes
expressed in germ-line cells, such as germ-line specific or housekeeping genes, have the
highest chance of being retroposed by L1 elements.

In addition to typical transcripts of protein-coding genes, other RNAs can also be retroposed
by L1 elements. Processed pseudogenes can be derived from alternatively spliced mRNAs
(24,25,30), antisense transcripts (31), or mRNAs derived from other repetitive elements such
as endogenous retroviruses (30,32,33). It seems that virtually any RNA including non-coding
RNAs can be potentially retroposed by L1 elements. The model of Alu and L1 retrotrans-
positions (34) implies two principal requirements for successful retroposition: (1) the RNAs
should contain a polyA-like 3' terminal sequence and (2) they should be located close to the
newly synthesized L1 proteins (e.g., cytoplasmic localization, close to ribosomes) owing to the
L1 cis preference. This hints that both pol I and III transcripts may be transposed as well, if
they meet the aforementioned conditions. Alu elements are a prominent example of polyA-
terminated processed pseudogenes derived from a pol III transcribed gene (7SL RNA).

Retroposition of processed pseudogenes can serve as a mechanism of gene duplication (35–37).
However, unless they acquire a new promoter (most pol II genes have promoters upstream of
the transcription start), typical processed pseudogenes cannot be expressed. Expression of
recently integrated pseudogenes has been reported in several cases (38–42), but it is not clear
whether they encode functional proteins. Nevertheless, there are a few examples of retrogenes
(i.e., functional and expressed intronless genes derived from retroposed mRNAs) in the human
genome (35,36). For example, retroposition can help to amplify X-linked genes, which have
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only one functional copy in somatic cells. X-linked mutations, thus, often result in loss of
function and their transfer to autosomes or amplification on X can revert this phenotype.
Several such examples of X-to-autosomes or X-to-X amplification of human as well as
mouse genes have been reported (43–54). Along the same lines, processed pseudogenes could
also provide a new domain (exon) if they insert into introns of other genes. The only well-
documented example of a successful exon shuffling in the human genome identified to date is
SCAN domain-containing gene 2 (SCAND2). This member of the SCAN nuclear protein
family gene located on 15q25.2 harbors a C-terminal domain derived from the N-terminal part
of C1orf12/EGLN1 (egl nine homolog 1) located on 1q42.2 (55). Despite the examples of
functional retropseudogenes or exon shuffling, however, the vast majority of processed
pseudogenes are clearly translationally incompetent (owing to truncations or stop codons), and
they appear to follow mutation patterns consistent with neutral evolution (20,27,28). Interest-
ingly, such expressed processed pseudogenes without protein coding capacity can act as func-
tional non-coding RNAs. For example, Makorin1-p1 is an expressed processed pseudogene
regulating the mRNA stability of its progenitor gene Makorin1. Disruption in the Makorin1-p1
pseudogene results in polycystic kidneys and bone deformity in mice, demonstrating its impor-
tance for Makorin1 function (56). Searches for expressed pseudogenes in the human genome
indicate that this type of regulation may be more common than previously anticipated (42).

The potential contribution of processed pseudogenes to human diseases is far from being
understood. Pseudogene integrations may cause insertional inactivation of genes, but, despite
many reports of Alu and L1 insertion (57), no processed pseudogene-related insertional muta-
tion has been reported to date. Potential regulatory effects of pseudogene transcripts at the
RNA level are intriguing, particularly in the light of early speculations on this subject (58).
Finally, it should be pointed out that processed pseudogenes (especially expressed copies) may
interfere with the analysis of variation of human genes, because they can be misinterpreted as
polymorphism or as mutated alleles of the functional genes.

HUMAN ENDOGENOUS RETROVIRUSES

Retroviruses belong to a broad class of (retro)elements that replicate via an RNA interme-
diate and include LTRs in their DNA copies. The retroviral life cycle is characterized by
reverse transcription of the retroviral RNA genome followed by cDNA integration into the host
nuclear DNA, where they can persist in the form of a stable integrated provirus. Retroviral
infections of early embryonic and germ-line cells can be inherited by subsequent generations
and such ancient proviral relics found in the genome are called ERVs. HERVs resemble well-
known exogenous retroviruses and carry typical genes found in infectious retroviruses
(reviewed in ref. 59). The group-specific antigen (gag) open reading frame encodes internal
structural proteins of the retroviral particle, whereas pro and pol genes encode enzymes nec-
essary for retroviral amplification (Fig. 1B). Replication-competent retroviruses code these
three enzymes: RT (1,2), integrase, which inserts retroviral DNA into host chromosome, and
protease, which posttranslationally cleaves Gag, Pol, and Env polyproteins into functional
proteins. RT also performs an RNA degradation activity, encoded in a separate domain called
RHase H. The last open reading frame env encodes surface (envelope) glycoproteins required
for attachment of retroviral particles to the cellular receptor and penetration into the cell. The
affinity for a particular receptor determines retroviral range of infectivity or tropism for cells
and tissues expressing the given receptor. The transmembrane subunit of the Env proteins
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contains a so-called immunosuppressive domain, a conserved 17mer with effects on the
proliferation and differentiation of lymphocytes (60,61). Interestingly, the immunosuppres-
sive domains of mammalian C-type retroviruses, including some HERV families, are similar
to the analogous segments in the envelope glycoprotein of filoviruses (negative-strand RNA
viruses) such as Ebola or Marburg viruses (62). HERVs also may contain other auxiliary
genes. Several class II and III families code deoxyuridine triphosphatase (dUTPase) (63,64;
RU). Some HERV-K elements encode a 105 aa functional homolog of the Rev/Rex proteins
found in human immunodeficiency virus (HIV)-1 and human T-cell leukemia virus (HTLV),
respectively. These proteins mediate nuclear transport of unspliced RNAs via the host factor
CRM1 (65,66).

The structure of an integrated DNA provirus is different from the structure of its RNA
genome (59). During the process of retroviral reverse transcription two identical copies of part
of the retroviral sequence, known as long terminal repeats (LTRs), are generated. LTRs are
located at both ends of the provirus and flank the protein-coding internal sequence. LTRs
harbor the pol II promoter, enhancers, polyA signal, and other regulatory sequences. Typical
HERV LTRs have conserved 5'-TG and 3'-CA termini. During integration, 4- to 6-bp target site
duplications (TSDs) of the host DNA are created, which flank the integrated provirus. The
length of TSDs is determined by the viral integrase and is characteristic of a given retrovirus
or family of HERVs.

Since the discovery of the first human endogenous retrovirus in 1981 (67), more than
400,000 HERV fragments have been found in the human genome, contributing approx 9% of
human DNA (Table 1) (3,6,68). HERV sequences were classified using several different
systems and the nomenclature used in the literature is rather confusing (69). The most fre-
quently used classification is based on the binding site for the tRNA primer. For example, a
recently active family of HERVs uses lysine (K) tRNA molecules to prime reverse transcrip-
tion and is therefore known as HERVK. Although this classification was sufficient during the
early years of HERV research, the system became obsolete after the discovery of many other
HERV families in the human genome. Progress in classification based on primer binding sites
is hampered by the fact that the same tRNA primer can be shared by unrelated families and
further complicated by the existence of chimeric elements composed of segments derived from
different families. Such chimeras probably arise by co-packaging of two different retroviral
RNA into virion and subsequent template switching between the RNAs during reverse tran-
scription (70). Therefore, a different, more flexible classification system of HERVs is used in
the RU database (4). This classification uses a combination of traditional names and numbers.
RU families are primarily defined based on a substantial DNA sequence divergence from other
retroviral families. This classification together with a list of all known HERV families is
extensively reviewed in ref. 6.

Based on their similarity to exogenous retroviruses, HERV families are grouped into three
classes. HERVs with homology to mammalian type C retroviruses (gamma retroviruses), such
as murine leukemia virus (MLV), have been placed in class I. Class I represents a highly
heterogeneous group of HERVs with many different families (6). This class includes numerous
nonautonomous families, some of which constitute a distinct subgroup called MER4. In addi-
tion, many class I elements are chimeras composed of segments derived from unrelated
retroviruses. All class I families are flanked by 4–5 bp TSDs. Class II consists of HERVs
related to mammalian type B and D retroviruses (beta retroviruses) represented by mouse
mammary tumor virus. This class is often referred as the HERVK group, because most of the
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families use lysine (K) tRNA as the primer for reverse transcription. The HERVK elements are
flanked by 6 bp target site duplications. In 1995, a new group (class III) of endogenous
retroviruses similar to human foamy viruses (Spumaviridae) was discovered (71). HERVL is
a prototypic member of this group. With the exception of HERV18 and HERVL66, all other
class III families lack env-like ORFs (6). In addition to several families with similarity to
retroviral proteins, this group contains a large number of nonautonomous elements known as
mammalian apparent LTR retrotransposons (MaLRs) and THE1. All class III elements are
flanked by 5 bp TSDs. No endogenous counterparts of exogenous lentiviruses such as HIV are
known in the human genome. All retroviruses including HERVs belong to the copia superfam-
ily of LTR-retrotransposons; no other superfamilies of LTR-retrotransposons have been
detected in the human genome. Surprisingly, however, the human genome contains eight
cellular genes with significant similarity to gypsy superfamily of LTR retrotransposons,
probably derived from very old gypsy elements, whose remnants cannot be otherwise de-
tected in genomic DNA (6,72–74).

Endogenous retroviruses, although still active in mice (75), are nearly extinct in the human
genome. However, some class I elements contain potentially functional ORFs (69,76–80; RU).
Class III elements are found in all placental mammals, and some lineages including simians and
mice (but not rats) exhibit sustained activity of these elements (63,71,81,82). In the human
genome, on the other hand, class III elements lost their activity long ago and their age ranges from
approx 20 to 150 million years (6). Class II embraces the most recent retroviruses found in the
human genome (HERVK10), many of which are human-specific (83,84), and the youngest
elements appear to be only approximately 1 million years old (85). Only three elements in the
human genome seem to harbor all full-length ORFs (3). The most preserved HERVK element
potentially capable of reinfections is known to be polymorphic in human populations (86).

The genomic distribution of HERVs is a result of many factors including the integration pref-
erence, intensity of recombination, selection, and so on. Although there are no new HERV inser-
tions reported, HERV integration preferences can be approximated from exogenous retroviruses
such as HIV and MLV. HIV preferentially integrates into gene- and GC-rich regions (87,88). MLV
also targets genes, especially positions around transcription start sites (89). In contrast to these
exogenous retroviruses, HERVs are underrepresented in GC-rich regions and especially in genes,
probably owing to interference of retroviral polyA signals with gene transcription if they are inserted
in the sense orientation relative to transcription (90). Recombination between two direct LTRs of
a provirus leave a single copy of the LTR (solo LTR) in the genome (91), and the remaining LTR
with the internal sequence is discarded in the form of a circular episomal DNA. Approximately 90%
of HERV genomic elements are such solo LTRs (3). Full-length elements are mostly found in
regions with low recombination rates, such as AT-rich regions or chromosome Y (3,30,90,92,93).
Thus, the HERV distribution is strikingly different from the insertional pattern of exogenous
retroviruses and mostly reflects post-insertional processes.

The extent of HERV contribution to human diseases is a subject of considerable debate in
the field. On the DNA level, HERV-mediated rearrangements are relatively rare as HERVs are
essentially extinct in humans, and no HERV-related insertion is reported in mutational data-
bases. Because of the ancient origin of most HERV copies and the existence of relatively low
copy number families, the presence of highly similar, closely spaced HERV copies prone to
recombination is infrequent. Indeed, recombination between two HERVs is a sporadic source
of genomic instabilities (6). One example involves recurrent deletions of Y-linked azoosper-
mia factor a (AZFa) gene by homologous recombination between two HERV15 copies, asso-
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ciated with male infertility (94–97). Recombination between solo LTRs has also contributed
to allelic variation of the HLA locus in the human population (98,99).

Expression of endogenous retroviruses has been implicated in the etiology of various human
diseases including cancer and autoimmune disorders (reviewed in refs. 100–103). We should
stress, however, that the potential contribution of HERVs to these diseases is a highly contro-
versial issue (102,104–108), and despite two decades of research on the pathogenic potential
of endogenous retroviruses, convincing evidence linking HERVs to diseases is still lacking.

Aside from the negative outcomes of retroviral insertions and recombinations on the host
cell, retroviral regulatory elements and proteins could serve as a new source of material for
evolutionary experiments. Indeed, there are several examples of HERV-derived promoters,
polyA signals and other regulatory signals recruited by the host genome (6,109–111). One
famous example represents a HERVE insertion into the promoter of the amylase gene cluster
during primate evolution, which stimulated rearrangements of this locus accompanied by the
emergence of amylase expression in salivary glands (112,113). Also, genes of protein-coding
repetitive elements including HERVs may occasionally be recruited by the host genome as
functional cellular genes. Notably, two env genes from the HERVW/HERV17 and HERV-
FRD/MER50 families seem to serve as functional human genes coding for the syncytin pro-
teins responsible for cell fusion during differentiation of the syncythiotrophoblast in the human
placenta (114–116). The extent of such contributions to cellular functions is unclear and the
number of unequivocal cases of HERVs benefiting the host is very limited (6).

DNA TRANSPOSONS

Approximately 5% of the human genome is derived from ancient copies of DNA transposons
(Table 1) (6). Preserved copies of DNA transposons are flanked by terminal inverted repeats
(TIRs) of variable length (Fig. 1C). The main enzyme encoded by autonomous DNA
transposons is called transposase. Trasposase has several activities: it specifically binds to
TIRs, excises the integrated copy and pastes it to another place in the genome (cut-and-paste
process). After insertion, 2- to 10-bp duplications of the target site are created. DNA transposons
amplify by co-replicating with the host DNA as they preferentially excise from already rep-
licated DNA and reinsert into nonreplicated segments. This asymmetric replication theoreti-
cally increases the number of DNA transposons by a factor of 1.5, though the real efficiency
of this process is probably lower.

Human transposons represent ancient genomic fossils hardly recognizable at the DNA level.
Consequently, the first evidence disclosing the presence of DNA transposons in the human
genome was not obtained until large amounts of human genomic sequence became available
(117). To date, six transposon superfamilies have been found in humans: Mariner/Tc1, hAT,
piggyBac, MuDR, Harbinger, and P-like elements (Table 1) (6). Without exception, all these
families became extinct in the past and no transposition-competent element is preserved in
humans.

As in the case of other very old repeats, the pathogenic potential of human DNA transposons
is probably very limited. Mariner elements were detected in a large number of genomic dupli-
cations including those linked to the Charcot-Marie-Tooth disease type 1A (CMT1A) dupli-
cation, and to hereditary neuropathy with liability to pressure palsies (HNPP) deletions
(118,119). However, the proposed involvement of the Mariner transposase in generating double
stranded breaks stimulating the rearrangements (118) seems speculative given the fact that no
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translation-competent Mariner copy is found in the human genome. Yet, it should be noted that
the human genome contains nearly 30 genes that were derived from DNA transposons and
appear to be preserved between mammals and many vertebrates (6). Well known recruited
transposases include: RAG1, a part of V(D)J recombinase complex producing functional
immunoglobulin and T-cell receptor genes in developing lymphocytes (120), centromere pro-
tein CENP-B (117), an the more recently described MER53 (121), Jerky (122), and HARBI1
(123). Interestingly, the majority of known human genes derived from TEs evolved from DNA
transposons. This is probably related to the fact that transposases are extremely diverged, as
there is practically no detectable similarity between transposases from different superfamilies.
Transposases, thus, provide a wide repertoire of sequence variants compared to more con-
served retrotransposon proteins (6). Although the function of the transposon-derived genes is
mostly unknown, it is likely that they are involved in DNA recognition and rearrangements.
Consequently, they may contribute to pathological genomic rearrangements. Notably, it has
been shown that RAG1 nicking may stimulate homologous recombination (124) and also
chromosomal translocation both in vivo and in vitro (125). Finally, human cells seem to be in
general permissive to DNA transposons (126) and these elements can, thus, be used as vectors
for gene therapy (127).

SUMMARY

The human genome has preserved a substantial fraction of ancient DNA transposons, MIR
SINEs, L2, and L3 LINEs, that have limited potential to stimulate genomic rearrangements.
Some HERVs have amplified more recently and sporadically stimulate genetic instabilities.
Several processed pseudogenes, DNA transposons, as well as both ancient and recent LTR-
retrotransposons were recruited by the host genome as new genes. Particularly intriguing is the
presence of many genes derived from transposases of DNA transposons. Given the endonucle-
olytic activity of the transposases, it is possible that these recruited genes are involved in DNA
processing.
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