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Abstract. It is very likely that formation of new genes 
is the main pathway of molecular evolution in living 
organisms. Many such genes are products of preexisting
reshuffling of genetic material. In these processes a very
important role is played by mutations associated with the
activity of transposable elements, mostly retroelements
(REs) for higher eukaryotes. The life cycle of REs in-
volves a stage of so-called reverse transcription of their
RNA intermediates, i.e. synthesis of complementary DNA
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on an RNA template. Transcriptionally active sequences
of RE origin are referred to as retrogenes. REs create
chimeric genes by a variety of mechanisms: new RE inser-
tions, recombinations between RE sequences, formation
of functional gene active pseudogenes and template
switches during reverse transcription of messenger RNA.
The abovementioned events are also able to give rise to
new RE families. These mechanisms are reviewed here
along with the description of major RE groups.
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Introduction

There are many examples of retroelement (RE) involve-
ment in the formation of hybrid genes. RE activity itself
is an inexhaustible source of many chimeric structures in
the genome, such as transcriptionally silent DNA sequen-
ces, genes and new RE families. Our current understand-
ing of these processes is certainly inseparably linked with
the study the molecular genetic aspects of RE function-
ing. This review gathers together both fundamental data
on RE life cycle and evolution, and a description of the
most important mechanisms of their contribution to gene
formation.
Transposable elements (TEs) are DNA fragments that are
able to self-reproduce and to change their location into
host genome, i.e. to transpose. TEs were discovered about
50 years ago in maize DNA by Barbara McClintock [1].
Since then TEs have been found in genomes of almost all
organisms. Moreover, they are now known to make up a
great portion of eukaryotic DNA. For example, TEs cons-
titute more than 50% of maize (Zea mays) genome [2, 3],

22% of the Drosophila genome [4] and 42% of human
DNA [5]. However, different TE groups have a strikingly
different number of representatives, from a few copies to
millions.
TEs differ from each other in structure and in transposition
features. They can be subdivided into two principal classes
[2, 3, 5–9]. Class (ii) representatives, called DNA trans-
posons, use copies of their DNA to transpose via a ‘copy
and paste’ mechanism. This review deals with class (i) TEs,
which proliferate through their RNA intermediates. They
use an RNA-dependant DNA polymerase, also called re-
verse transcriptase (RT), an enzyme that synthesizes a
complementary DNA (cDNA) chain on an RNA template.

General characteristics of REs

The term ‘retroelement’ is applied to a vast class of nu-
cleic acid sequences whose appearance and/or prolifera-
tion in a host genome are one way or another dependent
on the direct transfer of genetic information from RNA to
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DNA, called reverse transcription. This phenomenon was
described for the first time in 1970 by Temin and Balti-
more. They purified and characterized retroviral RT [10,
11]. Afterwards, RT sequences were found in very diverse
genetic elements. Not only representatives of the viral
realm did contain RT, such as retroviruses, hepadna-
viruses and caulimoviruses, but also many eukaryotic
TEs, mitochondrial group II introns, bacterial retrointrons
and some plasmids. REs having their own RT genes are
referred to as autonomous REs. They can be subdivided
into two major groups: long terminal repeat (LTR)-con-
taining elements and non-LTR retrotransposons. LTRs are
usually 1000–1500-bp-long sequences flanking the retro-
element ‘body’ in genomic DNA [12, 13]. Autonomous
non-LTR REs are generally assigned to LINEs (long in-
terspersed nuclear elements). LINEs are 3.5–8-kb-long
sequences harbouring RT genes and frequently other
genes encoding proteins necessary for their functioning
[14, 15]. LINEs usually contain at their 3¢ termini poly(A)
stretches that play an important role in their integration
into new genomic loci.
Non-autonomous REs lack RT genes and are classified as
either SINEs (short interspersed nuclear elements) or
processed pseudogenes. SINES are 50–700-bp-long se-
quences having, as a rule, an internal RNA polymerase III
promoter. At their 3¢ end they usually have a poly(A) tail
as well. B1, B2, MIR famous Alu repeats, and many other
REs belong to SINEs [13, 16].
Thus, REs are subdivided into three major systematic
classes: LTR-containing elements, LINEs and SINEs.
There is one more, rather unusual RE group, called re-
trointrons or mobile group II introns. The most important
hypothesis explaining the RE origin was proposed by
Temin [17]. It says that autonomous REs coevolved with
the gene of the RT. The putative pathway of RE evolution
started with the RT gene, first created non-LTR retro-
transposons, and finally LTR-containing elements and
retroviruses [13, 18]. Indeed, detailed sequence analysis
clearly demonstrates the consecutive structural complexity,
such as recruitment of new regulatory proteins, additional
enzymatic activities – of RNase H, integrase, protease –
from non-LTR to LTR-containing retroelements. In this
way, retrointrons and LINEs are more ancient RE forms
than retroviruses and LTR elements [19]. The mechanism
of LINE and retrointron retroposition is also much simpler
than that of LTR REs. According to a certain hypothesis
[20], another offspring of an ancestral RT sequence is the
gene for telomerase, a cellular telomere end-building en-
zyme that has RNA-dependant DNA polymerase activity.
Interestingly, in certain Drosophila species the telom-
erase gene is inactivated, whereas telomere lengths are
maintained by LINE integrations in chromosome termini
[21, 22].

Retrointrons (group II introns)

Until recently, it was believed that retroelements are pre-
sent exclusively in eukaryotic genomes. That is not the
case, as we know now. Retrointrons, or group II introns,
form one of the two classes of self-splicing introns, which
exist in the genomes of prokaryotes and in eukaryotic or-
ganelles [23, 24]. RT sequence-based phylogenetic analy-
sis revealed that group II introns are the oldest group
among REs [25]. It is likely that group II mobile introns
appeared for the first time in the genomes of bacteria. It
doesn’t seem surprising, as modern eukaryotic mitochon-
dria and plastids where retrointrons were found are bac-
terial cell descendants, according to endosymbiotic the-
ory [23]. Group II introns encode a single protein having
both RT and endonuclease activities. Retrointrons are
transcribed as parts of the genes they have inserted.
Retrointron RNA has ribozyme activity and self-splices
from pre-messenger RNA (mRNA). Then spliced in-
tronic RNA can be translated to give functional protein.
During retroposition, retrointron RNA serves again as a
ribozyme, making sequence-specific single-strand DNA
breaks within the host genome. At the same time RNA
covalently binds to the 5¢ terminus of the DNA breaks.
The second DNA strand is attacked by the retrointron
protein, which reverse-transcribes the RNA (DNA syn-
thesis is initiated at the newly formed 3¢-hydroxyl of a tar-
get DNA). Subsequent RNA replacement by DNA fol-
lowed by reparation of single-strand breaks completes
mobile intron integration [24]. Retrointrons most proba-
bly gave rise to a very important group of eukaryotic
genes, those of small nuclear and nucleolar RNAs, which
take part in pre-mRNA splicing [25].

LINEs

As mentioned above, non-LTR REs are subdivided into
two major classes: LINEs  and SINEs [26]. Although they
do differ in length (LINEs are 3.5–8 kb long; SINEs are
50–700 bp long), there is a substantial distinction be-
tween them in their principles of organization. LINEs are
widely distributed in eukaryotes. These REs have been
found in the genomes of fungi, plants, as well as in verte-
brate and invertebrate animals. For example, nearly 17%
of human DNA is occupied by LINEs [5]. 
LINE inserts can be identified by 10–20-bp-long ge-
nomic DNA duplications (called target site duplications),
flanking each copy of these REs. LINEs contain 5–40 bp
long oligo(A) sequences on their 3¢ termini. However,
sometimes there are other A-rich microsatellites instead
of oligo(A) tails. Another distinguishing feature of LINEs
is their frequent 5¢ truncation, so that it is sometimes 
difficult to find the true RE 5¢ end (e.g., primate L1 LINE-
truncated copies were first described as the particular TE



[27]; short-cut F elements, LINEs from Drosophila, were
known until recently as suffix retroposons [28]). Such
truncations are probably due to abortive LINE RNA re-
verse transcription, when RT dissociates from its RNA
template before having completed cDNA synthesis, and
newly formed REs thus lack 5¢ segments [29–32].
The number of copies per genome varies dramatically
among different LINE families. It is believed that mam-
malian DNA contains REs of only one LINE family – L1
[27] – but this family is represented by a great number of
copies, for instance about 5 ¥ 105 human L1 elements 
occupy a total of 17% of human genomic DNA [5]. Most
of these L1 copies are defective; only 80–100 human
LINEs are transpositionally competent [33]. Approxi-
mately 4000 stable L1 inserts appeared during the last 
6 million years of human genomic evolution, suggesting
that the average rate of LINE accumulation in human
DNA is about seven new copies per 10,000 years [34]. In
the mouse, the number of active LINEs is significantly
(nearly 30-fold) higher [35]. Notably, the ratio of retropo-
sition frequency to the number of active REs is essentially
the same for both mouse and human genomes, thus de-
monstrating similar mobility of active L1 members in
both species [36].
In contrast, invertebrate genomes are usually examples of
coexistence of several LINE families (e.g. ~10 different
LINE families were found in Drosophila: F, Doc, G, R1,
R2, HeT, jockey [37], BS [38], TART [39] and so on), but
each of them is represented by a few thousand members
[40]. The possible explanation for this phenomenon could
be the hypothesis proposed by Petrov et al. [41], which
explains the low RE copy number, in particular in Dro-
sophila, by rampant deletion of DNA in unconstrained 
regions. In such cases all ‘unnecessary’ DNA, including
REs, is quickly eliminated, and only essential sequences,
whose loss leads to lethal mutations, survive in the ge-
nome. In mammals this mechanism functions with much
slower DNA deletion rates, and numerous ‘junk’ se-
quences are thus perpetually being accumulated [4]. The
transpositional activity of REs also varies greatly among
mammalian and Drosophila genomes. For instance, TEs
account for ~50% of spontaneous mutations in Droso-
phila melanogaster [42], in contrast to as low as 0.2% in
the human genome [43]. 
LINEs are transcribed by cellular RNA polymerase II
from an internal promoter located in their 5¢-untranslated
region (5¢-UTR); as a matter of fact, the first internal
RNA polymerase II promoter sequence was discovered
for the jockey LINE element [44]). LINE 3¢-terminal 
sequences generally have 3¢-processing signal AATAAA
[45], and that LINE oligo(A) sequence serves as a
polyadenylation enhancer [46–48]. The full-sized LINE
(+) RNA is, as in the case of retrointrons, both template
for protein synthesis and transpositional RNA intermedi-
ate [49].

The presence of so many LINEs in eukaryotic genomes
affects many cellular processes. LINE sequences are re-
combination hot spots, thus causing many genetic dis-
eases [25, 50–52]. For instance, LINE recombination 
results in deletions within the b subunit of the phospho-
rylase kinase (PHKB) gene [51]; another example is 
homologous recombination between intronically located
L1s, which causes deletions encompassing the 5¢-terminal
fragments of the paired type IV collagen genes COL4A5
and COL4A6, thus giving rise to Alport syndrome [52].
Furthermore, unequal meiotic crossing over between L1
sequences on homologous chromosomes can create new
gene families, as was the case for gamma-globin gene du-
plication [53]. LINE inserts often disrupt pre-existing
gene exon-intron structures, causing various disorders:
hemophilia A (L1 inserted into the factor VIII gene [54]),
Duchenne muscular dystrophy (retrotransposition into
the dystrophin gene [55, 56]) and many other diseases.
Regardless of the fact that L1 insertions cause multiple
recombination events, the frequency of such DNA re-
arrangements is much lower than one would expect tak-
ing into account their great copy number. To explain this
phenomenon, it was hypothesized that mammalian cells
have adopted a mechanism (as yet unknown) preventing
host organisms from such recombinations [57].
Besides causing genomic instability, LINEs also partici-
pate in regulation of host gene expression [25, 29, 58–60].
For instance, the L1 element provides a polyadenylation
signal for the human NSBP1 gene [60]. LINE sequences
can be used for cellular genes as enhancers (human apoli-
poprotein A) or as transcriptional repressors (rat insulin I
[58], human gene Ñ1D [61]). The human gene ZNF-177
5¢-UTR-located LINE sequence affects this gene expres-
sion at both transcriptional and translational levels [62].
Many other examples of LINE influence on gene expres-
sion are given in [25, 32, 36, 43, 58].
Another interesting peculiarity of LINEs is the ability to
transfer their 3¢-flanking DNA to new genomic loci, called
L1 transduction [63, 64]. Its mechanism and consequences
for genome evolution are better understood for the mam-
malian L1 group of LINEs. L1s have a rather weak poly-
adenylation signal; the RNA polymerase complex there-
fore sometimes gets through it and terminates an RNA
synthesis on any polyadenylation site located down-
stream. Retropositions of LINE transcripts accompanied
by 3¢-flanking genomic sequences have been described in
the literature [65–67]. Human genomic database analysis
reveals that ~20% of all L1 inserts contain transduced
DNA at the 3¢ ends. The length of these sequences varies
from 30 bp to 1 kb. Taken together, such transduced DNA
makes up ~0.6–1% of the human genome (a fraction
comparable to that occupied by exons [63, 64]). 
In addition, as demonstrated recently by Speek and Ni-
gumann for human LINEs, the L1 5¢-UTR has an extra
promoter function, driving transcription in an antisense
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orientation relative to L1 [68, 69]. Each of these tran-
scripts, therefore, mostly contains sequences comple-
mentary to genomic DNA, and only a small portion of
LINE RNA. In particular, the authors have shown that
some human genes are transcribed from such promoters
[68]. Moreover, many normal L1 promoters are turned to-
wards the host DNA, as many mammalian LINEs contain
inversions [70].

LTR retrotransposons and endogenous retroviruses
(LR/ERVs)

This group matches REs in complex organization. Their
length varies from 4 to 12 kb. Integrated into genomic
DNA, LR/ERVs are flanked by 77-bp–3.6-kb-long  LTRs.
They contain multiple regulatory sequences. LTRs can
be found only in the DNA copies of these elements; they
appear due to a rather complicated mechanism of LR/
ERV reverse transcription. 
LR/ERV genome is a single transcriptional unit; all its
RNAs are RNA polymerase II transcribed using the pro-
moter located in the element 5¢-terminal LTR, and the
polyadenylation signal from the 3¢ LTR. LRs and ERVs
resemble each other in their structure and mobility, ex-
cept that LRs are unable to move from cell to cell, as they
lack an important gene env for envelope protein. There
are, however, some LRs that codine for Env-like proteins;
the distinction between LRs and ERVs is therefore rather
dodgy. The mechanisms of LR and ERV reverse tran-
scription are similar and have been reviewed exhaustively
in literature (see, e.g., [71, 72]), although some variations
may be mentioned [73].
LR/ERVs actively initiate eukaryotic DNA structural re-
arrangements [74, 75]. For example, the LR family Ty1
accounts for most of the chromosomal rearrangements
observed in yeasts [76]. LR/ERVs also have an influence
on host genome transcription, mostly because LTRs serve
as well-organized regulatory elements. An example is the
rat MaLR element, inserted upstream of the promoter re-
gion of the gene CYP2B1 (for cytochrome P450). It serves
as a transcriptional repressor, competing with the gene
promoter for binding of transcriptional factors (NF-kB
and RBP Jk/CBF1) [77]. Many LTRs have sequences that
bind with high affinity to hormone receptors and tran-
scriptional regulators, such as retinoic acid receptor (RAR),
the hormone receptors GRE and PRE, transcriptional fac-
tors NF-kB, NFOC-1, YY1, SATB1, BMP, Oct-1, Myb,
Sp1, Sp3 and others. Indeed, in many cases these proteins
and hormones trigger LR/ERV expression [78–86]. For
example, the transcriptional factor YY1 (Yin Yang-1),
which usually serves as a repressor, specifically activates
ERV HTDV/HERV-K transcription in human cells [79].
Another ERV group, HERV-H, is transcriptionally upreg-
ulated by Myb in teratocarcinoma lines [84].
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Many LR/ERV sequences are involved in normal func-
tioning of the host genome, e.g. ERV-9 LTR enhancer el-
ement determines beta-globin gene expression in human
eritroid cells [87]. LTR promoters can be recruited by
host genes as well [25]. LTRs of retroviral elements be-
longing to the HERV-E family contribute to the expres-
sion of human apolipoprotein C1 (APOC1) and endothelin
B receptor (EDNRB) genes by providing alternative pro-
moters [62, 88]. The LTR promoter of EDNRB is used
even more often than the normal one, and the APOC1
LTR-derived promoter initiates transcription of 15% of
endothelin receptor mRNAs. Furthermore, LR/ERV se-
quences in gene introns can be alternatively spliced [12,
25, 58, 89, 90]. In many cases LR/ERV sequences are in-
cluded in constitutive gene exons and translated [12, 25,
58, 91]. For instance, the fragment of the LR THE-1 ele-
ment is a part of the human immunoglobulin heavy chain
coding sequence [58]. As reported by Mager et al. [92],
HERV-H solitary LTRs provide polyadenylation signals
for at least two human genes, termed HHLA2 and HHLA3.
It is interesting that for baboon orthologous genes other
RNA processing signals are used. Three other human
genes recruit transcription termination signals from HERV-
K-T47D elements [93]. LR/ERVs also take part in anti-
sense regulation of gene expression [94]. Some endoge-
nous retroviruses code for functional proteins. Such is the
HERV-W Env protein, called syncytin, which participates
in trophoblast fusion during placental development [95].
Besides creating new cellular genes, LR/ERVs also give
rise to new chimeric retroelements.
For example, some retroviral genomes consist of different
ERV representative fragments. Such a mosaic structure has
been reported particularly for human HERV-W and HERV-
E.PTN endogenous retroviruses [96–98]. They were most
probably created due to recombinations between different
ERV sequences: HERV-H and ERV-9 for HERV-W [97],
HERV-E and HERV-I for HERV-E.PTN [98]. A recom-
binational origin was established for simian retrovirus
BaEV as well [99], its gag and pol genes were taken from
the PcEV (Papio cynocephalus endogenous retrovirus)
genome, and env was adopted from simian endogenous
retrovirus (SERV). Another chimeric LR/ERV represen-
tative, Circe element, was generated by a recombination
event between LTR-retrotransposon Ulysses and LINE
LOA [100]. Moreover, many LR/ERV-created chimeric
REs should be assigned to SINEs.

SINEs and processed pseudogenes

SINEs are a very heterogeneous group of REs. Unlike au-
tonomous REs, which have common ancestry at least of
their RT gene, SINE representatives appeared many times
in evolution irrespective of each other. They usually lack
any protein-coding sequences and therefore use ‘exoge-
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nous’ RT for retroposition. It is generally accepted now
that LINEs are used as the source of RT for SINE prolif-
eration in genomes [49, 101]. These latter are thus ‘para-
sites of parasites’ (fig. 1). SINE sequences generally con-
tain an oligo(A) tail or, less frequently, another A-rich
stretch on their 3¢ end [102]. 
SINEs are widely distributed in eukaryotes and exist, as
LINEs do, in plants, in fungi and in vertebrate and inver-
tebrate animals (reviewed by Jagadeeswaran in [103]).
However, SINEs have not been found in Drosophila DNA
or in yeasts [104] (not surprising, as the Saccharomyces
cerevisiae genome lacks LINEs). SINEs are presented in
different hosts by strikingly different copy numbers vary-
ing from hundreds to millions. About 12% of the human
genome, for example, is occupied by SINEs, mostly Alu
elements [5]. At the 5¢-end SINEs typically harbour an
RNA polymerase III promoter, whose presence implies
their origin from aberrantly polyadenylated RNA poly-
merase III transcripts. A classic example is the mam-
malian SINE birth from a 7SL RNA copy with internal
deletions (rodent B1 [105] and primate Alu elements
[106]). These latter were very successful: there are more
than 106 Alu copies in human DNA, which make up
nearly 10% of the genome, roughly 1 Alu per 3 kb [5,
107]. Alu elements retain their transpositional activity, so
that ~1 out of every 100–200 human births has a de novo
Alu insertion [108].

Alu repeats are ~300-bp-long dimers; their consensus
sequence contains two tandem monomer fragments sep-
arated by an A-rich stretch [58, 109, 110]. Both mo-
nomers are homologous to 7SL RNA [58, 109]. The 5¢
fragment of the left monomer includes a transfer RNA
(tRNA)-like RNA polymerase III promoter. This pro-
moter most probably appeared due to a 2-bp mutation in
the 7SL copy [111]. Besides Alu, primate genomes also
contain separate left- and right-monomer sequences.
Rodent B1 SINEs are two times shorter than 7SL RNA-
like elements homologous to left Alu monomer [58, 112,
113]. The Alu/B1 common ancestor most probably ap-
peared before the divergence of rodent and primate lin-
eages [111]. Alu/B1 SINEs were likely originated by a
7SL RNA copy inserted into genomic DNA. This copy
mutated to Alu monomer, having an active promoter and
internal deletion of 155 bp [58, 111]. The monomer
started to settle the genome and one (or some) of its
copies integrated just upstream of another similar ele-
ment. The dimer formed in such a way then spread
widely through the primate genome. This mechanism
explains the presence in our genome of both Alu, and
left and right monomers (termed, respectively, FLAM
and FRAM, ‘former Alu left/right monomer’) [58, 109,
111].
Alu/B1 family members are involved in many cellular
functions. Most frequently, they affect expression of neigh-
bouring genes and cause chromosomal rearrangements.
As reviewed by Makalowski and Brosius, extended chro-
mosomal regions can be deleted or translocated due to
Alu-Alu recombinations [58, 114]. An interesting exam-
ple is the only currently reported gene distinguishing the
human genome from genomes of other hominids, the
gene encoding for CMP-N-acetylneuraminic acid hydro-
xylase, inactivated in Homo sapiens because of a similar
Alu-mediated deletion [115]. Many inheritable disorders
are known now to be due to Alu/B1 de novo insertions in
certain genomic loci. For instance, Alu integration in the
APC gene results in desmoid tumour development [116];
Alu jumping into the gene for factor IX causes hemo-
philia [43]. Numerous examples of Alu sequence influ-
ence on gene expression are also reported elsewhere
[117–119].
Alu repeats serve as enhancers (e.g. for the human ade-
nosindesaminase gene), as transcriptional modulators
(e.g. for the c-myc gene), or as transcriptional silencers
(e.g. for the PCNA gene); Alu elements are involved in
alternative splicing, being in many cases included in pro-
tein coding sequences (e.g. for the integrin b1C-2 sub-
unit). They work as insulators (for the keratin 18 gene),
and probably have some other functions [25, 58, 109].
An Alu sequence constitutes a 120-bp-long 5¢-terminal
domain of neuron-specific RNA BC200 found in all
higher primates [112]. This RNA of unknown function is
expressed at a high level in neurons and is known to be

Figure 1. Schematic representation of autonomous and non-au-
tonomous RE life cycle. Non-autonomous elements (SINEs) lack
any functional protein-coding genes and, therefore, need foreign
proteins for both reverse transcription and integration into the
genome. Autonomous REs (LINEs, no cases reported to date for
LTR-containing elements) are believed to provide their enzymatic
machinery for SINE retroposition.



transferred to dendrites, probably participating in regu-
lation of mRNA translation [58, 112].
An Alu sequence from the translated region of human ca-
sein kinase 2 liver isoform mRNA (gene CK2alpha≤)
provides a nuclear localization signal to this enzyme
[120]. 5¢-UTR-located Alu element influences ZNF-177
expression at both transcriptional and translational levels
[62]. It is important that ~4% of all human mRNAs con-
tain Alu sequences in the 5¢-UTRs [62]. One such gene,
coding for sex hormone-binding globulin (SHBG), has a
(TAAAA)n microsatellite in its 5¢-UTR Alu. In different
gene alleles the number of TAAAA monomers varies
from 6 to 10. Depending on the number of monomers, the
gene is expressed with different efficiency [121]. In addi-
tion, many human genes contain Alu repeats in protein-
coding regions [122]. All these examples are given here
just to illustrate the importance of 7SL-like SINEs for
normal mammalian genome functioning.
A great number of SINEs (e.g. mammalian MIR [123]
and rodent B2 elements [124], the TS element from to-
bacco [125] and many others) are homologous in their 
5¢ parts to tRNA sequences and are therefore called
tRNA-like SINE. Their 3¢-terminal domain is AT rich and
resembles that of LINEs. In contrast to 7SL-derived ele-
ments, tRNA-like SINEs are widely distributed in eu-
karyotes [25, 58, 109, 126-128]. The human genome con-
tains ~5 ¥ 105 tRNA-like elements (2% of all human
DNA [5]), mostly MIR elements [126, 129]. They consist
of two regions: a conservative and a variable one (5¢ and
3¢ segments, respectively). The conservative region in-
cludes a tRNA promoter and core domain, whereas the
variable part is similar to 3¢-terminal sequences of differ-
ent LINE families [126, 130, 131]. MIR-like elements
have also been described in birds, reptiles, amphibians,
pisces and in some invertebrates [126].
It is very likely that MIRs descended from retroviral
strong-stop DNAs [131, 132]. The core domain of MIRs
has conservative regions similar to fragments of lysine
tRNA-primed retroviral LTRs. According to the model of
MIR and LINE coevolution [131], retroviral strong-stop
DNA integrated either into the LINE 3¢-terminal part or
slightly upstream. Alternatively, LINE 5¢-truncated copy
could insert near strong-stop DNA. The RE formed could
be transcribed by RNA polymerase III and spread through
the genome. In eukaryotic genome evolution, retroposi-
tionally active LINE lineages were continually replaced
by newer LINE families [133]. By taking 3¢ termini from
different LINEs, MIRs were adapting themselves to such
changes (LINE-coded proteins recognize specific se-
quences on their mRNA 3¢ ends) [126, 131]. In papers
[131, 134] the authors demonstrate high 3¢-terminal se-
quence identity between SINEs and LINEs from the same
genomes: turtle CR1-LINE and PolIII/SINE, piscine HpaI
and Rsg-1, bovine Bov-tA and Bov-B and so on. This 
reflects a SINE molecular parasitism on LINEs. Another

obvious case is the SINE from trypanosoma genome,
RIME element, which consists of fused short 5¢- and 3¢-
terminal parts of the LINE ingi from the same organism
[135]: all ‘unnecessary’ DNA was removed from LINE,
only the 5¢ sequence with its internal promoter and the 3¢
region with RT recognition sites were left.
Like many other REs, tRNA-like SINEs are able to serve
as transcriptional regulators for host genes. Some of them
provide polyadenylation signals for mammalian genes
(e. g. the mouse gene for Glutathione-S-transferase uses
the poly(A) site from the B2 element [58]). MIRs are in-
volved in alternative splicing; they were found in several
gene exons (for instance, the MIR sequence constitutes
the second exon of the gene ATM [136]). In addition, B2
elements harbour the RNA polymerase II promoter,
which is probably absolutely unnecessary for B2 retropo-
sition. It was demonstrated that this promoter is activated
by the transcriptional factor USF. B2 proliferation thus
leads to transfer of functional RNA polymerase II pro-
moters to new genomic loci [137].
Notable, the evolution of some SINEs can be precisely
traced. For example, the rat ID element progenitor se-
quence (also termed master gene) survived in the genome
and is still active [58]. One day one of the alanine tRNA
copies mutated and became the BC1 sequence by acquir-
ing an internal promoter sufficient for RNA polymerase
III transcription initiation [58, 138]. BC1 codes for the
152-bp-long RNA which together with BC200 participates
in translation regulation in neurons  [138]. BC1 copies are
now widely distributed in the rat genome and are called
ID elements. ID sequences can stabilize mRNA structure
(e.g. in the pIL2 gene); they were also found in some 
enhancer regions [58].
There are also several examples of the recent formation 
of chimeric SINE families: MEN retroposon is a chimeric
SINE whose 5¢ region is homologous to B2 element,
whereas the 3¢ end was taken from the B1 sequence. There
is also a rodent-specific chimeric family created by B1
and ID elements [113]. Some examples of small nuclear
RNA-derived SINEs were also reported (the Bm1 element
from Bombyx mori genome was born by the U1 snRNA
[139]).
It should be noted, however, that the term ‘short inter-
spersed element’ itself does not imply the presence of an
RNA polymerase III promoter and origin similar to that
described above. Every non-protein-coding short RE of
another structure will be assigned to SINEs, which are a
heterogeneous RE group. For example, the Cp1 element
from chironomids is transcribed by RNA polymerase I
[140, 141]; the human SINE-R element was originated by
an LTR of HERV-K endogenous retrovirus [142]. Inter-
estingly, SINE-R is included into a more complex retro-
poson called SVA. The latter consists of three parts: SINE-
R, 15–23 tandemly repeated sequences (VNTR) and an
Alu sequence (SVA = SINE-R + VNTR + Alu) [143, 144].
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RNA-RNA recombination as a mechanism 
for chimeric retrogene formation 

As it illustrated above, reverse transcription plays a great
role in maintaining genome instability. Although the usual
mechanism for RT action is the continuous cDNA synthe-
sis on an RNA template, RT is also able to change tem-
plates during reverse transcription. The latter scenario is
well known for the retroviruses. The RT jumps from one
place on the template to another are necessary for the syn-
thesis of retroviral LTRs. Moreover, usually retroviral par-
ticles contain two genomic RNA molecules [17], and the
high template switch frequency significantly increases the
retroviral genome variety and, therefore, their chances for
successful adaptation to environmental changes [153].
According to the ‘forced copy-choice model’ [154], viral
template RNAs have many damaged sites, and the RT has
to change templates to complete the full cDNA synthesis.
Such jumps often cause RT mistakes, thus increasing the
mutation rate [155]. The probability of such RNA-RNA
recombinations varies substantially for different regions
within the same RNA molecule. The retroviral recombi-
nation hot spot is the so-called kissing loop area in the 
5¢-untranslated region [154]. Such recombination events
most probably account for many retroviral genome mosaic
structures.
The classic example is the Rous sarcoma virus v-src
oncogene, derived from the cellular c-src gene [156]. The
retroviral copy inserted into genomic DNA upstream of
the c-src gene. The following DNA rearrangement re-
sulted in c-src fusion with the retroviral 5¢-terminal seg-
ment. The chimera was transcribed and packed in virion
along with the normal viral genomic RNA molecule. The
subsequent RNA recombination created the mosaic viral
genome harbouring part of the captured cellular gene.
Another example is the human FAM8A pseudogene,
identified within the human HERV-K endogenous retro-
viral sequence [157]. The pseudogene replaces a 1.5-kb-
long section of the viral gag gene. In both fragments
flanking FAM8A insertion, significant sequence similar-
ities between FAM8A and viral DNA were found. This
chimera was likely formed due to at least two RNA-RNA
recombinations. Finally, Giles et al. recently proposed
that similar recombinations could give rise to pseudogene
formation of some snRNAs [158].
Another mechanism of chimera creation is template
switching during LINE-directed reverse transcription
(see fig. 2). Recently, we identified in the human genome
several types of chimeric retrogenes generated through a
mechanism involving RNA recombination during reverse
transcription of cellular RNAs [159]. The chimeras’ com-
ponents were DNA copies of various cellular transcripts:
messenger RNAs, ribosomal RNAs, snRNAs, 7SL RNA
and transposable elements. All the chimeras identified
had common features: the 5¢ and 3¢ parts of the chimeras
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Transcription starts with the Alu promoter. SVAs are pre-
sent in human DNA in several thousand copies. The first
SVA element probably appeared in the genome due to in-
tegration of several elements into the same genomic locus
[144]. There is also another, separate group of SINEs,
termed processed pseudogenes.

Processed pseudogenes

Not all sequences created by reverse transcription are
transposable elements. The DNA of higher eukaryotes is
full of pseudogenes, i.e. transcriptionally silent sequences
homologous to known cellular genes; a considerable
number of pseudogenes are of RE origin. These elements
do not contain introns, in their functional homologs, ter-
minate with an oligo(A) tail and are flanked by variable
length short tandem repeats. Such pseudogenes are re-
ferred to as processed pseudogenes [26]. They most prob-
ably appeared due to reverse transcription of correspond-
ing mRNAs, so that there are generally 1–10 (up to 100
in some cases) pseudogenes for each human gene [58],
quite a number of 7SL RNA [145], of snRNAs (U1, U2,
U3, U4, U5, U6, U7 [146–148]), of different tRNAs, of
ribosomal 5S and 28S RNAs [149], as well as of mito-
chondrial mRNAs [150]. It is believed that LINE RT is
used for processed pseudogene formation.
As long as RNA polymerase II-transcribed genes gener-
ally lack any promoter sequences in their mRNAs, corre-
sponding retrogenes are mostly transcriptionally silent
and quickly accumulate mutations, thus becoming ‘genetic
cargo’, a raw material for the evolution. There are, how-
ever, several cases of functional retrogenes whose tran-
scription is mediated by exogenous preexisting promoters
[26]. Alternatively, mutations in pseudogene flanking se-
quences are able to create new promoters which codes too
[58]. The characteristic example is the mouse retrogene
PMSE2b, which codes the proteasome activator PA28 b
subunit. The pseudogene is inserted into the L1 sequence
under the control of the LINE promoter. This functional
protein-producing retrogene is expressed in mouse tis-
sues in parallel with the ‘normal’ gene [59]. Another ex-
ample is the mouse PHGP gene for phospholipid hy-
droperoxide glutathione peroxidase. One of the PHGP
pseudogenes is expressed tissue specifically from its 5¢-ad-
jacent sequence [151]. Two mouse zinc-finger protein
genes, Zfp352 and Zfp353, similarly originated from
processed pseudogenes [152]. The ‘silence’ of RNA
polymerase III transcript-derived retropseudogenes can
be explained by their internal promoter insufficiency to
drive transcription: in the case of the 7SL RNA gene, its
5¢- adjacent sequence (absent from pseudogene) is ab-
solutely necessary for transcription initiation [145]. In
7SL-like SINEs, the lace of this regulatory sequence is
compensated by internal promoter structural alterations.
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were joined directly and had the same orientation, and the
chimeras were flanked by direct repeats and carried at
their 5¢ ends T2A4 hexanucleotide or its derivatives with
one or two nucleotide substitutions [159, 160]. The latter
features (direct repeats and T2A4 henanucleotide) are
most probably due to the property of LINE1 enzymatic
machinery to preferably recognize T2A4 sites and to sepa-
rate newly inserted DNA by short tandem repeats [161].
Newly formed retrogenes thus represent fused DNA
copies of different cellular transcripts integrated into the
host genome as a single entity. 
This mechanism of transcript shuffling was demonstrated
to be evolutionarily conserved in mammals [unpublished

data]. No chimeras were found in invertebrate, fish and
amphibian DNAs, whereas all mammalian genomes under
study did contain fused retrogenes. The 5¢ parts of chi-
meras were DNA copies of RNAs having nuclear or both
nuclear and cytoplasmic localization, while 3¢ parts were
copies of cytoplasmic RNAs: mRNAs of cellular genes 
or of transposable elements. The evolutionary ages of the
chimera parts correlated: the younger (i.e. the less diver-
gent from the corresponding consensus sequence) were
the 5¢ parts; the younger were the 3¢ sequences of the
chimeras and vice versa. The data obtained show that the
phenomenon of chimerization seems to have appeared at
least 75 million years ago, before the divergence of pri-
mate and rodent ancestors [162], and it is still present 
today [160]. The further finding of similar mammalian
chimeras, consisting of three components, accentuates
the potential of the L1 machinery for template switching
[unpublished data]. All the chimeras identified were sim-
ilarly organized: the 5¢ parts of triple chimeras were
SINEs, middle parts were always U6 snRNA copies and
3¢-terminal parts were LINEs. The detection of such retro-
transcripts suggests that not only single but also double
switches of templates occur in vivo during L1 reverse tran-
scription. Many of the chimeras are expressed in different
species, some of them in a tissue-specific manner [159]. 
Formation of certain L1 families might also involve RNA-
RNA recombination due to a template switch after the
major part of the L1 mRNA is reverse transcribed, result-
ing in fusion of the L1 3¢ part with an entirely new nu-
cleotide sequence. In particular, 5¢-untranslated regions
and the first third of the ORF1 of human, murine, rat and
rabbit L1 families are known to be not homologous to
each other [29]. 
Interestingly, similar recombinations were also described
for L1-L1 [163] and R2-R2 non-LTR retrotransposon
chimerization events [164]. In addition, LINE RT jumps
probably created recently discovered SINE-like 5S ribo-
somal RNA (rRNA) retropseudogene from Dictyostelium
genome [165]. The phenomenon described can thus be
considered an evolutionarily conserved mechanism of
new retrogene formation by shuffling parts of preexisting
expressed sequences.

Concluding remarks

The meaning for evolution of the reverse flow of genetic
information has been attracting scientists ever since re-
verse transcription was discovered. In many genomes REs
occupy up to 30–40% of genetic information [26]. Just
two RE families, L1 and Alu, constitute about 28% of all
human DNA [5]. The fact that both the quantity of differ-
ent RE families and their copy number were increasing
during evolution suggests REs are not only useless ‘junk’
[166] or ‘selfish’ [167, 168] sequences.

Figure 2. A probable mechanism for double and triple chimera 
formation by LINE enzymatic machinery. (Step 1) An L1 preinte-
gration complex binds LINE, SINE or the host mRNA in the cyto-
plasm. (Step 2) The ribonucleoprotein formed is transferred to the
nucleus. (Step 3) Reverse transcription of the bound mRNA primed
by a genomic DNA single-stranded break within the TTTTAA se-
quence (target site primed reverse transcription). (Step 4A) Suc-
cessful integration of the synthesized cDNA copy into genomic
DNA. (Step 4B) Switch of templates to another RNA for reverse
transcription. (Step 5A) Integration of the double chimera formed
into genomic DNA. (Step 5B) The second template switch to an-
other RNA with subsequent DNA reparation mediates formation of
a triple chimeric retrogene insertion flanked by short direct repeats
and carrying a poly(A) sequence at the 3¢ terminus. The normal
LINE integration pathway is steps (1), (2), (3), (4A).
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Many REs are not simply selfish DNA, as they constitute
protein-coding regions of functional genes. REs are also
able to repair double-strand DNA breaks [169-171]. Dur-
ing LINE retroposition, the 3¢ end of one broken DNA
strand serves as a primer for reverse transcription. Such
breaks are generally made by LINE endonuclease, but, in
principle, any double-strand break can be used by the
LINE retropositional machinery. In such case a new LINE
copy appears at the site of ‘cured’ DNA break [170–172].
Notably, cell culture treatment with DNA-damaging
reagents results in a dramatic increase of RE transcription
[173]. It is possible that in such a way cells recruit LINEs
to repair the DNA.
The major part of RE interactions with the cellular genome
deal with the regulation of gene expression (fig. 3). Short
retroposon sequences are saturated by transcriptional fac-
tor binding sites and serve as transcriptional promoters/
enhancers for neighbouring genes [174]. The same has
been reported for solitary LTRs of LR/ERVs [175, 176].

In addition, REs may compete with gene promoters for the
binding of transcriptional factors [177]. Many REs con-
tain splicing enhancers as well as splice donor and/or 
acceptor sites, which can reshape preexisting gene exon-
intronic structure [178]. SINEs, LINEs and LR/ERVs may
provide polyadenylation signals, resulting in host gene 3¢
truncations [178, 179]. Moreover, RE/cellular mRNA an-
tisense interactions are assumed to play an important role
in tight gene expression regulation at both translational
[180] and transcriptional [181] levels.
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