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Abstract Retroelements comprise a considerable fraction

of eukaryotic genomes. Since their initial discovery by

Barbara McClintock in maize DNA, retroelements have

been found in genomes of almost all organisms. First

considered as a ‘‘junk DNA’’ or genomic parasites, they

were shown to influence genome functioning and to pro-

mote genetic innovations. For this reason, they were

suggested as an important creative force in the genome

evolution and adaptation of an organism to altered envi-

ronmental conditions. In this review, we summarize the

up-to-date knowledge of different ways of retroelement

involvement in structural and functional evolution of genes

and genomes, as well as the mechanisms generated by cells

to control their retrotransposition.
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Introduction

The eukaryotic genome is a complex and dynamic struc-

ture. Only about 3% of the human genome are composed of

protein-coding sequences in comparison with *50% con-

stituted by transposable elements (TEs). Transposable or

mobile elements are DNA sequences able to jump into new

locations within genomes [1]. They can reach very high

copy numbers and represent the major fraction of the

eukaryotic genomes. Since their initial discovery in 1956

by Barbara McClintock in maize DNA [2], mobile ele-

ments have been found in genomes of almost all organisms.

They constitute more than 50% of the maize genome [3],

22% of the Drosophila genome [4], and 42% of human

DNA [5]. Considered first as a ‘‘junk’’ DNA or genomic

parasites, mobile elements are now suggested to be

‘‘functional genome reshapers’’, able to alter gene expres-

sion and promote genome evolution [1, 6–8].

There are two major groups of mobile elements. Class II

elements or DNA transposons comprise about 3% of the

human genome and move by a so-called ‘‘cut and paste’’

mechanism. No currently active DNA transposons have

been identified in mammals [6]. Class I representatives are

called retroelements (REs). They move by a ‘‘copy and

paste’’ mechanism involving reverse transcription of an

RNA intermediate and insertion of its cDNA copy at a new

position within the host genome. This review is focused on

retroelements: their characteristics and involvement in the

eukaryotic genome functioning.

General characteristics of retroelements

REs constitute about 90% of all transposable elements

present in the human genome [9]. The main characteristic

feature of REs is that their proliferation in the host genome

is dependent on the process of reverse transcription. On the

basis of presence or absence of long terminal repeats

(LTRs), all retroelements can be divided into two major

groups. The first group—LTR-containing retroelements—

is represented by LTR retrotransposons, tyrosine recom-

binase retrotransposons, and endogenous retroviruses. The

second group is called non-LTR retroelements, and the

main representatives of this group are long interspersed

nuclear elements (LINEs), short interspersed nuclear
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elements (SINEs), and processed pseudogenes (Fig. 1).

Endogenous retroviruses and LINEs are referred to

autonomous REs because they encode the proteins neces-

sary for their proliferation and transposition. SINEs and

processed pseudogenes are non-autonomous elements.

They are suggested to transpose using LINE enzymatic

machinery [10]. REs also include recently characterized in

the Drosophila genome Penelope-like elements [11].

Long interspersed nuclear elements (LINEs)

LINEs are autonomous non-LTR retrotransposons. They

are widely distributed in eukaryotes. Nearly 17% of human

DNA is occupied by LINEs [5]. However, they are mostly

50-truncated inactive copies with only about 80–100 ele-

ments potentially capable of retrotransposition [12].

LINEs-1 (or L1s) are believed to be the only curr-

ently active autonomous transposable elements in human

[13, 14].

The full-length human L1 is 6 kb long. It has a 900-nt-

long 50 untranslated region (UTR) that functions as an

internal promoter for RNA polymerase II, two open read-

ing frames (ORF1 and ORF2), a short 30UTR, and a

poly(A) tail. ORF1 encodes a nucleic acid binding protein

that lacks sequence similarity with any other known protein

[8, 15]. The ORF2 protein contains endonuclease (EN) and

reverse transcriptase (RT) activities, as well as a Cys-rich

domain, which are absolutely required for retrotransposi-

tion [16]. L1 integrations are usually flanked by short direct

repeats, also called target site duplications.

L1 retrotransposition is thought to occur by target

primed reverse transcription (TPRT) [17]. They can inte-

grate at a very large number of sites in the genome, because

their endonuclease preferentially cleaves DNA at a short

consensus sequence 50-TTTT/AA-30 [18, 19]. The enzy-

matic machinery of a retrotransposition-competent L1

predominantly transposes its own copies; this phenomenon

is usually called ‘‘cis-preference’’ of L1 transposition [20].

However, L1s are capable of transposing other sequences,

mostly Alu retroposons, but also copies of different cellular

RNAs, thus forming pseudogenes [21].

Apart from L1, mammalian genomes contain ancient

and extinct LINE elements belonging to LINE2 and CR1/

LINE3 families. They constitute about 3% and 0.38%

(LINE2), and 0.3% and 0.05% (LINE3), of human and

mouse DNA, respectively [22]. In spite of the low-copy

number, their presence may be valuable for the host gen-

ome. For example, a LINE-2 fragment was shown to be a

potent T-cell-specific silencer [23]

Short interspersed nuclear elements (SINEs)

SINEs comprise about 12% of the human genome. These

elements are generally quite short (\500 bp) and do not

code any proteins. Therefore, they need ‘‘exogenous’’ RT

for their transposition. It is generally accepted that LINEs

are used as a source of RT for SINE proliferation [24].

SINE sequences generally contain a poly(A) tail or, less

frequently, another A-rich stretch on their 30end. In the

human genome, SINEs are represented by two main

families: mammalian-wide interspersed repeats (MIR)—

tRNA-like SINEs that constitute about 2% of the human

genome; and Alu—7SL RNA-derived elements, compris-

ing 10% of human DNA [5]. Alu elements are the most

abundant repeats in the human genome. The major burst of

Alu retroposition took place 50–60 million years ago and

has since dropped to a frequency of one new retroposition

for every 20–125 new births [25, 26].

Processed pseudogenes

Pseudogenes are sequences homologous to known genes

which appeared due to reverse transcription of different

cellular RNAs and subsequent insertion of the cDNA copy

into the genome. These elements normally do not contain

introns, have a poly(A) tail and are flanked by short direct

repeats. Such pseudogenes are referred to as processed

Fig. 1 Schematic representation of different retroelements. White
triangles short direct repeats (target site duplications), UTR untrans-

lated region, ORF open reading frame, LTR long terminal repeat, PR
protease, RT reverse transcriptase, RH ribonuclease H, IN integrase,

Env envelope, YR tyrosine recombinase, EN endonuclease
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pseudogenes [27]. Generally there are 1–10 (in some cases

up to 100) pseudogenes for each human gene [28]. It is

believed that LINE RT is used for the formation of pro-

cessed pseudogenes [21].

Long terminal repeat (LTR)-retrotransposons

and endogenous retroviruses

This group combines diverse elements that possess LTRs in

their sequence. LTRs contain multiple regulatory elements.

All LTR-containing elements comprise about 8% of the

human genome [9].

The consensus structure of LTR-retrotransposons is

similar to that of retroviruses except for the absence of env

(envelope) gene in most elements [29]. They contain gag

gene, encoding for a structural protein with nucleic acid

binding activity, and pol, which encodes polyprotein with

protease, reverse transcriptase, RnaseH, and integrase

activities. There are three major classes of LTR-retro-

transposons in vertebrates: the Ty1/copia, Ty3/gypsy, and

BEL families.

Endogenous retroviruses (ERVs) are believed to repre-

sent genomic traces of ancient germ-cell retroviral

infections. They have been found in all vertebrate genomes

and constitute about 1% of the human DNA [30, 31]. The

env gene of ERVs confers the potential to spread between

cells and individuals. However, most of the ERVs

sequences have undergone extensive deletions and muta-

tions, therefore becoming transpositionally deficient and

transcriptionally silent [32]. Moreover, the majority of

ERVs reside in the genome in the form of solitary LTRs,

arisen most probably due to homologous recombination

between two LTRs of a full-length element.

Another group of LTR-containing retroelements is

represented by the so-called tyrosine-recombinase

encoding retrotransposons (or YR-retrotransposons) [33].

These elements have structures quite distinct from the

retroelements mentioned above. The most important dif-

ference is that YR-retrotransposons do not encode for

integrase, but instead encode a tyrosine recombinase

(YR). The first element of this group was identified in the

slime mold, Dictyostelium discoideum, and was called

DIRS [34]. Later on, related elements were found in the

genomes of numerous fungi, plants, and animals [33]. All

these elements could be divided into two basic groups:

DIRS-like elements, flanked by inverted repeats and

containing internal complementary region, and elements

of the PAT and Ngaro type, having split direct repeats.

The unusual structure of the terminal repeats of the YR-

retrotransposons was suggested to be necessary for their

replication via free circular intermediate [34, 35]. Site-

specific recombination is believed to integrate the circle

without formation of target-site duplications. The human

genome contains a DNA sequence similar to a large

fragment of a DIRS1-like recombinase gene. However, no

full-length mammalian DIRS-like elements have been

found to date.

Penelope-like elements

Penelope-like elements (PLEs) constitute a novel class of

eukaryotic retroelements distinct from both non-LTR and

LTR retrotransposons [11]. They were first discovered in

Drosophila virilis as elements responsible for the hybrid

dysgenesis syndrome, characterized by simultaneous

mobilization of several unrelated TE families in the prog-

eny of dysgenic crosses. PLEs were further found in

genome databases of different eukaryotes. They have a

rather complex and highly variable organization. These

elements were shown to possess internal promoter [36] and

contain one ORF, encoding for reverse transcriptase and

endonuclease that differ from the corresponding proteins of

LTR-containing and non-LTR retrotransposons [11]. The

PLE endonuclease belong to the URI protein family, which

includes, inter alia, a catalytic module of the GIY-YIG

endonucleases of group I introns, as well as bacterial UvrC

DNA repair proteins. The reverse transcriptase of PLEs

mostly resembles the RT domain of telomerase. Both the

RT and EN domains encoded by D. virilis Penelope are

functionally active, but the mechanism of their transposi-

tion still remains a mystery.

Structural genomic changes caused by RE activity

Formation of new retrotransposons

RE integrations into the genome can cause multiple effects

and, among them, they can lead to the formation of new

REs, as in case of SVA elements. SVA is a composite

element consisting of four parts: hexamer repeats

(CCCTCT)n, Alu, 15-23 tandemly repeated sequences

(VNTR), and SINE-R (SVA = SINE-R ? VNTR ? Alu)

[37, 38]. The SVA family originated\25 million years ago

and has increased to *3,000 copies in the human genome

[38]. The first SVA probably appeared in the genome due

to the integration of several elements into the same geno-

mic locus [37]. SVA elements are flanked by target site

duplications, terminate in a poly(A) tail, and they are

occasionally truncated and inverted during their integration

into the genome. Therefore, they were suggested to rep-

resent non-autonomous retrotransposons that are mobilized

by L1 encoded proteins in trans. SVA elements remain

active in the human genome. To date, at least five diseases

have been reported to be the result of SVA insertions

[6, 38, 39] (Table 1).
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Moreover, it is speculated that LTR-containing retro-

transposons and SINEs themselves represent chimeric

elements [10, 40]. A phylogenetic analysis of the ribo-

nuclease H domain revealed that LTR-containing

retroelements might have been formed as a fusion between

DNA transposon and non-LTR retrotransposon [40].

tRNA-derived SINEs likely descended from retroviral

strong-stop DNAs [10]. They consist of two regions: a

conservative one, including a tRNA promoter and a core

domain, and a variable one similar to 30-terminal sequence

of different LINE families. The core domain of tRNA-like

SINEs has conservative regions similar to fragments of

lysine tRNA-primed retroviral LTRs. On the basis of these

structural peculiarities, it was suggested that tRNA-derived

SINEs emerged due to the integration of retroviral strong-

stop DNA into the LINE 30-terminal part (Fig. 2a). The RE

formed could be transcribed by RNA polymerase III and

spread through the genome. Such a mechanism of SINE

formation could also explain how these elements can

transpose in the genome. Namely, it seems very likely that

they recruited the enzymatic machinery from LINEs

through a common ‘‘tail’’ sequence [10].

REs and recombination events

Recombination is a powerful factor of evolution that

produces genetic variability by using already existing

blocks of biological information [41]. Because of their

high copy number and sequence similarity, REs are the

substrates for illegitimate homologous recombination,

also called ectopic recombination (Fig. 2b). The chance

that an ectopic recombination will occur depends on the

number of homologous sequences and on the length of

the elements [42, 43]. Recombination causes genetic

rearrangements that can be deleterious, advantageous, or

null.

Table 1 Impact of retroelements on genome structure and functioning

RE function Examples

Structural genomic changes

Formation of new

retrotransposons

Formation of SVA [37], LTR-containing retrotransposons [40] and tRNA-derived SINEs [10]

Recombination events Recombination between retroelements may cause various diseases [6, 44–46]. Human glycophorin gene

family evolved through several duplication steps that involved recombination between Alu elements

[41]

Transduction of 30-flanking

sequences

SVA-mediated transduction duplicated the entire AMAC gene three times in the human genome [54]

Formation of processed

pseudogenes

Mouse PMSE2b [56] and PHGP [57] pseudogenes, TRIMCyp gene of owl monkey [58]

Template switch during

reverse transcription

Formation of bipartite and tripartite chimeric elements in eukaryotic genomes [61–63]

cis-regulation of gene activity

REs as promoters LTRs cause placental-specific expression of CYP19 [71] and regulate transcription of NAIP gene [77];

LTR represent the only known promoter for the liver-specific BAAT gene [78]

REs as transcriptional

enhancers

Expression of salivary amylase in humans is a result of HERV-E integration [82]; ERV9 LTR is an

enhancer elements in the b-globin locus control region [83]; Alu sequence is a part of enhancer

element of the human CD8 alpha gene [88]

REs as providers of novel

splice sites

Muscle-specific inclusion of an Alu-derived exon in SEPN1 mRNA in humans [94]; generation of

alternative VEGFR-3 transcript due to the use of a non-canonical acceptor splice site within LTR

sequence [104]

REs as a sourse of new

polyadenylation signals

HERV-F LTR may function as an alternative polyadenylation site for gene ZNF195 [110]; HERV-H

LTRs are major polyadenylation signals for human HHLA2 and HHLA3 genes [111]

REs as transcriptional

silencers

A part of Alu element is a transcriptional silencer of the human BRCA gene [117]; endogenous retroviral

sequence RTVL-Ia may serve as a silencer of the human Hpr gene [120]

REs as antisense regulators

of host gene transcription

Human-specific HERV-K LTRs generate antisense transcripts to SLC4A8 and IFT172 mRNAs [128]

REs as insulator elements B2 SINE element located in the murine growth hormone locus serves as a boundary to block the influence

of repressive chromatin modifications [134]; Drosophila LTR retrotransposon gypsy in the 50 region of

the gene yellow blocks the action of the upstream located enhancers and is responsible for the

pigmentation of cuticula [137]

REs as regulators of

translation

Alu and L1 segments in the 50UTR of human ZNF177 gene modify gene expression on the protein level

by decreasing translation efficiency [140]
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There are numerous reported cases of human diseases

caused by recombination between REs. For example, gly-

cogen storage disease [44], Alport syndrome [45] as a

result of recombination between L1 elements, and com-

plete germ cell aplasia due to recombination between

HERV-I [46]. Alu elements were implicated in almost 50

disease-causing recombination events [47, 48].

Apart from deleterious effects, recombination between

REs can also have positive consequences. For example,

human glycophorin gene family evolved through several

duplication steps that involved recombination between Alu

elements [41]. Furthermore, Alu-derived ectopic recombi-

nation generated 492 human-specific deletions, the

distribution of which is biased toward gene-rich regions of

the genome [49]. About 60% of Alu recombination-medi-

ated deletions were shown to be located in genes and, in at

least three cases, exons have been deleted in human genes

relative to their chimpanzee orthologs. Finally, L1s were

shown to join DNA breaks by inserting into the genome

through an endonuclease-independent pathway, thus par-

ticipating in DNA double-strand breaks repair [50]

Transduction of 30-flanking sequences

The ability to transduce 30-flanking DNA to new genomic

loci was firstly shown for L1 elements [51–53] (Fig. 2c).

L1s have a rather weak polyadenylation signal; therefore,

RNA polymerase sometimes gets through it and terminates

an RNA synthesis on any polyadenylation site located

downstream. It was estimated that *20% of all L1 inserts

contain transduced DNA at the 30ends. The length of these

sequences varies from a small number of bases to over

1 kb. Taken together, such transduced DNA makes up

*0.6–1% of the human genome. Therefore, L1-mediated

transductions have the potential to shuffle exons and reg-

ulatory sequences to new genomic sites.

Recently, it was shown that SVA elements are also able

to transduce downstream sequence, and it was estimated

that about 10% of human SVA elements were involved in

DNA transduction events [38, 39]. Moreover, SVA-medi-

ated transduction can serve as a previously uncharacterized

mechanism for gene duplication and the creation of new

gene families [54]. The authors identified one group of

SVA elements that duplicated the entire AMAC (acyl-

malonyl condensing enzyme 1) gene three times through

SVA-mediated transduction events, which happened before

the divergence of humans and African great apes. The three

transduced AMAC copies contain intact ORFs in the human

genome, and at least two of them are transcribed in dif-

ferent human tissues.

Formation of processed pseudogenes

Genomes of all higher eukaryotes contain pseudogenes.

These elements normally do not contain introns, end in a

poly(A) tail, and are flanked by short direct repeats. Such

pseudogenes are referred to as processed pseudogenes [27]

and are believed to be produced by the action of LINE

retrotransposons [21] (Fig. 2d).

As long as RNA polymerase II-transcribed genes gen-

erally lack any promoter sequence in their RNA, processed

pseudogenes were classically thought to be transcription-

ally silent. Indeed, there were not so many reported cases

of active pseudogenes that happened to integrate within an

Fig. 2 a Formation of tRNA-

like SINEs as an example of a

role of REs in generation of new

genetic elements;

b retroelements as substrates for

recombination events;

c transduction of 30-flanking

sequences; d formation of

processed pseudogenes by LINE

enzymatic machinery;

e generation of chimeric

elements by template switches

during LINE retrotransposition

Retroelements and genome functioning 3731



existing transcription unit and give rise to a novel gene or a

novel transcriptional pattern of the existing ones. These

include jingway element of Drosophila yakuba and

D. melanogaster formed due to integration of alcohol

dehydrogenase pseudogene into yellow-emperor gene [55],

mouse PMSE2b retrogene inserted into the L1 sequence

under the control of LINE promoter [56], mouse PHGP

pseudogene, which is expressed from its 50-adjacent

sequence in a tissue-specific manner [57], TRIMCyp gene

of owl monkey, formed by retrotransposition of cyclophilin

A transcript to intron 7 of TRIM5 ubiquitin ligase and

shown to confer HIV-1 resistance in owl monkey [58], and

several others. However, recent genome-wide analysis of

EST databases as well as transcriptional analyses of indi-

vidual pseudogenes have revealed that up to a third of

processed pseudogenes are transcribed, most of them spe-

cifically in testes [58, 59]. In humans, [1,000 pseudogene

transcripts were detected, and the number of functionally

active pseudogenes was estimated to be *120 [59].

Interestingly, a striking predominance of autosomal retr-

ogenes, which are copies of X-linked parental genes, was

shown. These autosomal substitutes probably sustain

essential functions during male X chromosome inactivation

in the process of spermatogenesis [59].

Chimeric retrogene formation during reverse

transcription

Apart from RE retrotransposition and formation of pseu-

dogenes, reverse transcriptase (RT) is also able to change

templates during cDNA synthesis. This feature of RT is

well known for retroviruses. The RT jumps from one place

of the template to another are necessary for the synthesis of

retroviral LTRs [60].

Template switches can also occur during LINE-directed

reverse transcription. Recently, our group has identified

bipartite and tripartite chimeric retrogenes in three mam-

malian and one fungal genomes. A total of 82, 116, 66, and

31 elements were found in human, mouse, rat, and rice

blast fungus Magnaporthe grisea DNAs, respectively [61–

64]. These elements are composed of DNA copies of dif-

ferent cellular transcripts either directly fused to each other

or more frequently fused to the 30 part of a LINE retro-

transposon. The various cellular transcripts found in these

chimeras correspond to messenger RNAs, ribosomal

RNAs, small nuclear RNAs, 7SL RNA, and Alu retro-

poson. The chimeras have the following common features:

(1) 50-parts are full-length copies of cellular RNAs,

whereas 30-parts are 50-truncated copies of the corre-

sponding RNAs (mostly LINEs); (2) both parts are directly

joined with the same transcriptional orientation; (3) chi-

meras have a poly(A) tail at their 30-end; and (4) chimeras

are flanked by short direct repeats. The last structural

feature demonstrates that these elements were transposed

as bipartite DNA copies. The simultaneous integration of

both parts of these chimeras was further supported by the

data obtained from PCR-based multi-species insertion

polymorphism assay [64]. We further suggested that the

chimeras were formed by a template switch in the process

of LINE reverse transcription (Fig. 2e). This suggestion

was supported by the results obtained during the analysis of

LINE retrotransposition in vitro and in vivo [65, 66]. The

presence of structurally similar chimeric elements in evo-

lutionary distinct organisms shows that template switching

during LINE reverse transcription represents an evolu-

tionary conserved mechanism of genome rearrangement.

Moreover, many of the chimeras can be considered as new

genes, as they were shown to be transcribed, some of them

in a tissue-specific manner [62, 64].

Apart from generating chimeric retrogenes, template

switches during LINE reverse transcription could give rise

to chimeric SINE elements [67] and to mosaic rodent L1

structures [68, 69]. Evolution of certain LINE families

might also involve change of a template during reverse

transcription, resulting in the fusion of the 30 part of a LINE

to a new sequence, as suggested by the observation that the

50-untranslated regions of human, mouse, rat, and rabbit L1

families are not homologous to each other [70].

cis-regulation of gene activity by retroelements

REs as promoters for a host gene transcription

Recent whole-genome analysis revealed that about 25% of

all human promoters contain REs in their sequence [71].

Moreover, 7–10% of experimentally characterized tran-

scription factor binding sites (TFBS) were shown to be

derived from repetitive sequences including simple

sequence repeats and transposable elements [72]. TFBS

that originated from repeats evolve more rapidly than non-

repetitive TFBS but still show signs of sequence conser-

vation on functionally critical residues. Such rapidly

evolving TFBS are likely to direct species-specific regu-

lation of gene expression, thus participating in evolutionary

processes (Fig. 3; Table 1).

In the majority of examples reported to date, REs act as

alternative promoters. REs can either influence the level of

a corresponding RNA transcription or change the tissue-

specificity of its expression. For example, LTR integration

into CYP19 gene, encoding for aromatase P450, the key

enzyme in estrogen biosynthesis, led to the formation of

alternative promoter located 100 kb upstream of the coding

region [71]. This event resulted in the primate-specific

transcription of CYP19 in the syncytiotrophoblast layer of

the placenta. Placental-specific expression might play an
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important role in controlling estrogen levels during preg-

nancy. Placental-specific transcription driven from

endogenous retroviral promoters were also shown for Mid1

gene linked with inheritable Opitz syndrome [73], endo-

thelin B receptor [74], and insulin-like growth factor

INSL4 [75].

Solitary ERV-L LTR was shown to promote b3GAL-T5

transcription in various tissues, being especially active in

colon, where it is responsible for the majority of gene

transcripts [76]. b3GAL-T5 is involved in the synthesis of

type 1 carbohydrate chains in gastrointestinal and pancre-

atic tissues. Interestingly, murine b3GAL-T5 gene is also

expressed primarily in colon, despite the absence of an

orthologous LTR in the mouse genome. It is likely that in

humans the LTR adopted the function of an ancestral

mammalian promoter active in colon [76]. An interesting

example of gene transcriptional regulation by LTR was

shown for NAIP (BIRC1) gene coding for neuronal apop-

tosis inhibitory protein [77]. Although human and rodent

NAIP promoter regions share no similarity, in both cases

LTR serve as an alternative promoter. Thus, two different

LTR retrotransposons were recruited independently in

primate and rodent genomes for the gene transcriptional

regulation.

REs may also represent the only known promoter for

some human genes. For example, the only apparent pro-

moter of the liver-specific BAAT gene recently implicated

in familial hypercholanemia is an ancient LTR in human

but not in mouse [78]. Antisense L1 and Alu sequences

were shown to act as the only known promoter for HYAL-4

gene, necessary for hyaluronan catabolism [71].

The application of novel high-throughput techniques

such as cap analysis of gene expression (CAGE) and

paired-end ditag (PET) sequencing revealed 51197 ERV-

derived promoter sequences. In 1,743 cases, ERVs were

located in gene proximal or 50 untranslated regions. Also,

114 ERV-derived transcription start sites can be demon-

strated to drive transcription of 97 human genes, producing

chimeric transcripts initiated within LTR and read-through

into known gene sequences [79].

Recently, we developed a technique called genomic

repeat expression monitor (GREM) that can be applied to

genome-wide isolation and quantitative analysis of any

kind of transcriptionally active repetitive elements [80].

With the help of this technique, we have found that at least

50% of human-specific HERV-K LTRs possess promoter

activity, and the level of their expression ranges from

*0.001 to *3% of the beta-actin gene transcriptional

level [81]. We have also shown that 50-proviral LTR is

more transcriptionally active than 30-proviral or solitary

LTRs and that the relative content of promoter-active LTRs

in gene-rich regions is significantly higher than that in

gene-poor loci.

REs as transcriptional enhancers for cellular genes

One of the first striking reports of the involvement of REs

in tissue-specific gene transcriptional regulation was for

the human amylase locus [82]. In humans, amylase is

produced in pancreas and in salivary glands. Human

amylase locus includes two genes of pancreatic amylase

(AMY2A and AMY2B) and three genes of salivary amylase

(AMY1A, AMY1B, AMY1C). The latter three genes are

likely products of a recent triplication, because in the

chimpanzee genome there is only one gene for AMY1.

Exon-intronic structures of these genes are identical,

except for an additional untranslated exon at the 50 ter-

minus of the salivary amylase genes. Moreover, all genes

for salivary amylase contain a full-length insert of HERV-

E upstream of their transcription start site. It was

hypothesized that the insertion of full length endogenous

retrovirus activated a cryptic promoter that drives the

transcription of amylase in salivary glands. When there is

a solitary LTR instead of full-length HERV-E provirus,

cryptic promoter cannot be activated and the gene is

expressed only in pancreas.

Fig. 3 Different mechanisms of

RE influence on gene

transcription. Red boxes
retroelements, green boxes gene

exons, green arrow gene

transcriptional start site, purple
oval enhancer element
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There are several other well-supported examples of LTR

involvement in gene regulation. For example, the ERV9

LTR element upstream of the DNase I hypersensitive site 5

(HS5) of the locus control region in the human b-globin

cluster might be responsible for controlling expression of

this cluster in erythroid cells [83]. It was suggested that the

enhancer effect might be caused by LTR-initiated tran-

scription driven in the direction of associated gene

promoter [84, 85]. Another example is the mouse Slp (sex-

limited protein) gene. Endogenous retrovirus located

upstream of the Slp in antisense orientation was shown to

direct androgen specific expression of this gene in males

[86].

LINEs and SINEs can also serve as transcriptional

enhancers. The enhancer of human apoliprotein A was

shown to reside within LINE element [87]. Alu sequence is

a part of enhancer element located in the last intron of the

human CD8 alpha gene [88]. Expression of this gene is

restricted to cells of lymphoid lineage and is develop-

mentally regulated during thymopoesis. A CORE-SINE

retroelement (ancient tRNA-derived SINE with a con-

served core sequence) was found to represent a neuronal

enhancer for the POMC (proopiomelanocortin) gene [89].

POMC encodes a prohormone that gives rise to several

bioactive peptides that participate in the stress response,

skin and hair pigmentation, analgesia, the regulation of

food intake, and energy balance. CORE-SINE was shown

to be responsible for the expression of POMC in ventral

hypothalamic neurons. Recently, AmnSINEs (a new SINE

family identified in the genomes of Amniota) have been

shown to act as distal transcriptional enhancers for FGF8

(fibroblast growth factor 8) and SATB2 genes in developing

mouse forebrain [90].

REs as providers of novel splice sites for the host genes

Apart from the modulation of transcription, retroelements

can also regulate splicing of pre-mRNA. An outstanding

role here belongs to SINE elements, namely Alu retro-

transposons in case of human transcriptome. It is current

opinion that it is the exonization of Alu elements that plays

a crucial role in birth of new exons in primate genomes [91,

92]. Alu elements have several sequence motifs resembling

consensus splice sites in both sense and antisense orienta-

tions [93]. Younger Alu-derived exons have weaker splice-

sites and lower absolute values for the relative abundance

of putative splicing regulators between exonic and adjacent

intronic regions. This relative abundance was shown to

increase with exon age [91]. There is an excess of Alu-

derived internal exons in the 50-untranslated regions

(UTRs) of the genes as compared to the 30-UTRs. This

phenomenon likely reflects stronger purifying selection

pressure against exon creation in 30-UTR because such

exons may trigger mRNA nonsense-mediated decay [92].

In addition, there is an ‘exclusion zone’ in intron sequences

flanking exons, where insertion of Alu elements is pre-

sumably under purifying selection [94].

Overall, Alu-derived exons had significantly weaker

splicing signals compared to non-repetitive constitutively

and alternatively spliced exons, most probably due to a

lower density of exonic splicing regulatory elements.

However, at least six Alu-containing exons (in genes

FAM55C, NLRP1, ZNF611, ADAL, RPP38, and RSPH10B)

are constitutively spliced in human tissues [92, 95]. In

addition, Alu sequence provided a donor splice site to one

of the constitutive exons of the human gene encoding

survivin (a member of the apoptosis inhibitor family that is

overexpressed in many malignancies) [96]. Furthermore,

using exon array data of 330 Alu-derived exons in 11

human tissues and detailed RT-PCR analyses of 38 exons,

it has been demonstrated that some Alu-derived exons are

constitutively spliced in a broad range of human tissues,

and may display strong tissue-specific switch in their

transcript inclusion levels. Most of these latter exons were

derived from ancient Alu elements in the genome [92].

This is probably due to the fact that exons derived from

older Alu elements had more evolutionary time to accu-

mulate nucleotide substitutions that strengthened exon

inclusion in the transcript products.

Interestingly, Alu exonization might have played a role

in human speciation. For example, there is a muscle-spe-

cific inclusion of an Alu-derived exon in mRNA of gene

SEPN1 (gene implicated in a form of congenital muscular

dystrophy), which appeared due to a human-specific

splicing change after the divergence of humans and

chimpanzees [94]. Some novel polymorphic Alu inserts

interfere with the normal pre-mRNA splicing by providing

additional splicing enhancers, thus causing inheritable

diseases [97]. Importantly, it was shown that more Alus

flank alternatively spliced exons than constitutively spliced

ones. This implies that Alu insertions may change the

mode of splicing of the flanking exons [94].

LINE elements may also be involved in the splicing of

cellular RNAs, although with relatively lower frequencies.

Proportion of L1 elements in gene introns is significantly

lower than the one of Alu repeats, although both retrotrans-

posons utilize the same retrotranspositional mechanism [98].

This bias is probably due to a purifying selection acting

against accumulation of L1s in genes [99]. Interestingly, an

increased ratio of constitutively spliced L1s relatively to

alternatively spliced ones has been reported compared to Alu

elements. Mammalian L1s contain numerous functional

internal splice sites that generate a variety of processed L1

transcripts (most probably useless for L1 retrotransposition)

and also contribute to the generation of hybrid transcripts

between L1 elements and host genes. Interestingly, L1
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splicing is delayed during the course of L1 expression [100].

This delay may serve to protect host genes from the excessive

burden of L1 interference with their normal expression via

aberrant splicing. In other vertebrate genomes, LINEs have

also been reported to generate new chimeric spliced mRNA

variants for the host functional genes, e.g., in zebrafish [101]

or in pig cells [102].

LTR retrotransposons also may contribute to a diversity

of alternatively spliced RNAs [103]. For example, two

different isoforms of the human endothelial angeogenesis

controlling receptor are encoded by the same gene VEGFR-

3/FLT4. Polypeptide encoded by the shorter transcript

lacks 65 C-terminal aminoacids. The short VEGFR-3

transcript is formed because of the use of a non-canonical

acceptor splice site within the endogenous retroviral

sequence located between exons 1 and 2. These different

forms of VEGFR-3 gene product probably have different

biological functions [104].

Recently, it has been proposed that intronic repeats may

also affect gene exon-intronic structure through RNA

editing mechanism by adenosine deaminase acting on RNA

(ADAR) enzymes (reviewed in [105]). ADARs convert

adenosine to inosine in double-stranded RNA substrates.

An inosine is interpreted by the splicing machinery as

guanosine. A ? I RNA editing could therefore create or

delete splice donor and acceptor sites. It was discovered

that the most frequent targets of A ? I RNA editing are

dsRNAs that are formed from inverted Alu located in

introns and UTRs of mRNAs. Several examples of exclu-

sion and inclusion of the Alu exon due to editing of the Alu

dsRNA have been identified through the analysis of human

cDNA sequences [106].

REs as a sources of new polyadenylation signals

mRNA polyadenylation is an essential step for the matu-

ration of almost all eukaryotic mRNAs. A polyadenylation

signal (AAUAAA) nearby the 30 end of pre-mRNA is

required for poly(A) synthesis. The protein complex

involved in the pre-mRNA polyadenylation is coupled with

RNA polymerase II during the transcription of a gene, and

only RNA polymerase II—products are polyadenylated

with the remarkable exception of two polyadenylated

polymerase III—transcribed RNAs [107]. Autonomous

retrotransposons encode proteins necessary for their

transposition and utilize functional poly(A) signals at the

30-termini of their genes. Therefore, insertions of these

elements in genes in the sense orientation can influence the

expression of neighboring genes by providing new poly(A)

signals. This is probably the right explanation for the

clearly seen strong negative selective pressure on such

elements oriented in the same transcriptional direction as

the enclosing gene [103, 108].

There are numerous reported cases of transcriptional

termination on RE polyadenylation signal. For example, in

breast cancer cell line T47D, four mRNAs polyadenylated

at the sequence of HERV-K retroviral LTR were identified

[109]. 50 LTR of the retrovirus HERV-F may function as an

alternative polyadenylation site for gene ZNF195 [110].

Human genes HHLA2 and HHLA3 utilize HERV-H LTRs

as the major polyadenylation signals. In the baboon gen-

ome, orthologous loci lack retroviral inserts and these

genes recruit other polyadenylation sites [111].

Recently, it was shown that, apart from the main

polyadenyaltion signal in the 30UTR, L1s possess an

additional transcription termination site located in the 30

part of ORF2 in antisense orientation [112, 113]. There-

fore, regardless of its orientation in a gene, L1s have the

potential to produce a truncated RNA and thus a new

mRNA isoform.

Of the 1.1 million human Alu retrotransposons, about

10,000 are inserted in the 30 untranslated regions of pro-

tein-coding genes and 1% of these (107 events) are active

as poly(A) sites [114]. Alu inserts usually represent weak

or cryptic poly(A) signals, but they may as well constitute

the major or the unique poly(A) site in a gene. Strikingly,

although Alus in 30 UTRs are equally inserted in the for-

ward or reverse direction, 99% of polyadenylation-active

Alu sequences are forward oriented [114].

Recently, it was estimated that *8% of all poly(A) sites

are associated with TEs [115]. Interestingly, human

poly(A) sites that are not conserved in mouse were found to

be associated with TEs to a much greater extent than the

conserved ones. This result suggests the involvement of

TEs in creation or modulation of poly(A) sites in evolution.

REs as transcriptional silencers

Some retrotransposons are known to function as tran-

scriptional silencers downregulating transcription of the

enclosing genes. For example, 1 out of 44 Alu repeats

located in human GH locus, encoding for human growth

hormones, harbors a regulatory element that most probably

acts by decreasing the rate of promoter-associated histone

acetylation resulting in a significant decrease of RNA

polymerase II recruitment to the promoter. This silencer

likely provides for regulatory control of hGH gene

expression in pituitary cells [116].

Expression of the tumor suppressor protein BRCA2 is

tightly regulated throughout development. Sharan et al.

[117] identified a transcriptional silencer at the distal part

of the human BRCA2 gene promoter. This silencer was

involved in the tissue-specific negative regulation of

BRCA2 expression in breast cell lines. The former mapped

221-bp-long silencer region was also a part of a full-length

Alu element.
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Another example is the transcriptional regulation of a

human gene Hpr for haptoglobin-related protein. Hpr

sequence is 92% identical to haptoglobin gene HP [118].

Both genes are transcribed at the highest levels in liver.

Hpr promoter is stronger than HP promoter, but the con-

centration of Hpr liver transcripts is *17-fold lower than

that of HP mRNA [119]. The major distinction between

these genes is the endogenous retroviral sequence RTVL-Ia

in the intron of Hpr [120]. RTVL-Ia fragment has dem-

onstrated significant silencer activity in a series of

luciferase transient transfection experiments [119]. The

mechanism of the negative Hpr regulation by the RTVL-Ia

endogenous retrovirus is not clear, but the authors propose

that this effect is due to an aberrant splicing of the Hpr

transcript with the retroviral sequences.

REs as antisense regulators of the host gene

transcription

It has been demonstrated that retrotransposons in gene

introns are preferentially fixed in antisense to the enclosing

gene orientation [103, 121]. Therefore, promoters of

intronic retrotransposons may drive transcription of RNAs

that are complementary to gene introns and/or exons.

Moreover, some retrotransposons are also known to

possess bidirectional promoter [122–125], and even

downstream insertions of these elements relative to genes

may result in production of an antisense RNA. These

complementary RNAs may alter functional host gene

expression. Retroposition likely accounts for the origin of a

significant number of functional sense–antisense pairs in

eukaryotic genomes [126]. Moreover, recently applied cap

analysis of gene expression (CAGE) technique identified

48,718 human gene antisense transcriptional start sites

within transposable elements [127].

Recently, we found the first evidence for the human-

specific antisense regulation of gene expression occurring

due to promoter activity of HERV-K (HML-2) endogenous

retroviral inserts [128]. It was found that human-specific

LTRs located in the introns of genes SLC4A8 (for sodium

bicarbonate cotransporter) and IFT172 (for intraflagellar

transport protein 172) in vivo generate transcripts that are

complementary to exons within the corresponding mRNAs

in a variety of human tissues. Overexpression of antisense

transcripts resulted in 3.9-fold decrease in SLC4A8 and 2.9-

fold decrease in IFT172 mRNA level. It is interesting to

mention that about 34% of human-specific TE insertions

are located within known genes. These insertions represent

a form of species-specific genetic variation and may have

contributed to the evolutionary process. Similarly to LTRs

in SLC4A8 and IFT172 genes, intronically located repre-

sentatives of an LTR retrotransposon family from rice

genome called Dasheng likely regulate tissue-specific

expression of several adjacent functional genes via anti-

sense transcripts driven by the LTRs [129].

Smalheiser and Torvik [130] showed that a few mam-

malian microRNA precursors are derived from intronic

insertion of two adjacent LINE retrotransposons in oppo-

site orientation. Some other elements have an intrinsic

hairpin structure and/or serve as microRNA precursors

when inserted into transcriptionally active genomic regions

[131, 132]. In order to catalogue the data on transposable

elements that may have an impact on gene regulation and

functioning, a comprehensive database termed ‘‘Transpo-

Gene database’’ has been constructed that covers genomes

of seven species: human, mouse, chicken, zebrafish, fruit

fly, nematode, and sea squirt [133]. A variant of this

database termed ‘‘microTranspoGene’’ collects data on

human, mouse, zebrafish, and nematode TE-derived

microRNAs [133].

REs as insulator elements

The temporal and spatial regulation of gene expression is

linked to the establishment of functional chromatin

domains. Several lines of evidence have been provided

recently that retrotransposons can serve in vivo as insulator

sequences that distinguish blocks of active and transcrip-

tionally silent chromatin. For example, a B2 SINE element

located in the murine growth hormone locus is required for

the correct spatio-temporal activation of that gene. This

repeat serves as a boundary to block the influence of

repressive chromatin modifications by generating short

transcripts, which are necessary and sufficient to enable

gene activation [134]. Mammalian LINE elements are

frequently found within matrix attachment regions (MARs)

[135, 136]. Some Drosophila LTR retrotransposons have

insulator activity and may block the activity of transcrip-

tional enhancer elements when located between enhancer

and promoter [137–139]. For example, in some fruitfly

lineages, there is an insert of LTR retrotransposon gypsy

into the 50 region of the gene yellow that is responsible for

the pigmentation of cuticula. Upstream of the gypsy ele-

ment, there are two enhancer elements that account for the

transcription of yellow in different tissues; another enhan-

cer that is responsible for the yellow expression in cilia is

located downstream. In the lineage y2, gypsy insertion

between the promoter and two upstream enhancers blocks

these enhancers and downregulates yellow in the corre-

sponding tissues, but the yellow expression in cilia remains

unaffected [137].

REs as regulators of translation

Although retroelements have been found in UTRs of many

functional cellular genes, the effect of their presence on the
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translational regulation of gene expression is still poorly

investigated. Among the few known examples, there is

human zinc-finger gene ZNF177, which incorporates Alu

and L1 segments into the 50 UTR of transcripts. The

presence of the Alu and L1 segments which form one 50

UTR exon modifies gene expression on the protein level by

decreasing translation efficiency. Interestingly, the same

Alu and L1 repeats in the 50 UTR of ZNF177 exert a

positive transcriptional enhancer effect, but repress trans-

lation [140]. Approximately 4% of human 50 UTRs harbor

Alu sequences, indicating that the expression of many

genes might be influenced by Alu repeats [140]. In the

mouse genome, there is a SINE retrotransposon-derived

gene for neuronal dendrite-specific BC1 RNA. This small,

non-protein coding RNA is thought to somehow regulate

translation in dendritic microdomains. However, the

mechanism of such a regulation remains a mystery, and

further efforts are needed to investigate this phenomenon

[141].

Cell defense mechanisms against RE proliferation

Given the various deleterious effects of REs on genome

structure and functioning, it is not surprising that the cell

has generated multiple mechanisms controlling their pro-

liferation. These mechanisms include methylation of RE

sequences, RNAi-based silencing, accumulation of RE’s

proteins in stress granules, and nucleic acid editing.

Epigenetic modifications controlling the activity of

transposable elements were first reported more than

20 years ago [142]. Since then, many genes involved in

epigenetic silencing of TEs (including DNA methyltrans-

ferases and demethylases, histone modifying enzymes,

chromatin remodeling enzymes, and genes involved in

small RNA metabolism) were characterized. Defects in

different components of silencing mechanisms were shown

to increase transposition events [143].

Most of the methylated cytosines in mammalian genome

reside in repetitive elements, and it has been proposed that

DNA methylation evolved primarily to suppress the

activity of transposable elements and to protect the host

cell [144]. Hypomethylation of REs was demonstrated to

be associated with genomic instability in cancer [145].

On the one hand, chromatin condensation may suppress

the activity of REs. On the other hand, DNA methylation,

initiated within RE, may spread to the surrounding regions

and, therefore, suppress their functional activity. Methyl-

ation spreading from SINE into flanking genomic regions

was suggested to create distal epigenetic modifications in

plants [146]. Human Alu elements were proposed as

potential de novo methylation centers implicated in tumor

suppressor gene silencing in neoplasia [147]. Moreover, L1

elements may play a role in X-chromosome inactivation. It

was suggested that they are the ‘‘boosters’’ which promote

the spread of inactivation [148].

Recent studies have shown the involvement of RNAi-

related mechanism in the control of TE activities, in par-

ticular in DNA-methylation of TE sequences and in the

formation of heterochromatin. Plants, yeasts, and animals

use different strategies to detect transposons and to gen-

erate small RNAs against them (reviewed in [149, 150]). In

Drosophila and vertebrate germ lines, TEs are silenced

with the help of Argonaute proteins of the Piwi family and

a class of short RNAs called Piwi-interacting RNAs

(piRNAs) [151, 152]. piRNAs are 24–30 nt long and,

unlike siRNAs or miRNAs, they originate from a single-

stranded precursor without the involvement of a Dicer

protein. A subset of piRNAs primarily derived from

transposons and other repeated sequences is called repeat-

associated small interfering RNAs (rasiRNAs) [153]. They

are suggested to participate in the formation of hetero-

chromatin enriched with repetitive elements, but the

mechanism of their action remains obscure.

Moreover, miRNAs and siRNAs may also participate in

TEs silencing. Four miRNAs have been shown to target

MIR/LINE-2 elements, and almost 30 human miRNAs

exhibit typical short-seed complementarity with a specific

region within Alu [130, 154]. Furthermore, it was shown

that double-stranded L1 RNA generated in vitro can be

converted into functional siRNAs by Dicer and that these

siRNAs suppress L1 retrotransposition in cell culture assay

[155, 156]

Another possible mechanism of cell defense against REs

proliferation is the sequestration of L1 RNPs in stress

granules (SG), which are discrete cytoplasmic aggregates

formed in response to a range of stress conditions. It was

recently demonstrated that under stress conditions ORF1p

cosegregates with a large pool of mRNA in SGs [15].

Considering the cis preference of ORF1p for binding its

own RNA, the authors suggested that L1 RNA is also

present in SG. By targeting L1 RNP to SGs, the cell could

reduce the number of L1 or SINE transposition, as well as

the number of newly formed processed pseudogenes.

REs activity could also be controlled by nucleic acid

editing through the action of APOBEC3 proteins (reviewed

in [157]). APOBEC3 proteins belong to a family of cyto-

sine deaminase. In primates, there are seven APOBEC

genes compared with only one gene in mouse. In cell

culture experiments, it was shown that hA3A, hA3B, hA3C,

and hA3F proteins are the major inhibitory factors of L1

retrotransposition; Alu mobilization was inhibited by

hA3A, hA3B, and hA3G. It is not known whether the

inhibitory effect is caused by DNA-editing, and the

mechanism of APOBEC3 action on REs remains to be

revealed. The observation that the decline of
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retrotransposition activity in primates coincided with the

expansion of APOBEC3 gene cluster suggests an important

role of APOBEC3 in the host genome protection.

Conclusion

As was mentioned at the beginning of this paper, retroel-

ements occupy a large portion of essentially all eukaryotic

genomes. However, their regulatory potential has been

studied insufficiently even for the sequenced genomes of

such important model organisms like mouse, rat, the plant

Arabidopsis, the fruitfly Drosophila, and the worm Cae-

norhabditis elegans, and also for human DNA. Only a few

elements have been investigated in detail, whereas hun-

dreds of thousands of other retroelements are awaiting

further studies. Of course, the examples that were given in

this review are rather fragmentary and cannot give an

integral picture of the functional interplay between the host

genomes and their numerous selfish inhabitors. However,

these examples clearly demonstrate that retroelements may

be an important creative force in genome evolution and in

the adaptation of an organism to altered environmental

conditions. Most probably, the majority of retroelements

are silent and do not influence cell functioning. Neverthe-

less, the authors of this review believe that in few years

they will be able to mention many new examples of ret-

rotransposons playing important roles in the regulation of

gene expression, and that the number of these examples

will be growing exponentially.

Massive sequencing of genomic DNAs opened a new

so-called ‘‘post-genomic’’ era in molecular biology,

genetics, and biomedicine. Functional characterization of

genomes, high-throughput identification of important reg-

ulatory regions, will be the next step. It is our belief that the

extensive studying of gene-regulatory potential of trans-

posable elements is a prerequisite of solving this difficult

problem.
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