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The eukaryotic genome has undergone a series of epidemics of amplification of mobile elements that have
resulted in most eukaryotic genomes containing much more of this ‘junk” DNA than actual coding DNA. The
majority of these elements utilize an RNA intermediate and are termed retroelements. Most of these
retroelements appear to amplify in evolutionary waves that insert in the genome and then gradually diverge. In
humans, almost half of the genome is recognizably derived from retroelements, with the two elements that are
currently actively amplifying, LI and Alu, making up about 25% of the genome and contributing extensively to
disease. The mechanisms of this amplification process are beginning to be understood, although there are still
more questions than answers. Insertion of new retroelements may directly damage the genome, and the
presence of multiple copies of these elements throughout the genome has longer-term influences on
recombination events in the genome and more subtle influences on gene expression.

Retroelements are endogenous components of eukaryotic ge-
nomes that are able to amplify to new locations in the ge-
nome through an RNA intermediate. There are two major
classes of autonomous retroelements in eukaryotic genomes,
and several nonautonomous types of elements that are de-
pendent on the autonomous elements for their retroposition
capability. Although the autonomous elements are depen-
dent on many cellular proteins for their amplification cycle,
they do encode one or more of the necessary activities within
the element. Nonautonomous elements require at least one
activity that is supplied by an autonomous element.

The long terminal repeat (LTR) retrotransposons have
the basic structure shown in Figure 1A (Flavell et al. 1997).
They are similar to retroviruses in structure, with transcrip-
tional regulatory sequences located in the flanking LTRs,
some sort of priming site to allow priming of the reverse tran-
scription that is usually located just downstream of the first
LTR, and several open reading frames (ORFs) encoding pro-
teins necessary for retrotransposition. These proteins include
domains for an endonuclease for cleaving the genomic inte-
gration site and reverse transcriptase to copy the RNA to DNA.
What is generally missing from the LTR retrotransposons rela-
tive to the retroviruses are envelope genes and genomic com-
ponents required for making a functional viral capsule. There
are nonautonomous versions of these LTR retrotransposons
present in many genomes. These versions generally maintain
the LTR structure and primer-binding site, but delete some, or
all, of the coding capacity. Most of these deleted/rearranged
elements are inactive pseudogenes representing ancient ret-
rotransposition events. However, others are apparently ca-
pable of utilizing the proteins produced by an autonomous
element to provide all of the trans-acting factors necessary to
efficiently amplify the nonautonomous element (Curcio and
Garfinkel 1994).
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The nonLTR elements utilize a promoter sequence lo-
cated within the 5’ end of the coding sequence and make a
polyadenylated RNA. They differ from traditional mRNAs in
that they generally make a bicistronic RNA that codes for an
RNA binding protein (ORF1) and an ORF2 protein with en-
donuclease and reverse transcriptase domains (Kazazian, Jr.
2000). The sites for priming of the reverse transcription are
located near the 3’ end of the RNA, and are commonly pro-
vided by the 3’ poly A tract of the mRNA.

There are several classes of nonautonomous elements
that appear to rely on the nonLTR elements. The most abun-
dant of these are the short interspersed elements (SINEs).
SINEs are small elements, usually 90-300 bp in length, which
are transcribed by RNA polymerase IIl. These elements are
either ancestrally derived from various tRNA genes (Daniels
and Deininger 1985; Deininger and Daniels 1986) or the 75L
RNA gene (Ullu and Tschudi 1984). SINEs are obviously non-
autonomous elements in that they have no protein coding
capacity. There are two principal lines of evidence suggesting
that SINEs are dependent on long interspersed elements
(LINEs) for their amplification. The first is that in some spe-
cies, the 3’ end of the SINE shows strong sequence identity
with the 3’ end of stringent LINEs (Okada and Hamada 1997).
It is thought that the SINE may have arisen by a fusion of a
tRNA-related sequence with the 3’ end of an existing LINE,
resulting in the ability of the LINE to complement amplifica-
tion of the SINE. The other evidence is that LINEs share two
features with SINEs, their 3’ A stretch and direct repeats of
variable length (Weiner et al. 1986; Daniels and Deininger
1986). Analyses of the direct repeats show that they not only
share the same consensus sequence (Jurka 1997), but that the
endonuclease associated with the human L1 elements prefer-
entially cleaves at that consensus (Feng et al. 1996).

It is also believed that the processed pseudogenes are
dependent on LINE elements for their amplification. It has
been directly demonstrated that L1 expression can facilitate
processed pseudogene formation (Esnault et al. 2000). Pro-
cessed pseudogenes simply represent copies of mature mRNAs
that have been inserted into new locations in the genome.
Thus, they share the 3" A tail and the variable direct repeats
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Figure 1 Classes of retroelements. (4) LTR-retrotransposons. The
LTR-retrotransposons have long-terminal repeats at both ends of the
elements that contain sequences that serve as transcription promot-
ers, as well as terminators. These sequences allow the element to code
for an mRNA molecule that is processed and polyadenylated. There
are at least two genes coded within the element to supply essential
activities for the retrotransposition mechanism. The RNA contains a
specific primer binding site (PBS) for initiating reverse transcription. A
hallmark of almost all mobile elements is that they form small direct
repeats formed at the site of integration. (B) NonLTR retrotrans-
posons. L1 elements in humans represent the most abundant class of
these elements. They have an unusual RNA polymerase Il-promoter
structure in which the promoter is included within the final transcript.
These elements create a polyadenylated mRNA which codes for a
bicistronic mMRNA. The consensus poly A addition site is relatively
weak, resulting in transcripts that commonly extend into downstream
sequences, resulting in transduction of those downstream sequences
to new chromosomal loci. Integration of a nonLTR element into a new
chromosomal location results in a chromosomal duplication of vari-
able length forming relatively short, flanking direct repeats. The
mechanism for expression of the second open reading frame (ORF) is
also uncertain. SINEs represent elements that are independently de-
rived from RNA polymerase Ill-transcribed RNA genes (tRNAs and 7SL
RNA). SINEs are transcribed by RNA polymerase Ill and encode a poly
A, or A-rich region, at the 3’ end of the element. However, transcrip-
tion extends into unique flanking sequences downstream of the poly
A stretch. These elements have no protein coding capacity and share
flanking direct repeats with properties similar to those of L1 elements
and are thought to be dependent on the L1 proteins for their retro-
position. Processed pseudogenes are derived from the mature mRNAs
(spliced) from numerous genes. These are also likely to be dependent
on the L1 retrotransposition mechanism.

with the LINEs and SINEs. Unlike the SINEs, where copy num-
bers of a single element may exceed 106, there are usually only
a few copies of any given pseudogene. However, a high pro-
portion of the genes in a cell may contain pseudogenes (Gon-
calves et al. 2000). Thus, the pseudogene formation process is
promiscuous, but very inefficient.

Mechanisms of Retrotransposition
Detailed reviews of the mechanisms of retrovirus integration
(Varmus and Brown 1989) have been published and provide a
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general understanding of the LTR-derived elements. For that
matter, extensive reviews of mechanistic aspects of the L1,
nonLTR retrotransposons, have also been published recently
(Ostertag and Kazazian, Jr. 2001a, 2001b; Furano 2000). It is
our goal to summarize the key features of those mechanisms
to bring out both the similarities and differences, primarily to
understand how these mechanisms have influenced the colo-
nization of genomes.

Formation of the Transcript

All retroelements have the common feature of requiring for-
mation of an RNA transcript that must then be reverse-
transcribed and inserted into a new location in the genome.
Thus, the process is always replicative and never involves re-
moval of the original copy during the formation of the new
copy. The primary differences in the different classes of ret-
roelements are in their mechanisms for RNA formation, and
then the detailed mechanisms for reverse transcription and
integration.

The autonomous elements, both LTR and nonLTR ap-
pear to utilize an RNA polymerase II-derived transcript. The
LTR elements have the promoter within the LTR sequence,
and it initiates downstream from the promoter region, in the
middle of the LTR. In contrast, the L1 elements use a pro-
moter that is encoded in the 5" end of the RNA molecule. This
allows the promoter to amplify with the L1 element. This L1
promoter is generally quite weak in cell culture assays (Swer-
gold 1990; Speek 2001), but may be stimulated by specific
factors in a tissue-specific manner (Tchenio et al. 2000) or
may be influenced by the flanking sequences of specific ele-
ments. Thus, the promoter must initiate transcription up-
stream of the promoter sequences. This is a property that is
reminiscent of RNA polymerase III promoters (Geiduschek
and Kassavetis 2001). Although the L1 transcript has many
properties associated with RNA polymerase II transcripts (i.e.,
long length, polyadenylation), in vitro transcription studies
have demonstrated that the L1 promoter shows sensitivity to
tagetitoxin similar to RNA polymerase III promoters (Kurose
et al. 1995). Therefore, it is possible that the L1 promoter uses
a hybrid transcription system that takes advantage of factors
from both the RNA pol II and pol III transcription apparatus.

SINEs use an internal RNA polymerase III promoter for
transcription that allows the RNA element to carry its pro-
moter to the new site. However, these promoters are also ex-
tremely dependent on flanking sequences to stimulate expres-
sion levels in vivo (Chesnokov and Schmid 1996; Roy et al.
2000b). The RNA polymerase III transcripts differ from the
RNA pol II elements in that they are limited in length (gen-
erally less than 500 bases) and terminate with a short run of
U’s. Thus, although SINEs seem to generally be dependent on
a long run of A residues, these are encoded from the genomic
site of transcription, rather than added post-transcriptionally.
Although the internal promoter elements are relatively inef-
ficient for both LINEs and SINEs, incorporating an internal
promoter in an element is a much simpler strategy than the
complicated series of steps required to replicate the entire LTR
retrotransposon.

It has also been suggested that the Drosophila R2 element,
which is part of a family of site-specific elements present in
the ribosomal gene cluster, depends on the transcription of
the rRNA complex. This could then involve RNA polymerase
I in the RNA formation. Thus, it may be that mobile elements
have evolved to utilize all of the possible eukaryotic polymer-
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ases, and potentially evolved more complex hybrid transcrip-
tion strategies.

Both the LTR and nonLTR elements are polyadenylated.
The LTR elements encode a polyadenylation signal within
their downstream LTR, while the nonLTR elements generally
have a polyadenylation-processing signal near their down-
stream end. In the case of mammalian L1 elements, this poly-
adenylation signal does not contain the usual downstream
consensus signals, and has been shown to be very weak. Thus,
it is possible for transcripts to read through this site and poly-
adenylations to occur at downstream sites, potentially leading
to duplications of these flanking sequences (Moran et al.
1999). Because they are nonstringent (see below), this has
resulted in numerous incidents in which these elements
transduced/duplicated their flanking sequences to new loca-
tions (Pickeral et al. 2000).

Priming Reverse Transcription
The most common mechanism for priming reverse transcrip-
tion of the LTR retroelements is by the annealing of the 3’ end
of a specific tRNA species to the primer-binding site (PBS)
adjacent to the upstream LTR. This tRNA 3’ end then serves as
a primer for the reverse transcriptase that copies the RNA in a
complex series of events into a duplex DNA. This process oc-
curs in the cytoplasm, and is described in detail elsewhere for
the classic retroviral replication strategy (Varmus and Brown
1989). A few elements have developed an alternate priming
strategy in which the 3’ end of the element transcript can
prime reverse transcription from an internal priming site in
the transcript (Lin and Levin 1997). Either of these priming
mechanisms can allow the formation of a duplex DNA that is
then available to integrate into the host genome in a manner
similar to DNA-based transposons.

Priming reverse transcription of the nonstringent, non-
LTR elements uses the poly A stretch at their 3’ end as the PBS.
The most likely primer for this process is the 3’ end of a nick
in the genomic integration target site to prime reverse tran-
scription from the poly A end of the RNA and is referred to as
target-primed reverse transcription (TPRT). The use of a poly A
tract as the priming target for these nonstringent elements is
likely to be a critical factor in allowing the nonautonomous
elements to take advantage of this mechanism and have the
same type of priming occur on their A-rich regions. In the case
of the SINEs, their A-rich region is not at the extreme 3’ end
of the transcript. Thus, it appears that the priming can occur
efficiently on long A-rich regions that are internal to the
RNAs, as well as those at their 3’ ends. This would create 3’
truncations relative to the original transcript. The reliance of
the nonstringent elements on a poly-A tail as the PBS and for
integration provides the possibility that other polyadenylated
molecules, such as SINEs and processed pseudogenes, can take
advantage of the nonLTR retrotransposition mechanism to
amplify their RNAs in frans (Boeke 1997). The TPRT mecha-
nism was first proposed in general terms by Moos and Gall-
witz (1983). However, the primary source of experimental evi-
dence supporting this mechanism comes from the stringent,
R2Bm retroelements in Bombyx Mori (Luan et al. 1993). Al-
though this mechanism is likely to be fairly universal, it is
possible that other mechanisms, such as self-priming of re-
verse transcription by the 3’ end of some of the SINE RNAs
(Shen et al. 1997), or priming by another RNA molecule con-
tribute to some of the retrotransposition.

The stringent nonLTR elements, such as R2 elements in

many insects (Luan and Eickbush 1995) and the Tras1/Sart1
family in Bombyx mori (Takahashi and Fujiwara 2002) have
sequences at their 3’ end that are specifically involved in the
retrotransposition process and contribute to a high level of
site specificity of the integration process. An elegant in vitro
integration system has been utilized to study the characteris-
tics of these sequences. There are also several nonautonomous
SINE families that share strong sequence similarities with
LINE elements within a species (Ohshima et al. 1996), sug-
gesting that these sequences also play a direct role in the
priming and integration process.

Integration
The LTR retroelements differ from the nonLTR elements in
their integration because, unlike the nonLTR elements that
utilize their RNA in the integration process, the LTR elements
convert their RNA into a double-stranded DNA molecule that
is transported to the nucleus and integrated. This integration
process is similar to the integration of the DNA transposons,
with an element-encoded nuclease making specific nicks in
both the element DNA and the integration site to catalyze the
integration process. Of principal note is the fact that the du-
plex DNA is made in the cytoplasm and transported to the
nucleus. Different transport mechanisms to the nucleus have
been found for different elements in yeast. These include
nuclear targeting by the endonuclease (Lin et al. 2001), tar-
geting by the gag-like protein (Dang and Levin 2000), and the
strong possibility that some elements reach the chromatin
during the mitotic breakdown of the nuclear membrane.

NonLTR elements usually have two ORFs that encode
proteins that are essential for the retrotransposition activity.
These coding regions have been extensively studied in the
mammalian L1 elements. The first ORF encodes an RNA-
binding protein that shows some specificity for binding L1
RNA (Hohjoh and Singer 1997). It also appears to have pro-
tein:protein binding domains and nucleic-acid chaperone-
like activities that may allow it to aid in strand-transfer events
during the retrotransposition process (Kolosha and Martin
1997; Martin and Bushman 2001). The second ORF encodes
the reverse transcriptase and an endonuclease that appears to
nick the chromosomal insertion site (Mathias et al. 1991; Cost
and Boeke 1998). The L1 endonuclease cleaves at a consensus
sequence of 3'-AA'TTTT-5’, which potentially allows the T’s at
the 3’ terminus of the nick to prime reverse transcription
from the polyadenylated L1 RNA. Although this TPRT has not
been demonstrated to operate for L1 and SINE elements, it is
the most likely mechanism for priming given the TPRT of the
stringent retrotransposon, R2, in silk worm (Luan et al. 1993).
Because SINEs and processed pseudogenes share the same
consensus integration site as L1 elements (Jurka 1997), it
seems likely that L1 provides the retrotransposition machin-
ery for all of the nonLTR retrotransposition in the mamma-
lian genome (Boeke 1997; Jurka 1997). Some nonmammalian
LINE elements, such as R2Bm, have been shown to have an
endonuclease with restriction enzyme-like specificity for
cleavage at a specific site in the rRNA gene cluster. Others,
such as TRAS1 and SART1 in Bombyx Mori, insert preferentially
in the telomeric repeat, and their specific site preferences can
be swapped by swapping their endonuclease domains (Taka-
hashi and Fujiwara 2002).

The stretch of A’s used in priming the reverse transcrip-
tion is the one unifying feature of L1, Alu, and processed
pseudogenes. The L1 proteins have been shown to have a
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strong cis preference for the RNA that encodes them (Wei et
al. 2001). However, it seems that Alu must have developed a
mechanism that allows it to compete much more effectively
for the retrotransposition apparatus. This helps explain the
quite inefficient formation of processed pseudogenes, but
leaves the mechanistic question of why SINEs sometimes am-
plify even more effectively than the L1 elements.

A relatively small number of L1 elements are capable of
active retrotransposition in the human genome (Sassaman et
al. 1997). The currently active L1 elements represent only a
small subfamily of the extant L1 elements in the human ge-
nome (Boissinot et al. 2000; Sheen et al. 2000). This is the
result of a combination of common 5’ truncations and rear-
rangements of the L1 genome upon integration (Voliva et al.
1983; Grimaldi et al. 1984), along with the evolutionary ac-
cumulation of point mutations that inactivate the proteins. It
has been more difficult to explain the apparent inactivity of
all but a few Alu elements (Deininger et al. 1992). Most Alu
elements are full-length, and although they also accumulate
mutations, most do not inactivate the promoter and there are
no ORFs to damage. The strongest indication that very few
Alu elements are active is that almost all of the recent inser-
tions causing disease in humans have been generated by two
relatively small subfamilies of elements that represent only
0.5% of the Alu’s in the genome (Shen et al. 1991; Deininger
and Batzer 1999). There appear to have been a sequential se-
ries of Alu master genes responsible for formation of different
subfamilies of Alu elements throughout primate evolution
(Shen et al. 1991; Deininger and Batzer 1995). Many older Alu
elements, which belong to subfamilies of elements that have
not been capable of amplification for many millions of years,
still make the majority of the transcripts (Shaikh et al. 1997).
Thus, there must be some aspect of Alu RNAs that allows
selection for retrotransposition at the RNA level. It has been
suggested that subfamily diagnostic positions within the Alu
(Sinnett et al. 1992; Hsu et al. 1995) may have evolved along
with L1 to allow Alu elements to compete with the L1 ele-
ments as they themselves evolved to evade Alu elements. Our
analysis has demonstrated that the recently integrated Alu
elements have very long 3’ A stretches, almost all longer than
40 uninterrupted A bases (Roy-Engel et al. 2002b). This sug-
gests that the A tails are initially long upon insertion and that
they are shortened by genomic processes or selection follow-
ing integration. Because the A’s of Alu elements appear to be
encoded by the replication-competent elements, rather than
added through polyadenylation (Batzer et al. 1990), it seems
likely that only a small proportion of the genomic sites may
encode sufficiently long homopolymeric A stretches that al-
low efficient retrotransposition. A database search of the ini-
tial draft sequence of the human genome detected only 190
Alu elements with 40 or more perfect A’s at their 3’ end, and
almost all of those elements were members of the young,
actively amplifying Alu subfamilies (Roy-Engel et al. 2002b).
Therefore, a primary factor in limiting duplicative capacity of
‘master’ or ‘source’ genes is likely to be the presence of an A
tail of sufficient length. This may be simply related to a larger
template to allow priming of reverse transcription. However,
several groups have also shown that RNA polymerase III-
transcribed SINE elements also bind polyA-binding protein
(PABP), and longer A tails should bind more PABP (Mudda-
shetty et al. 2002; West et al. 2002); this may contribute to the
interaction of the SINE RNPs with the L1 retrotransposition
machinery. Given that there are numerous other factors that
may silence the expression or activation of these Alus, there
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are probably significantly less than 190 active ‘source’ Alus.
Analysis of chromosomal distribution patterns of Alu sub-
families shows a very high level of young Alu elements on the
Y chromosome (Jurka et al. 2002). This has been interpreted as
suggesting a strong preferential bias for activity of those ele-
ments on the Y chromosome, which could also severely limit
the number of active elements.

The mechanism for formation of the second nick in the
genomic DNA and integration of the other end of the cDNA
formed during retrotransposition is still the least understood
aspect of the mechanism. There does seem to be a weak se-
quence preference for the L1/Alu nick sites (Jurka 1997), al-
though its position is variable and its sequence does not agree
with the consensus for the initial nick site. There is a strong
model suggesting that some of the common L1 rearrange-
ments occur through a priming event where the second nick
site primes on the cDNA copy of the L1 element (Ostertag and
Kazazian, Jr. 2001b). However, other than these rearranged
copies, the normal L1 and Alu integrations have not been
shown to have any significant homology at the site of inte-
gration for the upstream end of the element. It seems likely
that this portion of the integration process is very dependent
on cellular enzymes or process, either for generation of the
nicks, or for ligase activity and completing the integration
process.

Current Insertion of Retroelements

in the Human Genome

We have estimated that approximately one out of every 100-
200 human births has a de novo Alu insertion (Deininger and
Batzer 1999). A similar analysis of L1 elements has suggested
a similar mutation rate from L1 insertions (Kazazian and
Moran 1998). These estimates are primarily based on evolu-
tionary analyses of the most recently integrated subfamilies of
Alu and L1 elements. An analysis of 727 mutant Factor IX loci
shows one Alu and one L1 insertion (Li et al. 2001). This
suggested an extrapolation of one mobile element insertion
every 17 human births, and those authors suggest a range of
approximately 1 in every 3-30 human births. Thus, there is a
great deal of uncertainty in the current rate of amplification
of elements in humans, which may arise because of different
rates at different genetic loci, or by the very data set in some
studies. Under negative selection, evolutionary analyses
would tend to underestimate insertion rates compared to an
analysis based on recent insertions that have had less time to
be eliminated from the population through negative selec-
tion.

The recent insertion of retroelements in the human ge-
nome has led to approximately 1 in every 1000 genetic mu-
tations being caused by Alu insertions (Deininger and Batzer
1999) and a similar proportion by L1 insertions (Kazazian and
Moran 1998). These estimates are potentially subject to high
levels of ascertainment bias, depending on the methods used
to detect new mobile element-based mutations. For instance,
it seems likely that the PCR-based methods used commonly
today would be biased against detection of insertion muta-
tions. Alu insertions seem to be relatively random in the ge-
nome, with only a couple of examples of independent Alu
insertions disrupting the same gene in different individuals
(Deininger and Batzer 1999). However, the majority of L1
insertions causing disease are on the X chromosome (Kaza-
zian, Jr. 2000). The X chromosome has twice the normal level
of L1 elements (30% instead of 17%) and therefore it is either



Mammalian Retroelements

a hot-spot for L1 insertion or there is a positive selection for
L1 (Bailey et al. 2000; Lander et al. 2001). It is also possible
that X-linked disease mutations are ascertained more readily
because they are hemizygous in males. However, because de
novo Alu insertions are not excessively concentrated in X-
linked disease genes, it appears that a disproportionate por-
tion of L1 insertion damage occurs on the X chromosome.
Although still producing a significant contribution to
human disease, the current rate of retrotransposition is rela-
tively low in humans, and most diseases are the result of point
mutations. Earlier in primate evolution, the rate of Alu inser-
tion was as much as 100-fold higher for retroelements (Shen
et al. 1991). Furthermore, in some species the rate of ampli-
fication is currently quite high. This includes the mouse ge-
nome, where approximately 10% of all mutations are the re-
sult of retroelement insertions (Ostertag and Kazazian, Jr.
2001a), largely due to higher rates of LTR-element insertions.
Therefore, the impact of mobile element-based insertional
mutagenesis upon host genomes is quite variable.

Post-Insertion Impacts of Retroelements

on Their Genomes

Although mobile element insertions cause a significant level
of damage to the human genome, unequal recombination
events between dispersed elements cause even more damage.
We have estimated that at least 0.3% of all human genetic
diseases are caused by unequal Alu/Alu homologous recom-
bination events that cause moderate-size deletions or dupli-
cations (Deininger and Batzer 1999). These recombination
events generally involve a few thousand to a few tens of thou-
sands of bases. We do not know whether the relatively small
size of these aberrations is due to (1) preferential recombina-
tion between nearby elements relative to ones that are farther
away or on another chromosome, (2) excessive levels of nega-
tive selection on larger deletions causing lethality, or (3) more
difficulty characterizing breakpoints in larger events leading
to an ascertainment bias. Alu elements appear to be more
involved in these unequal recombination events than L1 el-
ements (Deininger and Batzer 1999; Kazazian, Jr. 2000), de-
spite their shorter length and a lower overall proportion of the
human genome. This may reflect an intrinsically high level of
recombination between these elements as a result of the
higher level of sequence identity that they share, or it may
represent differences in ascertainment because Alu elements
are more enriched within genes, rather than between genes
(El-Sawy and Deininger, in press).

Some genes are much more prone to Alu/Alu recombi-
nation than others. The LDL receptor, the C1 inhibitor locus,
the All-1 gene, BRCA1, and several other genes show multiple,
independent Alu/Alu recombination events that have led to
human disease (Deininger and Batzer 1999; El-Sawy and Dein-
inger, in press). These contribute to the majority of acute my-
elogenous leukemias that do not show a cytogenetic abnor-
mality (Strout et al. 1998), approximately 30% of C1 inhibitor
gene mutations in hereditary angioedema (Stoppa-Lyonnet et
al. 1991), and 1% of all hprt mutations in Lesch-Nyhan syn-
drome (Brooks et al. 2001). It has been proposed that Alu
elements may contain a Chi-like sequence that increases their
recombination and causes the recombination to be preferen-
tial in one portion of the Alu element (Rudiger et al. 1995).
Analysis of a large number of such recombination events sug-
gests that any recombination bias may be relatively small and
does not generally support the Chi-like sequence hypothesis

(El-Sawy and Deininger, in press). However, in the case of the
LDL receptor recombination events, this bias may be present.
In several cases, one Alu element within a gene has been as-
sociated with multiple, independent recombination events.
Thus, there may be features of individual Alu elements, or
loci, that create tremendous recombination bias. Alterna-
tively, some of these biases may also reflect selection because
those particular Alu elements are located in positions where
recombination leads to disease. Alu sequences have many
properties (relative mismatch to one another, transcription
rates, length of A-tails, etc.) that may influence the intrinsic
recombination process. There may also be regional influences
of chromosome structure, as well as genetic variations that
contribute to altered rates of Alu/Alu recombination in differ-
ent genomic regions, or in different individuals. One example
is that pS3 mutations lead to at least a 20-fold increase in
Alu/Alu recombination rates (Gebow et al. 2000). Thus, in
many tumor cells, the Alu/Alu recombination process may be
a major factor in increased rates of loss of heterozygosity.

It is well known that nonhomology between pairing
chromosomes inhibits meiotic recombination in the vicinity
of the nonhomologous regions. Polymorphic retroelement
insertions within genomes generate nonhomologous ge-
nomic regions of various lengths. At least one detailed map-
ping study suggests that a retroelement insertion resulted in
very low meiotic recombination in its vicinity (Rieder et al.
1999; Hsu et al. 2000). Polymorphic insertions may generate
lower rates of meiotic recombination in their vicinities. These
altered recombination potentials could change the rates of
loss of disequilibrium, and may sometimes alter chromosome
pairing between subspecies to the extent they contribute to
the speciation process.

A secondary consequence of both insertion and recom-
bination due to retroelements is that they contribute to ge-
nomic diversity and therefore evolution. Alu elements have
inactivated genes, such as the GLO gene leading to the inabil-
ity of humans to synthesize vitamin C (Challem and Taylor
1998). L1 elements have transduced other gene segments ex-
tensively, causing duplications of short genomic stretches
around the genome. Both L1 and SINE elements have been
shown to contain functional signals, such as promoter ele-
ments (Swergold 1990) and polyadenylation signals (Moran et
al. 1999) that may influence genes in the vicinity of their
insertion. There are numerous examples in which retroele-
ment insertions have led to altered regulation of gene expres-
sion (Britten 1997; Brosius 1999), altered polyadenylation
sites (Ryskov et al. 1983), or even incorporation of retroele-
ment sequences into the translated portions of protein coding
genes (Makalowski et al. 1994; Britten 1997; Brosius 1999).
There is also one copy of the ID-SINE element, BC1, which
shows evolutionary conservation at this locus consistent with
that one copy taking on a function, and also shows a con-
served neuronal specificity for expression and transport to
dendrites (Deininger et al. 1996). All of these features strongly
suggest that individual elements may take on new functions
for a genome, in a process that has been termed ‘exaptation’
(Brosius 1999).

There are also several proposals that mobile elements
may have functions that are more general than the occasional
exaptation of one of their members to a new function at a
new site. Such proposals include a general role for Alu ele-
ments to contribute CpG-rich islands to new locations in the
genome for altered gene expression and imprinting on an
evolutionary scale (Schmid 1998). In addition, it has been
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Table 1. Summary of Mobile Elements in the
Human Genome

Percent of
Element total genome Copy number
L1 (LINE) 16.9 0.5 x 10°
Alu (SINE) 10.6 1.1 X 10°
L2 (LINE) 3.2 0.3 x 10°
MIR (SINE) 2.5 0.46 x 10°
LTR elements 83 0.3 x 10°
DNA elements 2.8 0.3 x 10°
Processed pseudogenes <1.0 1-2 x 10*
Total ~45 ~3 x 10°

proposed the L1 elements may be highly enriched on the
human X chromosome because they may play a role as relays
for the X-inactivation signal (Bailey et al. 2000). It has also
been suggested that Alu elements may act to stimulate trans-
lation when their expression is induced by stress (Chu et al.
1998). The physiological relevance of any of these proposed
functions has not been thoroughly tested to date. At this
point, although a strong case can be made for the occasional
exaptation of individual elements, global functional roles for
retroelements are more speculative.

The Genomic Content of Retroelements

As genomic analyses continue to be completed, we see differ-
ent profiles of retroelements in different genomes. Table 1
summarizes mobile elements in the human genome (Gon-
calves et al. 2000; Lander et al. 2001). Over 40% of the human
genome is recognizable as having been derived from retroel-
ements, with an additional few percent as DNA transposable
elements. Thus, the human genome is a lacework of single
copy sequences that contain almost all of the coding capacity,
interspersed with almost 3 million mobile elements. The L1,
L2, and Alu elements represent individual, highly successful
families of mobile elements. The mammalian-wide inter-
spersed repeats (MIRs) include several older, more diverged
families of interspersed elements that are probably SINE-
related (Smit et al. 1995; Lander et al. 2001), and the LTR
retrotransposons include a collection of lower copy number
elements, such as human endogenous retroviruses (HERVSs;
Medstrand and Mager 1998). The processed pseudogenes gen-
erally represent one or two copies of any given mRNA. How-
ever, almost one-third of human genes have created pseudo-
genes, accounting for 10,000-20,000 different pseudogenes
(Goncalves et al. 2000).

All of the mammalian genomes have high proportions of
retroelements, although the specific nature and copy number
of the SINEs change tremendously (Deininger and Batzer
1993), as does the activity of the LTR elements (Smit 1999).
However, there is tremendous disparity in the relative contri-
bution of retroelements to different genomes and also to cur-
rent mutation rates. There are relatively few genomes that
have only a low percentage of their content as retroelements
(for review, see Deininger and Roy-Engel 2001). These include
yeast, and the very compact Fugu genome. Some genomes,
such as that of Drosophila, have a higher presence of DNA
transposons than retroelements. Some genomes, such as
maize, have an even higher proportion of the genome made
up of mobile elements, of both the retroelements and DNA
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transposons. However, it is difficult to make broad generali-
zations about the behavior of different types of elements in
different organisms. For instance, although SINEs are not as
ubiquitous outside of the mammals, they do appear sporadi-
cally to very high copy numbers in genomes such as rice (Mo-
chizuki et al. 1992) and salmon (Kido et al. 1994).

The retroelement content in the genome represents both
old and new retroelement insertions. Retroelements seem to
have a tendency to go through bursts of amplification in ge-
nomes, where they amplify rapidly for a few tens of millions
of years and then become inactive. Once inserted, there are
no known mechanisms for the specific removal of these ele-
ments. Thus, the vast majority of the retroelement content of
genomes represents defective pseudogene copies of retroele-
ments and may also include whole families of elements in
which no copies remain active. This is illustrated in Figure 2,
an analysis carried out by Arian Smit of the preliminary hu-
man genome sequence (Goncalves et al. 2000), which shows
an approximate timescale for formation of various mobile el-
ements in the human genome. The percent substitution from
the consensus is roughly correlated with age of elements.
Thus, the total scale represents roughly 120 million years.
Note that the MIR and L2 elements (the same as in Table 1)
were made early and have not been active for a long time in
the human genome. It seems likely that MIRs are SINEs, de-
pendent on L2 activity, and that is why their evolution par-
alleled one another. L1 and LTR elements have been active for
a fairly long time, but their activity has decreased recently.
Alu elements are relatively recent additions to the genome
and have had a sharp peak of amplification in the last 60
million years, but have also decreased rapidly in recent times
(Shen et al. 1991).

[=] iy f=3 Lh
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Figure 2 Time-course of integration of mobile elements in the hu-
man genome. The percent substitution of various elements relative to
their consensus sequence (x-axis) is plotted against the portion of the
modern human genome encompassed by elements with those levels
of divergence. To a first approximation, percent substitution relative
to the consensus correlates with the age of the individual element
insertions in the genome. Thus, elements such as L2 and MIR appear
to be old and to not have had any recent activity. Most of the recent
activity has been from L1 and Alu, although there has been a sharp
decrease in their amplification in recent time. To provide an approxi-
mate timeframe, the peak of Alu amplification was 40-50 million
years ago. Reprinted with minor modification with permission from
Nature 409:860-921 ©2001, Macmillan Magazines.
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Other genomes will have different mobile element inser-
tion patterns. For instance, there are high levels of SINE and
LINE activity currently active in some rodent genomes. In
addition, some genomes have relatively low numbers of older
retroelements, such as Drosophila and Arabidopsis, but show
evidence of a high level of recent accumulation of elements
(Smit 1999).

It is likely that the bursts of activity represent either the
introduction of a new retroelement to a genome, or an evo-
lutionary adaptation of an element that greatly accelerates its
amplification rate (Deininger and Roy-Engel 2001). One
would expect such active elements to continue to propagate,
and even increase in rate, until some controlling/regulatory
factor is applied. The primary negative factor may result from
insertional mutagenesis and recombination activities dis-
cussed for human SINEs earlier.

There are several likely explanations for the disparity in
genomic organizations relative to retroelements. One possi-
bility is that some genomes have just not been exposed to a
specific class of elements. This would be consistent with a low
rate of creation, or introduction, of new functional elements
into a species. Mammalian SINEs represent a good example of
this in that each SINE family appears to arise from modifica-
tions to an existing RNA polymerase Ill-transcribed gene.
Mammals tend to have one to three major SINE families
within their genomes (for review, see Deininger and Batzer
1993). It would appear that highly effective amplification-
proficient SINEs only arise sporadically, and some genomes
may simply not have created an effective SINE element.
SINEs, of course, are also dependent on the appropriate trans-
acting factors that are provided by other sources such as LINE
elements. All genomes appear to have at least some LTR and
nonLTR elements. There is likely to be a great deal of variabil-
ity in their amplification proficiency. In addition, transmittal
of new elements between closely related species, or even hori-
zontal transfer between species could provide a stochastic
event that introduces a new replication-competent retroele-
ment to a genome.

However, it seems more likely that selective forces play
the primary role in establishing the overall level of retroele-
ment amplification in a genome. The more rapidly an ele-
ment amplifies, the more copy numbers it will create in the
genome, resulting in an increasing amplification rate. This
tendency to increase amplification rates will be countered by
the negative impact of the amplification on organism viabil-
ity. This negative impact comes from both insertional muta-
genesis, as well as secondary, unequal recombination events
between dispersed elements that cause genome rearrange-
ments and deletions. There may be some subtle positive and
negative selective pressures as well, but the competition be-
tween the natural tendency of elements to increase their am-
plification rate with the negative selection this causes will
control the genomic copy numbers.

When a burst of retroposition occurs, the resulting nega-
tive selection can result in two general types of controlling
forces. One is that an element that evolves to regulate, or
control, its own amplification may have less deleterious ef-
fects and be the only type of element that survives in the long
run. Alternatively, selection may ultimately eliminate all but
the relatively inefficient elements that cause minimal dam-
age. These elements may be inefficient by design, or because
the host organism has evolved to repress them effectively.
Thus, selective processes may allow survival of only the
‘smart’ elements that can control the level of damage they

cause a genome, or those elements that are too ‘dumb’ to be
able to amplify effectively in the first place.

It has been suggested that the distribution of Alu and L1
elements in the human genome supports the role of selection
in modifying genomic content of mobile elements (Lander et
al. 2001). It was previously noted that Alu elements are en-
riched in G+C-rich DNA isochores, whereas L1 elements are
enriched in A+T-rich isochores (Jabbari and Bernardi 1998).
An analysis of the human genome sequence carried out by
Arian Smit (Lander et al. 2001), however, shows that while the
vast majority of older Alu elements are heavily enriched in the
G+C-rich isochores, the youngest Alu elements show an al-
most flat distribution (Fig. 3). In fact, these data would be
consistent with a relatively equal insertion rate across the ge-
nome as previously reported for human chromosome 19 (Ar-
cot et al. 1998), with the likelihood that immediate negative
selection against insertions in genes would bias for elements
that are not in the gene-rich, G+C regions. This selection pro-
cess might naturally be expected to increase the bias in the
distribution, as is seen for L1 elements. However, with time,
the Alu elements are highly enriched in the G+C-rich regions.
It has been suggested that positive selection for Alu elements
would show this type of Alu enrichment (Lander et al. 2001).
However, functional selection seems an unlikely explanation
in that selection cannot occur once a sequence is fixed in the
population. Because even the majority of the Alu’s in the
‘young’ group in Figure 3 are fixed in the population, a typical
positive selective mechanism seems very unlikely (Brookfield
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Figure 3 Distribution of old and new Alu and L1 elements in ge-
nomic isochores within the human genome. Large genomic tracts of
DNA can be divided into specific isochores based on their G+C con-
tent. These isochores have been shown to have various properties in
terms of chromosome structure and integration of mobile elements.
We have combined data from old and new Alu elements presented by
Lander et al. (2001) into a single figure. This illustrates that the
younger elements appear to show a similar genomic distribution rela-
tive to isochores, while the older elements have changed in frequency
in opposite directions (L1, dashed arrow; Alu, solid arrow). This sug-
gests that the two types of elements have different selective pressures
in the different genomic regions. Reprinted with modification with
permission from Nature 409:860-921 ©2001, Macmillan Magazines.
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2001). However, it is possible that a long-term negative selec-
tion may apply for the Alu’s in the A+T-rich region. For in-
stance, perhaps high recombination rates caused by Alu ele-
ments are not tolerated well in some genomic regions and
therefore there is selective loss of chromosomes in the popu-
lation with new Alu inserts in those regions. In the latter case,
the rate of retrotransposition measured by evolutionary
means would be greatly underestimated (see above). The ob-
servation that young Alu elements are highly enriched on the
Y chromosome relative to other chromosomes (Jurka et al.
2002; Medstrand et al. 2002) would be consistent with this
model, because the Y chromosome is much less subject to
recombination and would therefore eliminate elements less
effectively by this means.

Mobile Elements and Gene Conversion

The primary factors influencing mobile element evolution are
insertions that lead to higher copy number, followed by the
accumulation of random mutations and gradual sequence di-
vergence. However, there have been sporadic examples of in-
stances of Alu elements that inserted in the ancestral primate
genome, but have recently undergone gene conversion to a
new subfamily of Alu members (Kass et al. 1995). More re-
cently, we found that almost 20% of the newer Alu subfamily
members have undergone partial gene conversion to a differ-
ent subfamily (Roy et al. 2000a). These partial gene conver-
sions only involved alterations in short stretches of the Alu
element, typically on the order of 50 bp. A similar observation
was made for L1 elements (Burton et al. 1991). These gene
conversions are only recognizable when they alter recogniz-
able subfamily-specific mutations within an element. Thus, if
gene conversions occur most readily between closely related
sequences, it may be that we are unable to recognize a large
portion of these events.

We are not sure what mechanism leads to the ability of
these short, interspersed elements to gene-convert one an-
other. It has been demonstrated that when a double-strand
break occurs in an L1 element, other L1 elements in the ge-
nome are able to help heal the break through a mechanism
that results in gene conversion (Tremblay et al. 2000). Thus,
this mechanism may help contribute in some degree to chro-
mosomal stability.

Mobile Elements as Markers for Evolution

and Population Biology

Because mobile elements are intracellular, they must amplify
through a very population-dependent mechanism. For in-
stance, mobile elements that are thought to have been in-
serted in the Drosophila genome recently often demonstrate a
geographic gradient in copy number (Biemont et al. 1999).
This is consistent with the element expanding throughout a
population through breeding and fixation. Because mobile
elements are multicopy in a genome, they increase the prob-
ability of being passed on to progeny relative to any other
genomic allele. Thus, although any new copy is likely to be
neutral (no selective advantage or disadvantage) and there-
fore likely that it will be eliminated from the population
within a few generations through random drift, the multi-
copy nature of the elements provides an increased probability
that some copies of the element will be propagated. Only the
very rare insertion allele will end up increasing to a significant
allele frequency and eventually being fixed throughout the
population. Basically, it requires 2N insertions to allow one
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insertion to eventually fix in a breeding population of N in-
dividuals (Hartl 1988). Thus, it probably required massive
numbers of Alu insertions to result in the greater than 10°
elements in the modern human genome. For that matter, un-
equal homologous recombination between nearby Alu ele-
ments may often result in neutral deletions, resulting in a
tendency for regions of clustered elements to be eliminated
even when they do not negatively impact gene function. As
mentioned above, while retroelement insertions remain poly-
morphic in the population, they may also influence meiotic
recombination rates in their vicinity and therefore affect re-
association of alleles within a population.

The fixation of specific mobile element insertion sites in
a species can be used as a distinct character for phylogenetic
analysis. If two species share a common retroelement inser-
tion at a given location and a third species does not, the first
two species are likely to be more closely related. If several such
characters are studied, this provides strong evidence of species
relatedness. This type of analysis has been used extensively to
study speciation questions in various organisms (Nikaido et
al. 2001), including defining the whale as a close relative of
the artiodactyls, and confirming the primate phylogeny
(Ryan and Dugaiczyk 1989; Shen et al. 1991; Hamdi et al.
1999). The primary advantage of retroelement insertions for
such studies is the high likelihood that two genomes sharing
a mobile element insertion at the same locus are identical-by-
descent. There are rare examples of retroelements inserting
independently in the same, or nearly the same, positions in-
dependently (Arcot et al. 1998; Kass et al. 2000; Cantrell et al.
2001). However, for most mobile elements, the rate of inser-
tion is low enough that these events are extremely unlikely.
We have analyzed several hundred recent human Alu inser-
tions throughout primate phylogeny and have found only a
low level of parallel insertion in the New World monkeys and
none at all in the African apes or Old World monkeys (Roy-
Engel et al. 2002a). Studies of many loci have made it clear
that it is equally unlikely for a mobile element to be deleted
from a genome.

The same identity-by-descent character makes retroele-
ment insertions useful markers for studies of human popula-
tion diversity and origins. A relatively small number of such
markers has been shown to provide robust measurements of
the relations of various world populations to one another
(Batzer et al. 1994; Stoneking et al. 1997; Watkins et al. 2001;
Medstrand et al. 2002). It is possible that some of the fre-
quency variation of specific Alu insertion alleles between
populations is related to a relatively recent insert that oc-
curred in one human population group and has only mod-
estly spread to others. However, given the relative migration
and demographics of most of the human populations, it is
more likely that the allele frequency of different Alu inserts
has changed through random population drift in the rela-
tively small founding populations.

Summary

Whole-genome sequencing is consistently showing that the
impact of mobile elements on the eukaryotic genome has
been massive. One might use the analogy that mobile ele-
ments are termites that are eating away at the structure of our
genome. The current rate of damage by these elements is
modest in humans compared to earlier in primate history.
Other species, however, are still subject to high mutational
loads by active retroelements. These elements represent one
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of the major forces, both current and past, in the evolution
and possibly the overall structure of our genomes.
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