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Abstract

In this essay, we discuss new insights into the wide-ranging impacts of mammalian transposable 

elements (TE) on gene expression and function. Nearly half of each mammalian genome is 

comprised of these mobile, repetitive elements. While most TEs are ancient relics, certain classes 

can move from one chromosomal location to another even now. Indeed, striking recent data show 

that extensive transposition occurs not only in the germline over evolutionary time, but also in 

developing somatic tissues and particular human cancers. While occasional germline TE insertions 

may contribute to genetic variation, many other, similar TEs appear to have little or no impact on 

neighboring genes. However, the effects of somatic insertions on gene expression and function 

remain almost completely unknown. We present a conceptual framework to understand how the 

ages, allele frequencies, molecular structures and especially the genomic context of mammalian 

TEs each can influence their various possible functional consequences.
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Introduction

Since their discovery in maize more than six decades ago by Barbara McClintock, 

transposons have been identified in virtually every eukaryotic genome that has been 

analyzed, including metazoans all the way to mammals [1]. These mobile genetic elements 
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make up almost 50% of the human genome [2] and slightly less in the mouse [3]. A recent, 

probabilistic reannotation of genome sequences indicated that much more, i.e. up to 

approximately 70%, of mammalian genomes may be derived from transposons [4].

Both DNA transposons and RNA transposons (called retrotransposons) are abundantly 

represented in mammalian genomes [2,3]. The mechanisms by which they can move are 

highly divergent. DNA transposons move from one genomic location to another by a “cut 

and paste” process, whereby a transposase excises and reinserts them elsewhere. 

Retrotransposons are transcribed and the resulting RNA intermediates are copied by reverse 

transcriptase into cDNAs that are either synthesized directly at new target sites or inserted 

en bloc, as intact new elements, into new genomic locations [1].

In contrast to retrotransposons, DNA transposons are not actively mobilized in most 

mammalian genomes, except for particular classes that appear to have been mobilized more 

recently in bats [5-7]. Retrotransposons comprise a much more substantial fraction of each 

mammalian genome that has been sequenced. They include autonomous L1 (LINE, Long 

Interspersed Element) and non-autonomous SINE (Short Interspersed Element) 

retrotransposons. In primates including humans, another active, non-autonomous family has 

been identified, called SVA elements [8-10]. Various categories of endogenous retroviruses 

(ERVs) also have been defined, of which several classes are still actively mobilized in 

mouse, rat and perhaps human [11-15].

In discovering transposons and finding that they are mobile genetic elements, McClintock 

distinguished them from unmoving genes in the chromosomes. Significantly, she also 

termed transposons “controlling elements” because of their regulatory influences on 

neighboring gene expression and function, particularly in the development of various maize 

somatic tissues.

Given their huge numbers and widespread distribution in the mammalian genome, we 

hypothesize that many TE insertions have become fixed evolutionary relics in mammals that 

are biologically inert, with no detectable impacts on gene regulation or function. Ancient 

TEs thus have survived ongoing directional selection. Occasional TEs may have been 

exapted and exert positive effects, but very few would have deleterious impacts on gene 

function. By contrast, younger or de novo integrants that may have been mobilized in 

somatic tissues of a single individual may exert a wide range of effects on gene expression, 

from highly deleterious transcriptional dysregulation to neutral or rare positive 

consequences. The biological impacts of recently integrated elements are difficult to assess 

experimentally, since they may differ between tissues. Moreover, their allele frequencies 

may be substantially less than 50% in a chimeric population of cells.

Germline vs. Somatic mobilization

Germline transposition contributes to variation between individuals and within 
populations

Initial evidence demonstrating that human retrotransposons can move autonomously from 

one genomic location to another came from careful analysis of a disease caused by a new 
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insertion. The first de novo L1 retrotransposon insertions to be identified occurred in two 

unrelated patients with hemophilia A. They caused insertional mutagenesis by integrating 

directly into the same exon of the factor VIII gene, thereby disrupting its open reading frame 

[16]. Subsequent investigations have revealed an ever-expanding list of approximately 100 

individual cases of various human diseases attributable to new transposon insertions, either 

in the germline or somatic tissues [17-19]. By definition, germline insertions are present in 

the genomes of virtually all cells in offspring, but absent from the orthologous target site in 

both parents. They occur de novo in the germline cell lineage extending from the zygote to 

gametogonia, gametocytes and gametes.

Significant germline transposition in mammals has continued over evolutionary time up to 

the present, resulting in ongoing formation of insertion/deletion (indel) variants that are 

present or absent in individuals, populations and related species. In non-placental mammals 

such as the opossum, various classes of retrotransposons each have contributed to relatively 

high percentages of the overall genome [20,21]. In the mouse, several classes of 

transposable elements including L1, SINEs and various families of ERVs including 

intracisternal A particles (IAP), early transposons (ETn) and mammalian apparent LTR 

retrotransposons (MaLR) all have mobilized very recently. Resulting TE indels now are 

present in distinct genomic locations, distinguishing between closely related lineages 

[11,12,22-24]. De novo retrotransposon insertions even distinguish mice on the same genetic 

background that were separated merely ∼30 generations ago from the reference genome 

[25]. Similarly, human populations and individuals are delineated by numerous, 

polymorphic genomic integrants, present in some and absent from others [26,27]. A recent 

analysis of 1,000 Genomes data cataloged thousands of individual TE integrant 

polymorphisms in roughly 200 individuals from three major human populations. A detailed 

comparison of such transposon variants with single nucleotide polymorphisms (SNPs) 

revealed that insertion rates differ among populations [28]. However, a study of previously 

unreported L1 integrants in a mother/father/child family trio identified no de novo insertions 

in the child [29].

Mobilization rates of germline transposition seem to be comparatively greater in the mouse 

(per generation) than in human [12,23,25,29]. In addition, particular mouse lineages and 

human populations may support more frequent mobilization of certain TE classes. 

Nevertheless, precise rates have not been determined, and a detailed molecular basis for 

such differences in retrotransposition frequencies has not been established.

Germline transposition may help drive speciation

Over long evolutionary times, retention of exapted or exonized TEs may increase divergence 

and help drive speciation. For example, a human endogenous defective retrovirus element, 

HERV-W, has been incorporated into the gene encoding syncytin in human and other 

primates, thereby contributing to placental morphogenesis [30]. More recent analysis 

revealed biases toward exonized TEs at the 5′ ends of coding sequences in mouse and 

human, and differences between Alu and other TE families [31]. Moreover, germline 

transmission of retrotransposed pseudogenes also can contribute to functional differences 

between species. For example, a retrotransposed cyclophilin A pseudogene, mobilized into 
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the TRIM5 locus, contributes to resistance to human immunodeficiency virus (HIV) in the 

owl monkey by driving fusion transcripts [32].

Endogenous transposition in somatic cells

In contrast with germline TE insertions, somatic insertions are not meiotically heritable from 

one generation to the next, although they can be mitotically transmitted within an individual 

(Fig. 1). Somatic insertions theoretically can occur in any cell type(s) aside from the 

gametes. In a few well-documented examples of somatic mobilization, new L1 

retrotransposon insertions were identified as mosaics in various non-cancerous tissues of 

mouse and human, i.e. they were absent from the orthologous loci of at least some cells (Fig. 

1). These results implied that L1 elements can mobilize during early embryonic 

development [33-36].

More recent studies revealed that significant endogenous transposition can occur frequently 

in somatic tissues without overt disease formation. For example, L1 retrotransposons 

marked with a reporter gene are mobilized in neuronal precursor cells, frequently targeting 

neuronal genes [37]. These findings, initially in rat and mouse neuronal progenitor cells, 

were later extended using quantitative PCR to detect somatic mobilization of endogenous L1 

elements in human neuronal precursors [38]. Deep sequencing of genomic DNA from 

hippocampus and caudate nucleus from three normal adult human brains revealed tens of 

thousands of somatic indel polymorphisms caused by L1, Alu (SINE) and SVA 

retrotransposon insertions [39]. Interestingly, these insertions were enriched in particular 

protein-coding genes that tend to be expressed in the brain. A more recent study of 

individual human cortical and caudate neurons confirmed that somatic L1 retrotransposition 

events occur, albeit much more rarely than described above, i.e. at one insertion per 100 to 

10,000 neural progenitors, resulting in very low levels of mosaicism (Fig. 1) [40].

Because they may be mobilized later in mammalian development, new somatic integrants 

are expected to exist in heterozygosity in individual cells, but at allele frequencies far less 

than 50% within a particular tissue or at the level of a whole organism (Fig. 1). 

Experimental measurement of these frequencies will help elucidate when transposition may 

occur during development of particular tissues [40].

Endogenous human retrotransposition also occurs in certain sporadic cancers, as 

demonstrated first by the identification of a somatic L1 insertion in the APC gene in a 

colorectal tumor [41]. Both targeted and genome-wide deep sequencing recently 

documented many additional examples of such somatic mobilization [14,42] (Fig. 1). 

Somatic TE integrants were identified in a fraction of tumors arising in certain tissues such 

as lung, colorectal, prostate and ovary but not others [14,42,43]. Roughly one-third of the 

new TE insertions landed within annotated genes.

Full-length L1 transcripts are expressed in human embryonic stem cells and in human 

induced pluripotent stem (iPS) cells [44]. Their expression is associated with decreased 

cytosine methylation in the genomic L1 promoter, located in the 5′ untranslated region (5′ 

UTR). Expression is associated with increased retrotransposition of engineered donor 

elements in human iPS cells [44]. By contrast, no endogenous retrotransposition was 
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identified in three pluripotent mouse iPS cell lines analyzed by deep genomic sequencing 

[45]. Thus, divergent conclusions were formed from these studies, illustrating that TE 

transcription or engineered elements' mobilization may not necessarily reflect natural 

mobilization of endogenous retroelements. For example, engineered elements typically 

include an antiparallel reporter gene with a strong constitutive promoter and artificial intron 

[46]. Since experimentally marked TEs may have altered expression and mobilization, their 

utility as a model for native TEs may be obscured.

What host factors regulate mobilization of TEs?

Several classes of host factors recently have been shown to regulate not only the expression 

and mobilization of retrotransposition-competent TEs; they also may influence the impact of 

more ancient elements in bringing about genetic variation. Expression and mobilization of 

TEs are suppressed by DNA methylation and other host regulatory factors [47]. In the 

mouse, reduced genomic DNA methylation is linked to dramatic increases in transposition 

of particular TE classes, e.g. ERV (IAP) elements, thereby contributing to T cell lymphomas 

[48]. Interestingly, somatic ERV integrants recurrently were recovered from a single target 

gene, Notch1, and can initiate aberrant, downstream fusion transcripts in the tumors [48].

A histone methyltransferase, Setdb1, acts independently from DNA methyltransferases to 

repress certain families of ERVs in the mouse genome [49]. In knockout mice, those TEs are 

transcriptionally activated, although their resulting consequences on TE mobilization or the 

expression of neighboring genes remain unknown.

The methylcytosine binding protein MeCP2 has been shown to regulate expression and 

mobilization of L1 retrotransposons in somatic human cells [50] including brain cells. When 

MeCP2 is depleted, as in Rett syndrome patients, retrotransposition of both endogenous and 

of engineered L1 elements increases [51]. Similarly, disruption of ataxia telangiectasia 

mutated (ATM), a serine- threonine kinase involved in DNA damage repair pathways, results 

in increased somatic retrotransposition, both in an engineered model system and in brains 

from affected patients [52].

Additional cellular processes or proteins that inhibit endogenous retrotransposition include 

RNA interference [53], various APOBEC3 proteins [54], and heterogeneous nuclear 

ribonucleoprotein L [55]. However, in contrast to the epigenetic regulators outlined above, 

these factors inhibit retrotransposition after TE expression, so their impacts on TE-mediated 

genetic variation are secondary.

Wide-Ranging Biological Impacts of Transposons

The identification of sporadic diseases that are caused by new transposon insertions 

demonstrated that such integrants can affect gene expression and functions [56,57]. While 

many of the individual integrants disrupt coding exon sequences by direct insertional 

mutagenesis, others affect gene expression and structure by disrupting RNA splicing [58], 

introducing new promoter sequences and other mechanisms (Fig. 2).

Akagi et al. Page 5

Bioessays. Author manuscript; available in PMC 2014 December 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



TEs can introduce promoter activities and initiate novel transcripts

A recently appreciated, functional impact of pre-existing or ancient retroelements in 

interspersed genomic locations consists of their ability to initiate fusion transcripts [59]. 

While resulting fusion transcripts might only rarely encode intact proteins, they also can add 

to the transcriptome as long noncoding RNAs. A provocative recent analysis of mouse and 

human transcriptomes suggested that between 6 and 30% of all transcripts expressed in a 

range of tissues are initiated from transposable elements [60]. This study suggested that 

proximal transposon integrants can function as alternative gene promoters and initiate 

expression of noncoding transcripts. A more recent study of transcription start sites, based 

on cap-analysis of gene expression (CAGE) clusters, revealed that about 18% of 

transcription start sites overlap with repetitive elements, including many overlapping with 

L1, SINE, LTR and other elements [61]. These data highlighted that cell lineage-specificity 

is a central characteristic of the transposon-initiated transcripts.

An aberrantly activated, individual ERV integrant upstream of a myeloid-specific proto-

oncogene, colony-stimulating factor 1 receptor (CSF1R), initiates expression of that gene in 

certain human lymphomas. The resulting, aberrantly expressed gene contributes to 

lymphoma pathogenesis [62]. In another example, an L1 insertion in the c-Met proto-

oncogene initiates expression of L1-Met fusion transcripts that are associated with 

downregulated canonical Met expression [63]. The mechanism by which such fusion 

transcripts might decrease native gene expression is unclear. Many additional examples of 

fusion transcripts initiated from transposable elements in mouse and man have been 

described, including antisense transcripts [12,59,64,65].

Promoters within transposable element integrants can initiate variable transcription of 

adjacent (or more distant) genes. Perhaps the best-characterized examples of such variably 

expressed transcripts are provided by mouse ERVs within or near the agouti viable yellow 

(Avy) and axin fused (AxinFu) genes. In those cases, promoters in the ERVs' long terminal 

repeats, up to ∼100 kb distant, can act as gene-specific, alternative promoters, initiating 

fusion transcripts that encode most or all of the canonical open reading frames [66,67]. 

Human retrotransposons also can add to and alter the cellular transcriptome [59,68].

Small RNAs can be transcribed abundantly from TE templates. These include both Dicer-

dependent, small interfering RNAs, microRNAs [69] and Dicer-independent, Piwi-

associated RNAs. They appear to play various roles in regulating both the TEs themselves as 

well as other cellular transcripts in various stages of development and in the germline 

[53,70,71]. Recent analysis of a disease-causing locus, linked with infantile encephalopathy, 

revealed a point mutation in a primate-specific L1 retrotransposon which results in aberrant 

formation of a small RNA-like hairpin template [72]. Thus, TEs can serve as templates for 

expression of noncoding RNAs that play significant roles in human brain development. In 

some cases, mutated small RNAs can be pathogenic.

Additional genomic features introduced by new TE insertions

In addition to introducing promoter activities, mammalian transposons also contain other 

genetic features that can affect gene expression. These include enhancer elements, boundary 
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elements, transcription splice sites, termination (polyadenylation signal) sequences and 

microRNA binding sites [57].

DNase hypersensitivity sites can serve as markers of regulatory DNA sequences. Their 

recent mapping demonstrated that they are localized frequently within certain individual TEs 

in a cell type-specific fashion [73]. These results corroborate cell-specific transcription of 

many TEs [61], strongly suggesting that transposons can act as enhancers. The most highly 

enriched DNase hypersensitivity sites are located in long terminal repeats of ERV elements 

[73]. Approximately 10 - 20% of conserved, non-exonic gene regulatory sequences were 

deposited by TEs [74,75].

Alternative splice sites can be introduced directly by TE insertions. For example, a long 

terminal repeat of an ERV-K element in the human Leptin receptor triggers alternative 

splicing and encodes 3′ end of alternative transcripts [76]. Mammalian L1 retrotransposons 

contain numerous splice donor and acceptor sites, which can disrupt normal gene expression 

and contribute to transcriptional variation [77,78].

Annotated RefSeq transcripts frequently can contain a retrotransposon incorporated into 

their 3′ UTR, potentially providing a target for microRNA binding which may result in 

reduced expression of such transcripts or encoded proteins [69]. TEs can incorporate 

transcriptional polyadenylation (termination) sequences into intragenic regions [79], e.g. in 

the 3′ UTR of genes [80].

We recently described a previously uncharacterized form of transcriptional disruption, 

triggered by intronic ERV elements in the mouse, that can act at considerable genomic 

distances up to >12.5 kb upstream [24]. As part of the study, we mapped thousands of 

polymorphic ERV insertions in widely divergent mouse strains. While premature 

transcriptional termination was strongly associated with a small but significant fraction of 

intronic ERVs located nearby, a large majority of such TEs may not trigger significant 

transcriptional disruption in any tissue or developmental timepoint [24].

Premature transcriptional termination attributed to ERVs has been identified at genes 

including CDK5 regulatory subunit associated protein 1 (Cdk5Rap1, also called Cabp) [81], 

solute carrier family 15 [H+/peptide transporter], member 2 (Slc15a2), polymerase [RNA] I 

polypeptide A (Polr1a, also called Rpo1-4), spondin 1 (Spon1) and up to perhaps 100 other 

genes [24,82]. In these cases, intronic ERVs trigger alternative RNA splicing, resulting in 

expression of intronic sequences and usage of cryptic existing polyadenylation signals. In 

heterozygous animals, the parent of origin of the ERVs is associated with levels of non-

terminated transcripts. When the ERV is paternally inherited, non-terminated transcripts are 

reduced and terminated transcripts are increased. By contrast, when the ERV is maternally 

inherited, the non-terminated transcripts are significantly increased [24].

SINEs also can affect transcripts in several distinct ways. Intronic Alu elements are 

relatively enriched adjacent to alternatively spliced exons, when compared with 

constitutively spliced exons. Pairs of oppositely oriented elements can form duplexes that 

can trigger A-to-I editing by specific double-stranded RNA adenosine deaminases, thereby 

affecting the nuclear retention and alternative splicing of resulting transcripts [83]. 
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Moreover, a form of mRNA degradation appears to be mediated by intermolecular 

interactions between long noncoding transcripts containing Alu sequences that are partially 

complementary to Alu sequences in the 3′ untranslated region of transcripts. This process is 

mediated by Staufen1, a double-stranded RNA binding protein in mouse and human [84,85]. 

Alu sequences in the 3′ UTRs of transcripts also can provide targets for various microRNAs 

[86].

TEs can influence transcriptional networks

Substantial evidence indicates that retrotransposons have introduced or propagated various 

tissue-specific gene regulatory elements in mouse [87], human [88] and other mammalian 

genomes [89]. Many of the conserved, non-exonic gene regulatory sequences introduced by 

TEs are strongly enriched near genes with developmental and transcriptional regulatory 

roles [74,75].

Exapted TE fragments have helped form regulatory networks involving various transcription 

factors. For example, binding sites for the CCCTC binding factor, CTCF, have been linked 

to the expansion of mouse SINE B2 elements, which dispersed them in up to 10,000 

locations [87]. A comparative study of CTCF binding sites across multiple mammalian 

genomes revealed that a large majority of new, non-conserved binding sites likely were 

mobilized by more recent, species-specific SINE integrants, because they are embedded 

within SINE retrotransposon sequences. In addition, more highly conserved CTCF binding 

sites, present at orthologous locations across many species, appear to have been mobilized 

by ancient SINEs [89]. These sites can divide large-scale topological or chromatin 

interaction domains from one another, thereby serving as insulators [90].

Another transcriptional regulatory network involving p53 binding sites and responsive 

elements also has been linked to TEs, i.e. primate-specific Alu elements [91], ERVs [92] and 

the 5′ UTR promoter sequences of L1 retrotransposons [93]. In the latter case, p53 can 

activate expression of L1 elements.

TEs can serve as targets of variable epigenetic regulation

TEs comprise some of the main targets of variable epigenetic regulation [47,94]. 

Bioinformatics screens for “meta-stable” epialleles, focused on promoter activity and 

euchromatic histone modifications, identified numerous loci that display variable DNA 

methylation and associated, variable levels of transcription [95]. Most of these epialleles, 

whose expression differences are inherited transgenerationally but are variably established, 

appear to involve endogenous mouse transposons [96,97].

In cultured human embryonic carcinoma cells, engineered L1 integrants undergo variable de 

novo epigenetic silencing mediated by changes in histone acetylation, although the impact of 

such epigenetic variation on neighboring gene expression or function has remained unclear 

[98]. Spreading of heterochromatin adjacent to polymorphic retrotransposon integrants has 

been described in the mouse, occasionally affecting expression of certain genes including 

B3galtl [99]. Genes with CpG islands that are hypermethylated frequently in human cancers 

are depleted in SINE and L1 retrotransposons near their transcription start sites, suggesting 
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that TEs may play an important role in affecting epigenetic regulation at genes linked to 

tumor formation [100].

Evolutionary implications of endogenous transposons

The many forms of functional variation attributable to active transposition have engendered 

considerable speculation about the evolutionary implications of such mobilization [69,101]. 

As somatic L1 retrotransposition may contribute to mosaicism in brain cells, leading to 

increased neuronal diversity and resulting functional variation, such mobilization may 

confer a positive advantage upon individual hosts [102,103]. However, the idea that most 

somatic retrotransposition events may be neutral or indeed are deleterious to individual hosts 

is highly likely. For example, recent evidence indicates that active endogenous transposition 

may occur early in the development of certain human cancers [14,42,43]. Thus, in typical 

circumstances, somatic TE mobilization is unlikely to be beneficial to the host.

The evolutionary consequences of TE insertions must also be considered from a population 

genetics perspective. Mobilization of TEs that is deleterious for an individual may be 

beneficial for the broader population [103].

Identifying the Determinants of TE-Mediated Variation

Despite numerous diverse functional consequences attributed to transposon integrants, 

which we emphasize are repetitive, virtually identical elements interspersed across genomes, 

we note that many or most mammalian germline TE insertions appear unlikely to affect 

nearby gene transcription or functions (Fig. 3). In addition, most of the TEs that do affect 

neighboring gene expression seem to exert their effects in a limited, tissue-specific fashion.

Strong evidence supporting the idea that many or most germline TEs do not uniformly or 

broadly affect genes was provided recently by the ENCODE project. A large majority of the 

DNase-hypersensitivity sites that mapped within TEs are hypersensitive to DNase 

treatments in a cell line-specific or tissue-specific fashion [73], rather than on a constitutive 

basis. Thus, despite the fact that transposons are redundantly represented as repetitive 

elements in many genomic locations, TE-mediated effects are not exerted uniformly or 

globally, but rather are idiosyncratic and contextual.

Another illustration of these points is provided by highly divergent inbred mouse strains, 

which have many thousands of polymorphic transposon insertions widely dispersed across 

their genomes [11,12,23,24,104]. Despite extensive genomic variation due to TE 

polymorphisms, the divergent mouse lineages all are viable, fertile and lack overt diseases. 

Their transcriptomes are more closely related on a tissue-specific basis than on a lineage-

specific basis [105,106].

What genomic features could influence the variable biological impacts of TEs?

We propose that the ages, allele frequencies, molecular structures, and particularly the 

genomic context of individual mammalian TE integrants each can help to determine their 

wide-ranging possible functional impacts, ranging from no detectable effect to various large 

effects. In addition to affecting transcriptional splicing or termination in cis [77,79,80], 
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intronic TE insertions may affect transcription of overlapping transcription units by 

disrupting read-through transcriptional processivity [107]. Effects in trans may include 

heterozygous TE insertions affecting gene expression from the homologous chromosome 

[24], and TE sequences in enhancer elements affecting expression quantitative trait loci 

(eQTL) in embryonic stem cells [108].

We suggest that the evolutionary times at which TEs first integrated would be inversely 

related to their remaining functional impact, reflecting the duration and strength of 

directional selection acting against their deleterious effects (Fig. 3). In this way, retained, 

older insertions would be expected to have accumulated more mutations, to be fixed at a 

population level, and to exert minimal negative impacts on gene expression and function. In 

relatively rare countervailing cases, they may have undergone exaptation or may exert other 

salutatory effects [103]. By contrast, younger TE insertions, including polymorphisms at a 

population level or even somatic integrants within a tissue or an individual, might be able to 

disrupt gene expression more strongly. There would be insufficient time for negative 

selection to mimimize their impacts by removing alleles that are deleterious. These younger 

insertions would be expected to be relatively free of mutations. Since they would not have 

undergone fixation in the population, their allele frequencies would be significantly less than 

100%, so their potential impacts upon the population would be expected to be limited as 

well.

We also propose that the molecular structures of TE integrants themselves are another 

fundamentally important, albeit poorly understood, determinant of their impacts on gene 

expression and function. Mammalian TEs can be broadly classified as containing long 

terminal repeats or not. Integrants possessing long terminal repeats frequently have strong 

internal promoter activities, as demonstrated by DNase hypersensitivity experiments and 

analysis of transcription start sites, assessed recently in a variety of human cell lines [61,73]. 

Other insertions by non-LTR retrotransposons such as L1 elements frequently are 5′ 

truncated, so different innate features will be present or absent in various integrants. For 

example, both a sense and an antisense promoter are present in the 5′ untranslated region of 

human L1s, but these are absent from most integrants, which instead are truncated [46]. A 

striking difference in the length distributions of L1 integrants in human cancers vs. in the 

germline was recently reported [14], implying that the functional impacts of severely 

truncated integrants (observed in cancers) might be significantly less than those of longer 

elements (mobilized in the germline). SINE elements include both RNA polymerase III 

promoter sites [109] and CTCF binding sites [87,88], which can help shape their impacts on 

gene expression.

We propose that the most significant factor that defines the impact of TEs on gene 

expression and biological function is very likely to be their genomic context, i.e. the 

collection of neighboring features including promoters, tissue-specific transcription units, 

enhancers, boundary elements, splice sites, polyadenylation sites, and others that can interact 

with each TE integrant. Since new TE insertions located at interspersed locations are 

themselves virtually identical, one might expect their effects in triggering genetic variation 

would be comparable. However, their impacts are wide-ranging [24,104]. Many TEs are 

likely to lack pre-existing, weak polyadenylation or alternative splicing signals nearby, 
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which if present could have been co-opted by them in cis or in trans [24]. Others may be 

located in densely silenced, constitutive heterochromatin, or away from actively transcribed 

genes, and therefore would lack any detectable functional impact.

The genomic distribution of newly integrated TEs can reflect mechanism-based target 

specificities that may define their resulting genomic milieus and, in turn, their impacts on 

gene expression. Their orientation in the genome, relative to gene transcription units, is 

another important contextual factor that determines their functional consequences. Sense-

oriented TEs typically can affect gene expression more strongly, by mechanisms that are not 

fully characterized. Because their genetic impact can be deleterious, such insertions undergo 

directional selection. Older, residual elements have survived such ongoing selection, 

resulting in the removal of the more deleterious insertions, so the genomic distribution of the 

surviving elements would be biased more extensively toward antisense TEs, particularly as 

the elements age [11,12,24,104].

The distance between TEs and other genomic features also is likely to be an important 

determinant that modulates their impact. Agouti is variably expressed upon epigenetic 

regulation at an ERV approximately 100 kb distant {Duhl, 1994 #4425}. However, the 

extent to which such chromosomal distances influence the TEs' effects on gene regulation is 

unknown.

Many further experiments will be required to characterize the determinants of wide-ranging 

TE-mediated impacts on gene expression, structure and function. For example, it is very 

likely that targeted, experimental manipulation of particular elements already known to 

disrupt gene transcription, along with others that have no discernable impacts, will shed 

substantial light on some of the factors that shape these variable effects by TEs. Ideally, such 

studies will be performed in a variety of organisms in vivo and in vitro. They will need to 

include experimental disruption of TE integrant structures and their genomic locations. 

Insights will also be gained from studies of the genetic impact of engineered agents such as 

lentiviruses, used as delivery vehicles in gene therapy experiments.

Conclusions

TEs are actively mobilized in mammalian genomes. Striking recent findings have 

documented TE movement not only in the germline, but also in developing somatic tissues 

and in certain cancers. In this essay, we have discussed new insights into some of the 

variable biological impacts that endogenous mammalian TEs can exert in wide-ranging 

genomic, cellular and organismal contexts, i.e. by affecting and disrupting gene expression, 

regulation, structure and function in various ways. The basis for this extensive variability in 

the functional consequences of mammalian transposition is not well established. Notably, 

many transposon insertions appear to have little or no impact on neighboring genes. Such 

“inert” insertions include many ancient, evolutionarily established elements that have 

persisted despite negative selection. Other TE insertions with little functional consequence 

probably include somatic insertions occurring at low allele frequencies, short or promoter-

less elements, and integrants that landed far from active transcription units or in 

constitutively heterochromatic genomic locations. In some cases, ancient elements might 

Akagi et al. Page 11

Bioessays. Author manuscript; available in PMC 2014 December 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



have been co-opted for more positive, beneficial uses, including roles in transcriptional 

regulatory networks, by the host through exaptation. By contrast, many TEs may be 

functionally deleterious, including those that mutagenized exons or transcriptional 

regulatory regions directly, those with active promoter, splice site or terminator features, 

those that landed near native genetic regulatory elements, and those that are strong targets 

for epigenetic regulation. Notably, the effects of somatic insertions on gene expression and 

function remain almost completely unknown. We conclude that the ages, allele frequencies, 

molecular structures and most importantly the genomic context of transposed mammalian 

integrants all are important factors in defining their various possible functional impacts in 

mammalian genomes.
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Figure 1. Somatic transposition leads to tissue-specific genetic variation
(A) Schematic depicting transmission of three distinct transposon integrants occurring at 

various stages of tissue development (red, yellow and green circles), resulting in mitotically 

inherited insertions occurring at different allele frequencies in cell populations. This 

schematic was inspired by [110]. (B) During both normal development and in tumor 

formation, somatic transposition can result in TE mosaicism (illustrated by black circles in 

developing brain and hot pink circles in colon). The developmental time point and tissue 

specificity of mobilization help to define the variable allele frequencies in cells and tissues, 

and the diverse possible functional impacts of such somatic transposition.
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Figure 2. Variable effects of mammalian TEs on gene expression
Shown here are models of possible genomic and transcriptional variation due to mammalian 

transposon integrants. (A) Schematic of a gene without a TE insertion (top) and with a 

polymorphic TE insertion (bottom, indicated by blue rectangle). Black vertical rectangles, 

gene exons; horizontal black lines, genomic sequences including introns; red circles, target 

site duplications. (B – E) Effects of TE insertions on gene expression. (B) Typical gene 

expression with RNA splicing betwPeen exons, removing introns in the absence of a 

transposon insertion. (C) Premature transcriptional termination (Stop) triggered by an 

intronic TE acting at long genomic distances [24,82]. (D) TE-mediated transcriptional 

activation or upregulation (Go), due to internal promoter or enhancer activity. (E) Intergenic 

TEs may incorporate enhancer or silencer activities that variably affect gene expression 

upstream and/or downstream. These effects can help TEs influence transcriptional 

regulatory networks. (F) We hypothesize that many TE integrants may have no detectable 

effect on gene expression, depending on TE age and structure, tissue-specific differences 

and genomic context. See text for further details.
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Figure 3. Variable impacts of transposon insertions accumulated over time
This schematic depicts hypothetical genomic counts (y-axis) and functional impacts (color 

scale) of TE insertions retained over evolutionary time, ranging from “old” (left) to “new” 

(right) integrants. The newest TE integrants are generated in somatic tissues (right). We 

hypothesize that their variable functional impacts (blue, neutral impact; red, high or 

deleterious impact) are influenced by the duration and strength of directional selection 

against deleterious insertions. In this way, surviving “older” insertions would be expected to 

have accumulated more mutations, to be fixed at a population level, and to exert minimal 

negative impacts on gene expression and function (green, blue, see Fig. 2F). By contrast, 

some young TE insertions, including somatic insertions, may disrupt gene expression more 

strongly (yellow, orange, red). Their allele frequencies would be significantly less than 

100%. See text for further details.
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