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1. ABSTRACT  
 

Mobile elements account for almost half of the 
mass of the human genome.   Only the retroelements from 
the non-LTR (long terminal repeat) retrotransposon family, 
which include the LINE-1 (L1) and its non-autonomous 
partners, are currently active and contributing to new 
insertions.  Although these elements seem to share the same 
basic amplification mechanism, the activity and success of 
the different types of retroelements varies.  For example, 
Alu-induced mutagenesis is responsible for the majority of 
the documented instances of human disease induced by 
insertion of retroelements.   Using copy number in 
mammals as an indicator, some SINEs have been vastly 
more successful than other retroelements, such as the 
retropseudogenes and even L1, likely due to differences in 
post-insertion selection and ability to overcome cellular 
controls.  SINE and LINE integration can be differentially 
influenced by cellular factors, indicating some differences 
between in their amplification mechanisms.  We focus on 
the known aspects of this group of retroelements and 
highlight their similarities and differences that may 
significantly influence their biological impact.  

 
 
 
 
 
 
 
 
 
 
 
 
 
2. INTRODUCTION TO THE ACTIVE NON-LTR 
RETROELEMENTS 
 

Completion of the human genome sequence 
revealed mobile element numbers to be higher than 
expected, making up nearly half the mass of the genome 
(1).  Most of these sequences represent fossils of previously 
active elements.  Mobile elements are classified into RNA 
(Class I) or DNA (Class II) transposons based on the type 
of intermediate used in their amplification mechanism.  
Class I RNA transposons, also commonly referred to as 
retroelements or retrotransposons, are further subdivided 
into two families based on the presence or absence of long 
terminal repeats (LTRs).   These elements amplify through 
a process termed retrotransposition (2), during which an 
RNA intermediate is reverse transcribed to generate a new 
copy.  Although LTR- and non-LTR retrotransposons both 
use an RNA intermediate, their mechanism of insertion 
varies greatly (reviewed in 3).  Evidence of current mobile 
element activity in humans is mostly limited to the 
subgroup of non-LTR retrotransposons:   Long Interspersed 
Element -1 (LINE-1 or L1) and its non-autonomous 
partners, such as SVA and Alu. Recent publications (4-6) 
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and data from the 1000 human genome project (7) 
demonstrate that the occurrence of new insertions is much 
higher than previously estimated dramatically contributing 
to diversity. Elements or inserts generated by an L1-driven 
retrotransposition process are identified by the 
characteristic hallmark features which include flanking 
target site duplications (TSD) of varying lengths, the usual 
presence of a 3’ poly adenosine stretch or A-tail and its 
integration into an A-rich sequence (Figure 1). 

 
L1 belongs to the family of non-LTR 

retrotransposons.  There are about half a million L1 copies 
in the human genome.  However, most L1 copies are 5’ 
truncated (1, 8) or contain inactivating mutations so that 
only about 100 are thought to be retrotranspositionally 
active (9).  The human L1 is approximately 6000 bp in 
length with two open reading frames, ORF1 and ORF2 
(Figure 1).  ORF1 codes for a 40 kDa RNA binding protein 
thought to function as a nucleic acid chaperone (10).  The 
ORF2p is a 149 kDa multifunctional protein with 
endonuclease and reverse transcriptase capabilities.  Both 
proteins are essential for L1 retrotransposition (11).  The 
L1 encoded proteins are thought to bind to the RNA to 
form a cytoplasmic RNP (12-14).  Because L1 codes for 
the proteins required for its amplification, it is referred 
to as an autonomous element.  The L1 5’UTR contains 
an atypical internal RNA polymerase II (pol II) 
promoter that initiates transcription upstream of the 
promoter (15).  This helps L1 preserve the ability to 
self-mobilize since the promoter sequence is present in 
the transcript and can be passed on to new inserts.  
Another unusual feature of the L1 5’UTR is the presence 
of an antisense promoter (ASP), which transcribes the 
upstream flanking sequence (16, 17). 
 

Alu elements are classified as SINEs (Short 
Interspersed Elements), due to their short length (~300 bp) 
and their transcription by RNA polymerase III (pol III).  
Because Alu has no coding capacity, it depends on L1 to 
obtain the factors needed for retrotransposition and thus 
considered a non-autonomous element.  With over 1 
million copies in the human genome (1), Alu is one of the 
most successful SINE elements known.  However, the vast 
majority of the Alu copies in the human genome are not 
retrotranspositionally active.  Only a few Alu copies are 
likely to be active Alu source elements (18).  Alu elements 
are ancestrally derived from the 7SL RNA gene (19), the 
nucleic acid component of the signal recognition particle 
(SRP) involved in protein secretion (20).  The region of the 
7SL gene sharing sequence homology to Alu is defined as 
the “Alu domain”.  An Alu is composed of two different 
GC-rich monomers separated by an adenine rich region and 
flanked at the 3’ end by another polyA stretch usually 
referred to as an “A-tail” (Figure 1).  Only the 5’ monomer 
or “left monomer” of an Alu maintains the internal bipartite 
RNA polymerase III promoter composed of an A and B 
box (21).  However, the Alu sequence does not contain an 
RNA pol III terminator (usually four thymidine residues).  
Thus, transcription of a typical Alu element will continue 
past the A-tail and into the genomic flank, resulting in Alu 
transcripts from various loci containing unique 3’ 
sequences of different lengths (Figure 1). 

SVA (SINE/VNTR/Alu) elements are a 
composite of several sequences (Figure 1).  About 2700 
SVA elements have been identified in the human genome 
(22).  A “full-length” SVA consists of 5’ tandem array of a 
hexameric sequence (CCCTCT), a segment with two partial 
Alu sequences in reverse orientation, followed by variable 
number tandem repeat (VNTR) segment, and a human 
endogenous retrovirus-K (HERV-K) like sequences, also 
referred to as SINE-R, at its 3’end.  A promoter has yet to 
be identified within the SVA sequence.   Because SVA 
displays the characteristic hallmarks of L1-mediated 
retrotransposition and predicted to have no coding capacity, 
this element is considered a non-autonomous member of 
the non-LTR retrotransposon family.   However, due to the 
limited knowledge of its amplification mechanism, further 
classification of the SVA element as a SINE is still 
controversial.  Not only is SVA uncommonly long (over 
4kb) for a SINE which is typically 100-300 bp in length, 
this element is unlikely to be transcribed by RNA 
polymerase III due to the presence of multiple internal 
RNA pol III termination signals.    

 
Retropseudogenes or processed pseudogenes 

arise from the reverse transcription of mRNA from a large 
variety of genes.   Estimates for the number of 
retropseudogenes present in the human genome vary from 
about 8000 (23) up to33,000 (24) depending on the 
parameters used for identification.  Because they derive 
from processed transcripts, retropseudogenes typically do 
not contain introns and many contain a recognizable 3’ 
polyA tail and flanking TSD (Figure 1).  Some genes are 
more prone to retropseudogene formation, thus the majority 
of retropseudogene copies being derived from a few genes.  
Some of the retropseudogenes with higher copy numbers 
include the highly expressed housekeeping genes GAPDH, 
cyclophilin, cytochrome c and the ribosomal proteins, 
which contribute to 20% of the total retropseudogene 
copies (23).   One study suggests a strong association 
between short length genes and higher numbers of 
retropseudogene copies (25).   

 
Other retrotransposed sequences from non-coding 

genes can be found in the human genome attesting to the 
promiscuity of the L1 retrotransposition machinery.  These 
retrotransposed sequences will be flanked by the hallmark 
TSD.  There are multiple examples of RNA polymerase III-
generated transcripts that have been retrotransposed.  For 
example, the human genome contains several hundred 
retropseudogene copies of 7SL (26) and multiple examples of 
U6 copies.  Interestingly, many of the retrotransposed U6 
sequences are found as part of a chimera with a 5’ truncated L1 
sequence.  This chimeric element is postulated to form in vivo 
by a “template switch” mechanism, where the ORF2p switches 
between the L1 RNA to the U6 transcript during reverse 
transcription (27).   Another relatively successful family of 
RNA pol-III retrotransposition events is derived from the Y 
(hY) RNA genes associated with the Ro60 autoantigen with 
almost 1000 copies (28).  Among the shorter 
retrotransposed sequences found in mammals are the 
“tailless” inserts derived from portions of tRNA or pre-
tRNA sequences (29).  Interestingly, retrotransposed copies 
from another mobile element, the endogenous retrovirus 



Differences and similarities of active retroelements 

1347 

 
 

Figure 1.  Schematic representation of the structural organization of active human retroelements and their transcripts.   Alu, SVA 
and LINE-1 belong to the non-LTR group of currently active human retroelements.  Each panel shows the schematic of the 
element with the expected transcript (represented as a line and labeled RNA) shown below it.  The boundaries of a retroelement 
are defined by the presence of tandem site duplications (TSDs) (shown as black arrowheads) generated during the 
retrotransposition process and which are a hallmark of retrotransposed sequences.  Ns represent the flanking genomic sequence. 
The transcription start sites are represented by a green arrow.  LINE-1 (L1) elements are composed of a 5’UTR that contains an 
internal RNA polymerase II promoter, followed by two open reading frames (ORF1 and ORF2) and a 3’UTR containing a 
polyadenylation signal (pA) and an A-tail. Full-length L1 transcripts are polyadenylated and capped (represented as a brown 
hexagon).  Alu elements are about 300 bp in length (shown at the top of the panel, with a larger version that includes structural 
details shown below).  Alu elements are composed of two non-identical sequences (monomers shown in yellow) separated by an 
adenine-rich region and flanked at the 3’ end by a longer A-rich region commonly referred to as an “A-tail”.  The Alu left 
monomer contains the internal bipartite RNA pol III promoter composed of an A and B box (shown in blue).  Alu transcripts will 
usually contain the 3’ flanking unique genomic sequence (shown in gray) past the A-tail due to the lack of a RNA pol III 
terminator sequence (TTTT) within the Alu sequence.  Alu transcripts are thought to have a cap-like structure composed of a 
gamma-monomethyl phosphate (represented as P-P-P) that has been shown to be present in other pol IIII transcripts (135, 136).  
SVA elements are composite elements that contain a 5’ region with a variable number of CCCTCT repeats, an antisense Alu-like 
sequence, a variable number tandem repeat (VNTR) region, and a HERVK-like region previously referred to as SINE-R.  A 
promoter has yet to be identified (represented as “?”), but it is presumed that RNA polymerase II likely drives transcription to 
generate a capped (brown hexagon) and polyadenylated transcript.  Retropseudogenes or processed pseudogenes can originate 
from the retrotransposition of either RNA pol II or pol III transcripts.  Retropseudogenes also are flanked by the hallmark TSD.  
Although the retrotransposed copies are not expected to contain a promoter sequence with them when they mobilize, sometimes 
the new flanking genomic sequence into which they insert provides promoter function, and thus some retropseudogenes generate 
transcripts. 
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Figure 2. RNA profiles of L1 and Alu elements.  
Schematic representations of northern blot analysis of L1 
(A) and Alu (B) are shown.   L1 transcripts are extensively 
processed both by premature polyadenylation and splicing 
(42, 44).  An L1 RNA profile may show full-length (FL) 
transcripts (indicated by a black arrow), in addition to a 
variety of processed products depending on the human 
tissue analyzed (45).  Alu RNA profiles will vary 
depending on the probe utilized.  The structure of a typical 
Alu transcript is shown at the bottom.  Probes (shown as 
blue boxes marked with asterisks *) that hybridize with the 
Alu body sequence will detect both large (over 1 kb) and 
small (100- 600 bp) RNA products (schematic shown on 
the left).  The large products observed include RNA pol II 
transcripts that contain Alu sequences, while the smaller 
products observed include the RNA pol III transcribed Alu 
RNAs of various lengths, the left monomer, a degradation 
intermediate known as small cytoplasmic Alu (scAlu (54), 
indicated by an open arrowhead) and the 7SL transcript 
(56), indicated by a dotted arrow) due to shared sequence 
homology.  The use of a probe that hybridizes to the unique 
sequence (derived from the genomic flank) will only detect 
those RNA pol III Alu transcripts generated from that 
specific locus (schematic shown on the right). 
 

HERV-W, an LTR-retrotransposon, have also been 
reported (30). 
 
3. EXPRESSION OF NON-LTR RETROELEMENTS 
 
3.1. Expression of L1: the driving force 
  Expression of RNA is a requisite for 
amplification of retroelements.  The vertical transmission 
of retroelements provides evidence of the expression 
somewhere in the germline.  Because the non-autonomous 
elements depend on L1 products, understanding the 
distribution and extent of L1 expression is of great 
importance.  L1 activity requires the L1 transcript as a 
template for the new copy as well as the expression of both 
ORF1 and ORF2 proteins (11).  ORF1 protein (ORF1p) 
appears to be more abundant and easier to detect, making 
the evaluation of its endogenous expression more common 
in the literature.  Endogenous expression of ORF1 has been 
reported in several human cell lines including 
teratocarcinoma and choriocarcinoma cells (31).  Different 
studies using a variety of tumor samples detected ORF1p in 
breast and testicular cancers, pediatric germ cell tumors, 
ileal carcinoids, bladder and pancreatic neuroendocrine 
tumors including some samples of prostate and colorectal 
tumors (32-37).  Although most examples detected ORF1p 
expression in the cytoplasm, some cancers displayed a 
nuclear localization of ORF1p.  In these cases, nuclear 
detection of ORF1p correlated with poor prognosis (32).  A 
detailed analysis of ORF1p expression in mice 
demonstrated its temporal regulation in germ line and 
steroidogenic tissue (38).  ORF1p has also been detected in 
somatic cells (syncytiotrophoblasts from placenta) of adult 
mice (39) and in different regions of the brain of L1-
transgenic mice (40).  At the time of publication, data on 
endogenous ORF2p expression in human tissues are scarce.  
One study detects ORF2p in a variety of tissues including 
male gonads, prespermatogonia of fetal testis and germ 
cells of adult testis, Leydig, Sertoli and microvascular 
endothelial cells (41).  As expected, ORF1p expression was 
also observed in the same cell types. 
 

 Detection of L1 proteins in a cell is not a reliable 
indicator of L1 retrotransposition activity as both ORF1p 
and ORF2p may derive from defective L1 copies and thus 
be non-functional.  Analysis of L1 RNA expression is 
complex due to extensive processing by splicing (42, 43) 
and/or premature polyadenylation (44) of L1 transcripts.  
Northern blot analysis of L1 transcripts presents the 
advantage allowing distinction between full-length and 
other L1 products (Figure 2A), but may be limited in 
sensitivity.  In contrast, RT-PCR approaches can detect 
very small amounts of L1 RNA.  However, it is difficult to 
envision an RT-PCR approach that distinguishes between 
full-length and processed L1 products making RT-PCR 
data unreliable as an indicator of L1 activity.  The 
application of some of the newer technologies such as 
paired end RNAseq may prove valuable for evaluating L1 
transcripts.  However, due to the large L1 copy number, 
even small amounts of DNA contamination will skew the 
data by particularly enriching for sequence reads matching 
the 3’ regions of L1, as the 5’ truncated inserts are more 
abundant than full length L1 elements.  Another limitation 
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of using methods based on short sequence reads derives 
from the inability to distinguish between reads that derive 
from L1 fragments present within other non-L1 mRNAs 
and bona-fide L1 transcripts.  In addition, most of these 
methodologies lack information on the orientation of the 
obtained sequence (sense vs. antisense), making it difficult 
to discern those reads derived from RNA products 
generated by the antisense activity of the L1 promoter or 
other flanking promoters.  Published data demonstrate that 
expression of full-length as well as processed L1 transcripts 
is widespread in human somatic tissues, including human 
adult stem cells, and that the amount of L1 RNA and 
proportion of processed products varies extensively 
between tissues (45).  

 
The subcellular localization of L1 components is 

of importance for two reasons: 1) after transcription, the L1 
RNA needs to reach the cytoplasm for translation and 2) 
because of the cis-preference exerted by L1 transcripts 
(46), the L1 RNA undergoing translation and its two 
proteins, ORF1p and ORF2p [likely as an RNP (12, 47)], 
must reach the nucleus to generate a new insert.  Analyses 
using living and fixed cells showed the colocalization of 
the L1 RNA and both the ORF1 and ORF2 proteins in the 
cytoplasm (47, 48).  The L1 components are often observed 
associated with markers of cytoplasmic stress granules 
(49).  Previous studies by the same group, using a GFP 
tagged L1 ORF2p showed that the deletion of its carboxy-
terminus caused the protein to also localize to nucleoli (50).  
However, the importance of the association of L1 
components with stress granules and the nucleolus is 
unclear, as it is unknown if they represent functional 
intermediate steps of the retrotransposition cycle or the 
accumulation of byproducts.   
 
3.2. Expression of Alu and other non-autonomous 
elements 

Evaluation of Alu expression is also complex, but 
for different reasons.  First, being particularly enriched in 
genic regions, Alu sequences are commonly found within 
RNA pol II transcribed mRNA (51, 52).  However, only the 
RNA pol III Alu transcripts are efficiently retrotransposed 
(53) making it critical to distinguish between the two types 
of transcripts.  Secondly, Alu elements share sequence 
homology to the ubiquitously and highly expressed 7SL 
RNA.  Third, Alu transcripts vary in length.  Because Alu 
elements do not contain an RNA pol III terminator within 
their sequence, transcription will continue past the A-tail 
into the genomic flanking region (unique sequence) until it 
reaches an RNA pol III terminator, usually four thymidine 
residues, somewhere within the downstream genomic DNA 
(Figure 1).  Alu transcripts from different loci will contain 
a unique 3’ sequence characteristic of the individual 
element generating the RNA.  Due to the diverse location 
of Alu elements, pol-III generated Alu transcripts can vary 
in length from 300 bp to over 600 bp.  Finally, the pol-III 
generated Alu transcript can be processed to a smaller 
product (left monomer) also known as small cytoplasmic 
Alu (scAlu) (54), which is prevalent due to its higher 
stability than the Alu dimer RNA (55).  Thus, a 
hybridization analysis which uses a probe that anneals to 
the Alu sequence (Alu body) will likely detect all of these 

transcripts generating a variety of smears rather than a 
distinct band in a Northern blot (see Figure 2B for a 
schematic example).   Due to shared sequence homology, 
usually the 7SL RNA will appear as an intense discrete 
band within the smear containing the faster migrating 
products.  Previous work on Alu expression in HeLa cells 
estimates that 7SL RNA is at least 500 fold more abundant 
than RNA pol III Alu transcripts (56), making it vastly 
easier to detect 7SL RNA than Alu RNA.  In contrast, a 
probe to the unique region of the Alu RNA (Figure 2B) 
should only detect transcripts generated from that specific 
locus.  Size fractionation of transcripts (57) and the use of 
poly-A selected RNA (58) will enrich for RNA pol III Alu 
transcripts and reduce the presence of 7SL RNA in the 
samples.  Alu sequences are commonly found in mRNAs; it 
has been estimated that about 4% of human mRNAs harbor 
Alu elements (59).  One of the better approaches for 
evaluating Alu expression, is the use of primer extension 
with reverse transcriptase which gives the advantage of 
identifying the RNA pol III Alu transcripts by size (60).  In 
contrast, the use of the standard RT-PCR, 3’ RACE using 
an oligo dT primer and microarray approaches will also 
encounter the same problem of trying to distinguish 
between bona fide RNA pol III Alu transcripts and other 
RNAs containing Alu and Alu-like sequences.   
Evaluations using these types of approaches, not only will 
not adequately reflect Alu expression, but in addition, due 
to favorable oligo annealing, PCR based assays will 
selectively amplify the younger less mutated Alu elements 
introducing a bias in the distribution of Alu subfamily 
expression.   

 
Due to the complexity of Alu expression analysis, 

reliable data are scarce.  Except for the predicted germ line 
expression, currently there are minimal data available on 
tissue or developmental expression of Alu elements.  Most 
of the data are derived from a few studies on cell lines.  
One of these studies demonstrates that transcripts from 
different Alu subfamilies can be detected in NTera2D1 
cells (61).  Recently, several laboratories performed 
genome wide chromatin immunoprecipitation (ChIP) 
analyses which identified multiple Alu loci (mostly older 
elements) bound by RNA polymerase III factors in both 
cancerous and normal cell lines (62-64).  Stringent analyses 
of their data support the active transcription of several of 
the identified Alu elements of which different loci express 
in different cell lines.  Detection of transcripts from the 
older non-active Alu subfamilies suggests that expression 
alone is not sufficient for retrotransposition of Alu 
elements, but that other factors determine the 
retrotranspositional capability of individual Alu elements 
(discussed in section 4.2).  Table 1 illustrates the 
discrepancy between the distribution of Alu subfamily 
transcripts in relation to their current activity as estimated 
by reports of diseases caused by de novo insertion of an 
Alu. 

 
Evidence indicates that Alu expression appears to be 
limited.  Because the internal Alu RNA pol III promoter 
alone is insufficient to drive expression (65, 66), it is likely 
that even Alu elements with intact A and B boxes are 
transcriptionally inactive (56).  In addition, Alu expression 
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Table 1.  Alu subfamilies genomic distribution, activity and relative expression 
Alu subfamily % total genomic Alu # diseases caused by de novo insertion (%) (107) % Alu transcripts (61)$ 
S + J 82 0   (0%) 66 
Y 17 11  (27%) 33 
Ya5* 0.3 18  (44%) 0.8 
Yb8* 0.2 12 (29%) 0.5 
Total 100 41 (100%) 100 

* Includes all subfamily variants, $ Only includes data from validated bona fide RNA pol III transcribed Alu elements 
 
s thought to be downregulated through methylation (58, 67, 
68).   However, RNA pol III driven Alu expression levels 
can be transiently increased under various stress conditions 
that alter chromatin structure (69, 70), such as heat shock 
(69) and viral infection (71-73).  Studies indicate that a few 
loci are the main contributors to this transient increase in 
Alu expression in response to stress (74), rather than a 
global response from all Alu elements in the genome.  
Considering that each of the one million plus Alu elements 
is flanked upstream by different sequences, it is not 
surprising that any individual Alu locus may respond 
differently to changes in chromatin structure or external 
stimuli such as viral infection.  Early studies detected both 
full length Alu transcripts and the processed scAlu form 
primarily in the cytoplasm (54, 58, 60).  A recent study 
using in situ hybridization and Alu-MS2 tagged RNA 
detected Alu transcripts mostly in the nucleus (47).  
However, it is unknown if either the nuclear or cytoplasmic 
localization of Alu transcripts favors its retrotransposition.  
It is possible that only those Alu transcripts that reach the 
cytoplasm are capable of sequestering the L1 ORF2p 
required to retrotranspose.  
 

Data on expression of other retrotransposed 
sequences vary considerably.  Details on SVA expression 
remain elusive, largely due to the lack of identification of a 
well-characterized internal promoter.  However, a recent 
discovery shows that some of these elements have acquired 
promoter sequences through 5’ transduction events (75).  
This occurs when transcription from an upstream genomic 
site continues into the SVA sequence and, through splicing, 
a promoter sequence is juxtaposed with the SVA sequence.  
Retrotransposition of this transcript generates an insert of 
an SVA with its own promoter that can subsequently 
generate new copies creating new SVA subfamilies.  
Bioinformatic analyses have led to the identification and 
study of two SVA families that were created through this 
mechanism: the CpG-SVA family (75) and the SVA_F1 
family (76).  Evaluations using EST data and RT-PCR 
demonstrated the expression of the SVA_F1 family in 
germline, stem cells, tumor cells and different types of 
somatic cells (76).  Interestingly, although L1, Alu and 
SVA use the L1 retrotransposition machinery, the 
subcellular localization of their transcripts differs, which 
possibly contributes to the observed variations in their 
amplification mechanism (47).   Expression of 
retropseudogenes is unexpected due to the lack of 
mobilization of the promoter sequence.  However, if the 
copies insert downstream of another promoter, 
transcription of retropseudogenes is possible.  An 
analysis of pseudogenes identified in ENCODE regions 
demonstrated that several are transcribed in cell lines or 
tissues (77).  It is still unknown, whether any of the 

expressed retropseudogenes are capable of furthering their 
own amplification. 
 
4. INSERTION MECHANISM  
 
4.1. Retrotransposition process and target primed 
reverse transcription (TPRT) 

The L1 retrotransposition amplification cycle 
initiates with transcription followed by the localization of 
the L1 transcript to the cytoplasm for translation.  The 
retrocompetent L1 mRNA is bicistronic, generating both 
ORF1 and ORF2 proteins required for L1 retrotransposition 
(11).  As mentioned earlier, ORF1p possesses nucleic acid 
chaperone activity (78, 79), an essential property for L1 
retrotransposition (79, 80). L1 RNA shows a strong cis-
preference for its own translated proteins during the 
retrotransposition process (46, 81).  The cis-preference of 
L1 makes it likely that RNA/protein interactions near the 
ribosome during translation are important in forming the 
appropriate RNP (Figure 3A) for retrotransposition of L1 to 
occur (14).  In addition, the cis-preference may decrease 
the ability of other mRNAs to access the L1 ORF1p and 
ORF2p and explaining the lower retropseudogene copy 
numbers in the genome.  Because multiple ORF1p 
molecules interact with the L1 RNA (80), and are present 
in higher numbers than ORF2p (50), it is reasonable to 
speculate that ORF1p outnumbers ORF2p in the L1 RNP.   
It is possible that these properties of ORF1p may be 
important to help “dislodge” the L1 transcript from the 
ribosomes (Figure 3A) and to protect the RNA from being 
diverted to RNA degradation pathways.  Also, the ORF1p 
coating of the L1 RNA may prevent new reassembly of 
ribosomes and allow for the transcript to proceed to the 
nucleus.  This may also be the reason why L1 and 
retropseudogenes that require ORF1p (82) for 
retrotransposition are kinetically slower in culture, while 
the non-translated RNAs, such as Alu, are both ORF1p 
independent (83, 84) and kinetically faster (53).  After L1 
RNP assembly, there are limited data on how L1, or any 
other transcripts such as SVA or processed transcripts 
(retropseudogenes), reach the nucleus for the insertion 
process to ensue. 

 
Although all retroelements use an RNA template 

in their process of amplification, there are fundamental 
differences in the insertion mechanism between LTR-
retrotransposons and non-LTR retrotransposons (3).  In 
general, LTR-retrotransposons reverse transcribe the RNA 
into a ds-cDNA molecule that is subsequently integrated 
into the genome.  In contrast, L1 and its non-autonomous 
partners use a unique process to integrate new copies into 
the genome based on target primed reverse transcription 
(TPRT) of its RNA.  The TPRT model is based on the in 
vitro studies of the amplification cycle of the R2 element in 
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Figure 3. Proximity as a requirement for efficient retrotransposition.   A. Proposed model explaining the reduced efficiency of 
retrotransposition of non-L1 mRNAs (retropseudogenes generation).   Schematic representation of a full-length capped L1 
transcript in a polyribosomal complex undergoing translation.  As the L1 ORF1 protein is translated, the ORF1 monomers 
interact forming a trimer.  Due to the cis-preference shown by L1 it is expected that the ORF1 trimer will bind the L1 RNA that 
generated it, likely driven by proximity.  Although ORF2p is made in lower amounts, it also is thought to preferentially interact 
with the same L1 transcript.  The increased number of ORF1p likely coats the L1 RNA, possibly preventing the reassembly of 
the ribosome and contributing to the “escape” from the translational machinery, allowing for the newly formed L1 RNP to 
progress through the retrotransposition cycle.  In contrast, because mRNA from cellular genes will be undergoing translation in 
their own polyribosomes, these transcripts will be physically restricted from coming in contact with the L1 proteins.  The lack of 
the ORF1p interaction with the mRNA will enable ribosomes to continue to assemble and continue translation, until the mRNA is 
targeted to the degradation pathway.  [The CAP complex is represented as a brown circle at the 5’ end of the transcript. 
Ribosomes are shown in green, and the L1 ORF1 and ORF2 proteins are shown in purple and orange respectively.]  B.  Proposed 
model for Alu sequestration of ORF2 protein.  Due to the lack of coding sequences, Alu transcripts are not engaged by the 
translation machinery.  Thus the Alu transcript can exist as a “free” ribonucleoprotein (RNP) complex (see inset).  The inset 
shows a liberal representation of the potential folding of the two 7SL derived monomers to form the propeller structure and the 
interaction with the SRP9 and SRP14 proteins (depicted in blue): only SRP9p is shown.  In addition to SRP9/14p, the Poly-A 
binding protein (PABP, depicted in purple) is thought to interact with the A-tail of the Alu RNA. PABP is shown interacting with 
the 3’ A-tail of the Alu RNA.  The structure is likely to fold to form a compact RNP.  The bound SRP14p and PABP may play a 
role in targeting Alu RNPs to the ribosomes.  SRP14p interacts with ribosome through direct contacts with amino acids located in 
its carboxy-terminus.  The PABP bound to the Alu A-tail may also help direct the Alu RNP to the translating L1 transcript by 
interacting with the cap complex (brown circle) of the L1 RNA. These interactions (indicated by short black arrows) may favor 
the localization of Alu RNPs to translating ribosomes to increase their probability of coming in close proximity to newly 
synthesized ORF2p (in orange).     For illustrative purposes, the L1 transcript bound to ribosome is shown as a linear molecule.  
However, the cap complex of the L1 RNA likely interacts with the PABP present in its own A-tail circularizing the RNA.         
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Figure 4. Target primed reverse transcription (TPRT).  A schematic representation of the TPRT step of the retrotransposition 
process is shown for L1, Alu, and tailless tRNA-derived transcripts.  The genomic DNA is depicted as dark lines.  The consensus 
5’-TTAAAA-3’ is shown on the top strand of the insertion sites for the L1 and Alu, while a representative sequence of the 5’-
TTWX1-17-3’ consensus is shown for the tailless retropseudogene.  The bottom strand shows the nicked DNA with the exposed 
nucleotides (e.g. TTTT) thought to anneal with the RNA and provide the priming site for reverse transcription by ORF2p 
(depicted in orange).  The Alu and tailless retropseudogene transcripts are shown with extended 3’ sequences (shown as Ns) 
which represent the unique region of Alu or part of the tRNA-related sequences followed by the RNA pol III terminator (shown 
as Us). 

 
Bombyx mori (85) and has been adapted into a model for 
other elements that use the non-LTR insertion mechanism.   
Under this model, reverse transcription of the template 
RNA is primed by a nick at the chromosomal integration 
site.  In the case of L1 and its parasites (such as Alu), the 
L1 ORF2 protein generates the initial nick (86).   The 
ORF2p endonuclease preferentially cleaves the sequence 
5’-TTTT/AA-3’, which resembles in vivo L1 integration 
sites (86, 87).  The poly-A stretch at the 3’ end of LINEs, 
SINEs, and processed pseudogenes plays an important role 
for retrotransposition (88), likely by providing the 
annealing site for the genomic thymidine residues that 

prime reverse transcription (89) (Figure 4).  Although very 
inefficiently, the retrotransposition of Alu transcripts 
without 3’ poly-A stretches can occur (83).  In addition, the 
presence of a few “tailless” 3’ truncated Alu inserts in the 
human genome indicates the likely occurrence of internal 
priming during the TPRT step (90) (Figure 4).   Also, a 
large number of retrotransposed copies of RNA pol III 
transcripts (tRNA, tRNA-related, and 4.5S RNA) that lack 
A-tails and referred to as tailless retropseudogenes have 
been described (29).  Evaluation of the insertion sites 
demonstrated that the cleaved DNA strand which functions 
as a primer for reverse transcription by ORF2p presents 
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perfect matched complementarity to the RNA template 
sequence (Figure 4).  The cleavage consensus sequence for 
the tailless retropseudogenes varies from the one observed 
for Alu and L1 inserts, with TT/WX1-17 (29) as being 
more prevalent (Figure 4).  On the other hand, in vitro 
studies show that structural parameters of the target DNA 
appear more important for recognition and determination of 
the nicking profiles of the L1 endonuclease (91).  These 
data suggest that the consensus sequences derived from the 
computational studies of retrotransposed inserts are not 
exclusively determined by the cleavage preference of the 
ORF2p endonuclease, but also reflect the ability of the 
RNA to interact with the cleaved DNA to prime reverse 
transcription.  ORF1p has been suggested to mediate 
nucleic acid strand transfer steps during L1 reverse 
transcription (78, 92).  Because ORF1p is not strictly 
required for Alu retrotransposition, as the process can occur 
in chicken cells which are devoid of endogenous L1 
ORF1p (84), it is difficult to define the role of ORF1p in 
Alu retrotransposition. 

 
Finally, little is known about the 

retrotransposition process after ORF2p completes reverse 
transcription of the cDNA.  How the second nick is created 
or how the second DNA strand is generated and ligation of 
the DNA occurs is still unknown.  However, the hallmark 
tandem site duplications (TSDs) flanking the new 
retrotransposed copy are well-characterized.  
 
4.2. Requirements for retrotransposition of non 
autonomous elements 

Retrotransposition of the non autonomous 
elements requires two basic components: expression of the 
RNA template and accessibility to the L1 proteins.  
Although ORF1p and ORF2p are essential for L1 
retrotransposition, this is not a universal requirement for 
the non-autonomous elements.  As mentioned above, RNA 
pol II generated transcripts (L1 and retropseudogenes) 
require ORF1p (82), while RNA pol III transcripts (SINEs) 
only require ORF2p (53, 83, 84).  Regardless, all non-
autonomous retroelements require the interaction with the 
at least the L1 ORF2p to undergo retrotransposition.  The 
physical interaction with ribosomes during translation 
probably limits other mRNA transcripts (retropseudogene 
source) from achieving the sufficient proximity to those 
ribosomes translating L1 to be able to sequester the 
required ORF1p and ORF2p for retrotransposition (Figure 
3A).  This limitation may explain the lower abundance of 
retropseudogenes, particularly when compared to the SINE 
or LINE copy numbers in the human genome.  In contrast, 
Alu transcripts are not encumbered by the translation 
machinery.  Still, Alu RNA must at least come in contact 
with ORF2p to facilitate trans-mobilization.  However it is 
uncertain of how or where Alu transcripts interact with 
ORF2p.   

 
Previously, the ability of the Alu transcript to 

come in close proximity to the translating L1, has been 
proposed as a model to explain how Alu efficiently 
competes for access to ORF2p (89).  This proximity model 
is based on the ability of Alu RNA to target ribosomes 
through its interaction with two of the signal recognition 

particle (SRP) proteins.   The Alu RNA retains the folding 
pattern of its ancestral 7SL transcript, which provides 
binding sites for SRP9p and SRP14p (93, 94) (Figure 3B).  
Because SRP14p normally targets the 7SL RNP to the 
ribosomes and causes the arrest of nascent chain elongation 
through direct contacts of the “Alu domain” of 7SL RNA 
and the ribosome (95), it is proposed that SRP9/14 proteins 
bound Alu RNA will have the same fate.  Mutations 
altering the interaction of Alu transcripts with SRP9/14p 
diminish the retrotransposition capability, suggesting a 
potential role for these proteins in the process (96, 97).  
Further support for a critical role of SRP9/14p comes from 
a study using another 7SL-derived SINE, the rodent B1 
element.  A single nucleotide substitution in a key region 
for SRP9/14p-RNA interaction resulted in a significant 
increase in the retrotransposition rate of B1 (98).  In 
addition, retrotransposition of Alu transcripts is about 10 
fold more efficient than its monomeric form (83), possibly 
a reflection of having two sets of SRP9/14p proteins per 
Alu RNP (96) (Figure 3B).  Another protein thought to help 
target the Alu RNP to the ribosomes is the cytoplasmic 
polyA binding protein (PABP).  Because PABP binds 
SINEs that contain A-tails (99, 100), it is thought to form 
part of the Alu RNP complex.  Due to the PABP interaction 
with eIF4G in the CAP complex (reviewed in 101), the 
PABP in the Alu complex may bring the RNP into 
proximity with newly synthesized ORF2p by binding the 
CAP complex of the translating L1 RNA(102) (Figure 3B).  
However, the role of PABP in SINE retrotransposition is 
unclear.  

 
Alu sequence variations also affect activity of an 

individual element, as not all Alu transcripts are able to 
undergo retrotransposition.  In addition to mutations that 
limit SRP9 and 14 binding, studies demonstrate that 
disruptions in the homopolymeric A-tail and increases in 
the unique 3’ sequence length of the Alu transcript (Figure 
1) reduce retrotransposition rates (103).  These sequence 
variations at the Alu 3’ end are likely to influence the 
annealing dynamics of the RNA and the cleaved DNA 
during the TPRT process (Figure 4), where mismatches and 
lengthy 3’ ends may destabilize the interaction.   

 
Most SINE elements are not derived from 7SL, 

but instead share sequence homology to tRNAs.  It is 
unlikely that SRP9p and SRP14p interact with tRNA 
derived SINEs or contribute to their retrotransposition.  
However, it is possible that alternate cellular proteins 
substitute for the role of SRP9/14p in the tRNA derived 
SINEs.  Interestingly, the transcripts of these SINEs do not 
retain the folded cloverleaf structure of the tRNA, but 
instead form a structure that shares similar folding patterns 
between different SINEs (104). The conservation of this 
RNA structural similarity may reflect a binding motif for 
critical proteins that aid retrotransposition of these SINEs.  

 
Currently, little is known about what other 

cellular factors may be required for either L1 or the non-
autonomous elements.  Some DNA repair proteins may 
play important roles in L1 retrotransposition.  Components 
of the non-homologous end joining (NHEJ) pathway (105) 
and the damage sensor, ATM (106), appear necessary for 
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promoting L1 retrotransposition.  We expect that the role of 
these proteins may be elucidated when the remainder of the 
insertion process is better understood. 
 
 4.3. Cellular regulatory mechanisms of 
retrotransposition 
  Unregulated activity of mobile elements can 
cause significant genetic damage, thus leading cells to 
evolve mechanisms to minimize mobile element activity.  
Active elements cause disease predominantly through 
insertional mutagenesis and non-allelic homologous 
recombination (NAHR), resulting in loss of gene function 
(reviewed in107).  For example, L1 activity contributes to 
several types of genetic instability by causing inversions, 
insertions, deletions and chromosomal rearrangements.  
Recent studies also show that the expression of L1 or L1 
ORF2p in human cells induces cell cycle arrest (106), 
apoptosis (108), and senescence (45, 109).  Due to the 
highly damaging effects of mobile elements, cells have 
developed surveillance mechanisms to limit their impact. 
 

The first line of defense against the damaging 
effects of retroelement activity is the prevention of their 
expression.  Several observations demonstrate that 
methylation plays a major role in silencing 
retrotransposons.  Deficiencies in the DNA 
methyltransferase 3-like gene (Dnmt3L) prevented de novo 
methylation of retrotransposons causing meiotic failure in 
the male germ line of mice (110).  During malignant 
transformation, genome-wide hypomethylation of repetitive 
sequences occurs, altering the normal regulation of 
expression of these elements (111).  Additionally, the 
piRNA pathway has been implicated in transposon control 
through methylation.  Studies in mice showed that piRNAs 
and the Piwi proteins MILI and MIWI2 determine de novo 
methylation of retrotransposons in germ cells in mice (112, 
113).  siRNA activity appears to also regulate L1 
expression (114). 

 
Suppression of L1 retrotransposition is further 

controlled by mRNA processing through extensive splicing 
and premature polyadenylation (42-44).  However, L1 
RNA processing varies dramatically across tissues (45), 
with splicing being the potentially dominant mechanism of 
L1 RNA regulation in some tissues.  However, processing 
of L1 mRNA does not fully mitigate L1-mediated damage 
because some L1 splice products are capable of generating 
active L1 ORF2p (45).  Because SINEs only require 
ORF2p, tissues favoring L1 processing leading to the 
generation of ORF2p containing splice products could 
support Alu retrotransposition.  Thus, Alu retroposition 
could be actively occurring even if no L1 activity is 
observed in those tissues. 
 

 Other cellular processes function as control 
mechanisms of retroelements.  The members of the 
apolipoprotein B mRNA editing complex 3 (APOBEC3) 
have been implicated in the post-transcriptional regulation 
of L1 and Alu retrotransposition (115, 116).  However, not 
all the proteins in the APOBEC3 gene family universally 
inhibit retrotransposons; instead, some show specificity to 
individual elements.  For example, APOBEC3G has been 

shown to specifically inhibit Alu but not L1 activity (117).  
Interestingly, the ability of the different APOBEC3 proteins 
to inhibit retrotransposition is independent of their RNA 
editing function.  Currently, the mechanism by which 
APOBEC3 inhibits retrotransposition remains unclear 
(118).  However, recent advances on APOBEC 3A proteins 
indicate that they may function through the inhibition of the 
elongation of cDNA by reverse transcriptase (reviewed in 
119).  Another example, the Nucleotide Excision Repair 
endonuclease, ERCC1/XPF, has been demonstrated to limit 
L1 activity (120).  The authors propose that L1 
retrotransposition triggers a DNA damage signal which 
causes the recruitment of ERCC1/XPF and removal of the 
L1 insertion intermediate, preventing completion of the 
process.  Although yet to be discovered, it is highly likely 
that other cellular factors participate in the regulation of 
retrotransposons.  
 
5. ACTIVITY AND DISTRIBUTION OF NON-LTR 
RETROELEMENTS  
 
5.1. Activity profiles during evolution 

Throughout evolution, different mobile elements 
have dominated the genomic landscape. L1 elements have 
been active for over 100 million years (1, 121).  Not 
surprisingly, the non-autonomous elements such as Alu 
which depend on L1, appeared much later (122).  The peak 
Alu amplification rate occurred between 55 and 35 million 
years ago, generating approximately 80% of the Alu 
elements currently present in the human genome (18).  
During this same time period, peak activity was also 
observed for both the RNA pol II derived retropseudogenes 
(123) and the RNA pol III derived tailless retropseudogenes 
(29) possibly reflecting a time period favorable for non-
autonomous element expansion.  However, SVA does not 
follow the same pattern of expansion as it origins dates 
back only 18 to 25 million years ago (22). 

 
5.2. Evidence of current activity 

The presence of polymorphic elements between 
different individual attests to the current activity of non-
LTR retroelements in humans.   The extent of genomic 
diversity contributed by these elements was highlighted by 
research from several laboratories (4-6) and corroborated 
further with the analyses from the 1000 human genome 
project (7).  However, the calculated retrotransposition 
rates for the different elements vary, with an estimated one 
insertion per every 21, 212, and 916 births for Alu, L1, and 
SVA, respectively (124).  Even more compelling are the 
multiple de novo cases of human retroelement induced 
diseases where Alu contributes for the majority of 
documented cases (107).   

 
Although the impact of the insertional 

mutagenesis by mobile elements is well documented, data 
on the activity at somatic level are scarce.  Transgenic 
mouse models have shown that somatic activity occurs (40, 
125-127). There are a few reports of cancers describing 
LINE-1 insertions disrupting tumors suppressors (128, 129) 
or present at a translocation breakpoint (130).  However, 
only one of these examples appears to be an LINE-1 that 
inserted through retrotransposition.  More recently, data 
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from high throughput DNA sequence analyses of lung 
tumors detected nine somatic L1 insertions specific to the 
tumor DNA that were absent from the adjacent normal 
samples (4).  As the field and methodology have advanced, 
the amount of evidence that these elements may have a 
significant role at the somatic level has increased.  Further 
studies will provide a better understanding of the somatic 
role of these elements. 
 
5.3. Insertional distribution 

Retrotransposons are distributed in a non-random 
manner in the human genome.  Although L1 and its non-
autonomous parasites use ORF2p cleavage sites for 
insertion, they do not share the same distribution 
throughout the genome (1).  Alu elements are enriched in 
GC-rich regions while L1s are found at higher densities in 
AT-rich regions.  Data indicate that although the initial 
insertion distribution of these elements is comparable, 
selection through time contributes to differential fixation of 
Alu and L1 elements (1).  Changes in the distribution of 
retrotransposons in the human genome through time 
indicate that recombination between chromosomes is likely 
an important mechanism for their redistribution (131).  In 
addition, the distribution between the sex chromosomes and 
autosomal chromosomes also varies.  Genomic analyses 
demonstrate that young Alu elements are more dense in 
chromosome Y relative to chromosome X (3 fold) and to 
autosomes (2 fold) (132, 133).   However, the density of 
Alu elements increase over time in chromosome X relative 
to autosomal densities (133).   Retropseudogenes are also 
significantly higher on the human X chromosome (134) 
while underrepresented on the Y chromosome.  Human 
diseases caused by insertion of these elements, which 
represent recent events with a limited exposure to selection 
processes, also show a skewed distribution, with Alu and 
L1 insertions highly overrepresented on the X chromosome 
(107).   However, it is difficult to determine if there is a 
biological component driving the enrichment of these 
elements on the X chromosome or if ascertainment bias of 
disease detection contributes to the observed numbers.  

 
6. SUMMARY AND PERSPECTIVE 
 

The impact of mobile element activity on the 
human genome became clearly evident after determining 
that these elements have contributed to almost half of its 
mass.   As the field progresses in understanding the biology 
of the currently active elements, further data demonstrate 
their significant role in human disease.  Among the 
currently active human transposable elements, LINE-1 
takes a central role by not only providing factors for its 
own retrotransposition, but also enabling the trans-
mobilization of non-autonomous elements such as Alu and 
SVA.  Because non-autonomous elements depend on 
LINE-1 for the active components/protein(s) for their 
mechanism, it is reasonable to presume that the parasitic 
element would benefit from a constant and close proximity 
to an active LINE-1 element i.e. a requirement for 
“flocking together”.   However, the amplification behavior 
and impact of these parasitic non-autonomous elements do 
not parallel that of LINE-1.  For example, diseases caused 
by de novo Alu inserts outnumber those caused by LINE-1 

inserts by about 2 to 1.  Although it is still unclear why a 
non-autonomous element would outnumber autonomous 
elements, ongoing studies demonstrate that these elements 
exhibit different expression patterns, cellular localization, 
retrotransposition requirements and possibly insertional 
preferences that may help explain differences in 
amplification success rates. The recent discovery that some 
tissues can express transcripts that generate ORF2p only 
further demonstrates the unique genetic impact that each 
family of non-LTR retrotransposons may have and 
underscores the importance of evaluating these elements 
individually.  To be able to comprehend the collective 
impact of the active mobile elements on the human 
genome, the particularities regarding each type of element 
must first be elucidated.   
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