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Mobile elements comprise more than half of the human
genome, but until recently their large-scale detection
was time consuming and challenging. With the development of new high-throughput sequencing (HTS) technologies, the complete spectrum of mobile element
variation in humans can now be identified and analyzed.
Thousands of new mobile element insertions (MEIs)
have been discovered, yielding new insights into mobile
element biology, evolution, and genomic variation. Here,
we review several high-throughput methods, with an
emphasis on techniques that specifically target MEIs in
humans. We highlight recent applications of these methods in evolutionary studies and in the analysis of somatic
alterations in human normal and tumor tissues.
Mobile DNA elements in the human genome
Mobile DNA elements, or transposable DNA elements, are
discrete DNA fragments that can be moved or copied to
other regions of a genome. They are present in most
organisms and comprise up to two-thirds of the human
genome [1,2]. Several types of mobile element, including
Alu, long interspersed elements (LINE) 1 (L1), and SVA,
have been actively transposing during human evolution
history and remain active (Box 1). These elements have
had profound influence on genomic architecture, and the
active elements continue to change the human genomic
landscape, sometimes causing human diseases in the process (see recent reviews [3–5] for more details). In addition
to their genomic impact, some MEIs have occurred so
recently that they are present in some individuals but
not in others. These polymorphic MEIs (pMEIs) are ideal
markers for studying human evolutionary history and
population relations because of their known ancestral
state, lack of homoplasy, and other properties [6,7]. Over
the past two decades, pMEIs have been used in a large
number of population genetic and phylogenetic studies in
humans as well as in other species [8–11].
Since the release of the human genome reference sequence, many efforts have been made to identify pMEIs in
the human genome. This, however, has been a laborintensive task. For example, the initial release of the
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human Retrotransposon Insertion Polymorphisms database (dbRIPs, http://dbrip.brocku.ca) contained approximately 2100 pMEIs [12], representing all pMEIs identified
in more than 50 studies over the past several decades.
Hundreds of additional pMEI loci were identified when
additional individual genome sequences were published
[13–16]. All these efforts have been dwarfed by recent
advances in high-throughput technologies, which have
dramatically changed the landscape of whole-genome,
population-level MEI studies. Several high-throughput
methods have been developed specifically for human pMEI
detection, identifying thousands of novel pMEIs that
are not present in the human reference genome. In
this review, we first describe these methods and then
summarize some recent major findings using whole-genome MEI data. We conclude by outlining new questions
that can be addressed in the near future using these
technologies.
Detecting mobile elements at the whole-genome level
There are two primary types of method for profiling pMEIs
at the whole-genome level: (i) targeted methods, in which
DNA fragments related to a MEI are experimentally
enriched before sequencing and/or genotyping; and (ii)
post-sequencing bioinformatic methods, in which pMEIs
are identified using whole-genome sequencing data. Although the focus of this review is on the detection of MEIs
in humans, similar high-throughput MEI identification
methods have recently been applied to nonhuman species
(Box 2).
Targeted MEI sequencing methods
One of the most commonly used MEI selection methods is
transposon display (TD). This gel-based technique was
developed initially to visualize pMEIs in Petunia species
[17] and has since been adapted for studying Alus [18,19],
L1s [20–22], and human endogenous retroviruses
(HERVs) [23] in the human genome. Several recent techniques have adapted the TD method for HTS (Table 1)
[24–26], and the basic principle of the method is illustrated
in Figure 1. The key step for MEI enrichment is a PCR step
using one primer complementary to the MEI sequence and
another primer complementing the linker sequence
(Figure 1d). Sometimes referred as a ‘hemispecific PCR’,
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Box 1. Mobile DNA elements in the human genome
Almost half of the human genome (47.8%) is composed of readily
recognizable MEIs and their fragments (Figure Ia). The most prevalent
are the type I retrotransposons, including non-long terminal repeat
(LTR) retrotransposon LINE families (e.g., LINE-1 and LINE-2); the
SINE Alu family; the LTR retrotransposon endogenous retroviruses
(ERV); and SVA elements, a small but still active family. The type II
‘cut-and-paste’ DNA transposons of the Tc1-Mariner, hAT, and
piggyBac families are also present in the human genome. An
additional approximately 20% of the genome comprises short
remnants of ancient mobile elements and other repeats [2].
The structures of major mobile elements in the human genome are
illustrated in Figure Ib. The L1 element is the most prevalent
autonomous non-LTR retrotransposon (approximately half a million
copies). Full-length autonomous L1 elements are approximately 6 kb in
length and contain two open reading frames (ORFs) that encode the
proteins necessary to catalyze L1 retrotransposition. The 50 UTR
contains an RNA Pol II promoter. Upon insertion, L1 elements generate
a variable-length poly-A tail at the 30 end and short target site
duplications (TSDs) at the insertion site. Most L1s are nonautonomous
due to accumulated mutations and 50 truncations that often occur upon
retrotransposition. Approximately 100 ‘hot’ L1 elements are active
today [32,62]. Present at more than one million copies, Alu is the most

prevalent nonautonomous non-LTR retrotransposon. Canonical Alu
elements are approximately 300 bp in length, composed of two halves
(right and left monomers joined by an A-rich spacer) derived from a 7SL
RNA. Alu elements do not encode any proteins but do carry an internal
RNA Pol III promoter in the left monomer. Alu elements replicate by
hijacking the L1 retrotransposition machinery and thus generate similar
TSDs and a 30 poly-A tail upon insertion [63]. Most Alu insertions are
ancient and inactive, but some subfamilies (notably AluYa and AluYb)
are still active. SVA elements (approximately 5000 copies) are
nonautonomous and rely on L1 proteins for their retrotransposition
[64]. The canonical SVA is approximately 2 kb in length and is
composed of a hexameric repeat region, a stretch of Alu-derived
sequence, a VNTR of 35–50 bp, a segment derived from the LTR of a
HERV, and a polyadenylation signal followed by a poly-A tail.
Autonomous ERV copies are approximately 8 kb long and encode the
proteins gag, protease (pro), pol, and env, which are required for
reverse transcription of their RNAs and integration into the genome
[65,66]. DNA elements typically encode a transposase protein that
recognizes the element by its inverted terminal repeats (longer boxed
arrows in Figure I), then excises and reinserts it elsewhere in the
genome. DNA elements in the human genome are ancient remnants,
nonautonomous, and inactive.
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Figure I. Types and prevalence of mobile elements in the human genome. (a) Proportion of the human genome (reference sequence hg19) made up of different mobile
element classes. (b) Structure of the most prevalent mobile elements in the human genome. All these elements create short target site duplications (TSDs) upon
insertion into the genome, represented by boxed arrows. Abbreviations: ERV, endogenous retroviruses; LINE, long interspersed elements; LTR, long terminal repeat;
ME, mobile element; ORF, open reading frame; UTR, untranscribed region.

only DNA fragments that contain the targeted MEIs will
be amplified. In the ‘Transposon-Seq’ method [24], two
rounds of nested hemispecific PCR are used to increase the
specificity and to allow the sequence read to cover the
junction between the MEI and the flanking genomic region
(MEI–genome junction). In mobile element scanning (MEScan) [25], the MEI-specific primer for the first-round
hemispecific PCR is biotinylated, which allows the amplification products to be easily isolated. In a slight variation
of the original protocol, a single-primer extension step

rather than PCR is used to amplify L1 insertions [26].
Next, anchored degenerate primers are used in separate
PCR reactions to further reduce genomic complexity. Unlike methods based on TD, the retrotransposon capture
sequencing (RC-Seq) method enriches MEI-containing
DNA fragments by microarray hybridization [27]. Using
probes that are complementary to full-length retrotransposons (Alu, L1, and SVA), genomic DNA fragments
containing MEIs are captured by probes and subsequently
sequenced using HTS.
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Box 2. High-throughput pMEI identification in other organisms
The basic targeted MEI sequencing approach is completely flexible: one
need only replace the primers specific to one mobile element family in
one species to assay insertions of another family in another species.
Indeed, the TD method, on which the sequencing approaches are
based, was developed to detect dTph1 polymorphisms in Petunia
hybrida [17] and has since been used on many MEI families and in many
species (most recently in mosquitos, maize, and rice [67–70]). Moreover,
two non-human MEI families (mPing elements in rice [71] and Minos
elements in wheat [72]) have been investigated by HTS-based, targeted
MEI sequencing methods similar to those used in humans.
In human studies, analyses of the sequence data have been aided
by the high-quality human reference genome, although the reference
genome is not required. Just as MEIs were identified through TD by
the positions of their corresponding products on a polyacrylamide
gel, they are now more uniquely identified by the genomic sequences
at their insertion sites. By either means, the presence or absence of
pMEIs in an individual can be determined. This allows pMEIs to be
used as genetic markers and for the study of population dynamics
even in the absence of a reference genome, although analyses of the
genomic contexts of MEIs would be hampered. The successful study
of Minos elements in wheat [72] is a case in point, because the wheat
genome remains largely unassembled due to its large size, hexaploid
composition, and high repeat content [73].

Overall, HTS-based methods share several advantages.
Hundreds of millions of sequencing reads can be generated
in one experiment, which allows for indexing and pooling of
multiple individuals to reduce cost. The hemispecific PCRbased methods are usually highly specific, and pMEIs from
a specific MEI family or subfamily can be detected with
high sensitivity. A disadvantage of HTS methods is that
MEI-specific primers must be designed for each MEI family. It may also be difficult to target specifically MEI families that differ from related families or remnant copies of
older families by only a few diagnostic nucleotide sites.
Separate amplification experiments are needed for different MEI families and, in general, pMEI identification can
only be performed at the whole-genome level (with the
exception of RC-Seq).
In addition to HTS-based approaches, microarray-based
methods related to transposon insertion profiling by microarray (TIP-chip) [28,29] have been developed and applied
in human MEI detection [30,31]. DNA fragments containing MEIs are first enriched by hemispecific PCR and then
fluorescently labeled and hybridized to a genome-tiling
array to identify genomic regions adjacent to MEIs
[30,31]. Compared with HTS-based methods, microarraybased methods have relatively low throughput, and only
one individual can be examined on one microarray. Nevertheless, if a certain subset of the genome (e.g., a single
chromosome) is the focus of a project, a customized array
can be used to provide coverage for the specific genomic
regions more easily than with HTS methods.
Another method for identifying full-length L1 insertions
[32] is an adaptation of the fosmid-based paired-end sequencing method that was designed to detect fine-scale
(kb-level) structural variation (SV) [33]. (A fosmid is a
cloning vector that usually carries approximately 40 kb
of genomic DNA insertion.) Candidate loci are identified by
comparing the size of the fosmid inserts to the reference
genome. Inserts that are approximately 6 kb larger than
the reference potentially harbor a nonreference full-length
L1 insertion. L1 50 untranslated region (UTR)-specific
282

The opportunity to apply targeted MEI sequencing to nonhuman
MEIs is ripe. High-throughput library preparation methods have
become more general, robust, and flexible, enabling rapid development of targeting strategies that address the peculiarities of different
MEI types. The use of mechanical DNA fragmentation, as in ME-Scan
[25], eliminates concerns about the distributions of random hexamers
and restriction enzyme sites. The availability, capacity, and diversity
of HTS platforms have increased as sequencing costs continue to
drop. MEI families with lower per-genome copy numbers can be
assayed on medium-throughput platforms, or assayed in many more
individuals for similar cost by multiplexing samples. Longer read
lengths will allow better identification and mapping of MEIs as well as
insights into the internal element sequences themselves. The lack of
information about family-specific sequence characteristics of nonhuman MEIs may introduce uncertainty into the MEI-specific primer
design process. However, the extremely high capacity of current
sequencing platforms will allow researchers to either characterize the
MEI families with low-pass genome sequencing or to simply overcome the uncertainty by obtaining very high coverage using
permissive or mixed primer designs. The same strategy will allow
fast and reliable identification of MEIs in a family across closely
related species for use as phylogenetic or species-specific markers
[74].

oligonucleotide hybridization and Southern blotting are
then used to identify fosmid inserts containing full-length
L1 insertions. Although this method has high sensitivity
for detecting full-length L1s, the size limitation of the
fosmid vectors prevents it from detecting pMEIs that
are smaller than 6 kb in length, including Alu, SVA, and
approximately 99.9% of L1s.
Post-sequencing bioinformatics methods
With the advent of affordable whole-genome sequencing,
large-scale detection of pMEIs can be accomplished computationally using whole-genome data. Many algorithms
designed to identify SVs from whole-genome data can
identify pMEIs without any knowledge of MEI characteristics. Read-pair and split-read mapping (Box 3) can both
be used in this context. However, standard SV detection
methods are not ideal for MEI detection because they do
not explicitly take information about MEIs into account. To
address this issue, methods have been developed to identify specifically MEIs from whole-genome data. For example, VariationHunter [34] discovers MEIs using a
maximum-parsimony algorithm. After initial SV detection,
it uses the consensus sequence of MEI families to determine whether a MEI is the mostly likely cause of a putative
SV locus.
One type of commonly used algorithm, termed ‘anchored
read-pair mapping’, infers MEIs using paired-end reads
(Figure 2a). First, the paired-end reads are mapped to the
reference genome. Read pairs in which one read maps to a
unique genomic position (i.e., ‘anchored’) and the other
maps to an MEI consensus sequence indicate the presence
of an MEI. Because the exact MEI–genome junction is
usually not retrieved in this process, multiple read pairs
surrounding one region are required to support identification of an MEI. Implementations of this algorithm include
RetroSeq [35] and polymorphic Alu insertion recognition
(PAIR) [36]. Another algorithm, termed ‘split-read mapping’, is designed to determine the exact MEI position
using reads that overlap the MEI–genome junction
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Table 1. Targeted methods for high-throughput MEI identification
Name

Fragmentation

Enrichment
method

Data
generation
method
HTS

Index for
pooling

Advantages

Disadvantages

Refs

Transposon-Seq

Enzymatic
digestion

Hemispecific
PCR

Second-round
PCR

High throughput,
high MEI family
specificity and
individuals can
be pooled after
indexing to
reduce cost

[24]

hemispecific
PCR with biotin
enrichment

HTS

Ligation

–

Primer Extension
and hemispecific
PCR with random
hexamers

HTS

Second-round
PCR

Certain hexamers only
amplify a subset of
genome

[26]

RC-Seq

Mechanical
shearing

Hybridization

HTS

Ligation

Enzymatic
digestion

Hemispecific PCR

Tiling array

N/A

Different types of MEI
require separate PCR
experiments with
different MEI-specific
primers
Relatively low throughput,
only one individual can
be analyzed per chip and
only MEI close to
restriction digestion sites
can be analyzed

[27]

TIP-Chip

AIP

Enzymatic
digestion

Primer extension
with biotin
enrichment and
hemispecific PCR

Tiling array

N/A

High throughput,
high MEI family
specificity and
individuals can
be pooled after
indexing to
reduce cost
High throughput,
high L1 specificity
and individuals
can be pooled
after indexing to
reduce cost
High throughput
and individuals
can be pooled
after indexing
to reduce cost
High specificity,
different MEI
families can be
examined on the
same chip and a
subset of the
genome can be
examined
High specificity
and a subset of
the genome can
be examined

Only MEIs close to
restriction digestion
sites can be analyzed
and different types
of MEI require separate
PCR experiments with
different MEI-specific
primers
Different types of MEI
require separate PCR
experiments with
different MEI-specific
primers

ME-Scan

Mechanical
shearing

L1 Display

[31]

Fosmid-based
paired-end
sequencing

Fosmid
library

Allele-specific
oligonucleotide
hybridization and
Southern blot

Fosmid
sequencing
and/or
ATLAS

N/A

Relatively low throughput,
only one individual can be
analyzed per chip and only
MEI close to restriction
digestion sites can be
analyzed
Relatively low throughput.
Can only apply to full-length
L1s or MEIs larger than 6 kb

(Figure 2b). If one part of a read can be mapped to a unique
position of the genome and the rest of the read is mapped to
the MEI sequence, the position of an MEI can be determined. This type of algorithm generally requires longer
read lengths than the anchored read-pair methods because
it relies on unambiguous mapping of a portion of a read.
With long sequence reads, both ends of the MEI–genome
junction, as well as the whole MEI sequence, can be
recovered from a single read. This greatly increases the
accuracy of MEI inference. In the 1000 Genomes Project,
for example, the split-read method identified more than
4000 nonreference MEIs in 24 individuals using relatively
long reads from the Roche 454 sequencer [37].
With paired-end whole-genome sequencing, reads that
can provide information for either anchored read-pair
mapping or split-read mapping are usually present in a
single data set. Therefore, some MEI discovery methods
attempt to integrate these two algorithms, along with
other characteristics of MEIs. One example is the TE

Specifically identify
full-length L1
insertions

[25]

[30]

[32]

analyzer (Tea) pipeline [38], in which anchored read-pair
mapping is used to infer the MEI candidate and splitreading mapping is used to identify the exact MEI-genome
junction. In addition, the presence of an MEI is inferred
from signatures of a typical retrotransposition event, such
as target site duplications (TSDs) and poly(A) stretches.
Several recent analyses, including the 1000 Genomes Project, have employed similar combinations of algorithms in
their MEI discovery pipelines [37,39].
Whole-genome versus targeted sequencing
Although whole-genome analyses have provided an overview of all types of pMEI, targeted sequencing has a
powerful advantage over whole-genome sequencing when
the goal is to identify rare pMEIs across many DNA
samples. To detect heterozygous MEIs with high sensitivity using whole-genome sequencing, each human individual
must be sequenced at high coverage, which requires approximately 90  109 bp of sequencing at 30 coverage
283
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Figure 1. Identification of mobile element insertions (MEIs) using targeted high-throughput sequencing. (a) Genomic DNA (gray) containing a MEI (green). Targeted site
duplications (TSDs) are shown as boxed arrows. (b) DNA is fragmented by mechanical shearing or enzymatic digestion, generating multiple fragments that span the junction of
the MEI and the flanking unique genomic sequence. (c) If necessary, adapter oligonucleotides (blue) are ligated onto them. (d) A primer that anneals to the mobile element family
of interest and an adapter primer are used to carry out hemispecific MEI PCR. Here, the targeting primer is biotinylated (star) to facilitate the specific capture and enrichment of
fragments carrying the targeted MEIs. This is the method used in mobile element scanning (ME-Scan) [25]. Other methods use hybridization to enrich insertion-carrying
fragments, whereas some use carefully designed PCR strategies that amplify only the fragments of interest. (e) High-throughput sequencing is used to generate reads from
unique genomic sequences immediately adjacent to the insertions in the enriched library or spanning their junctions; both types of read are depicted.

(30  3  109 bp). By contrast, accurate MEI detection
using targeted sequencing requires far less sequencing
per individual. For example, the Yb8/9 Alu subfamily,
which has approximately 6500 copies per individual,
accounts for approximately 30% of active mobile elements
in the human genome. Assuming paired 100 bp reads and
aiming for 120 coverage per MEI copy to allow for variation of coverage across loci, targeted sequencing can detect
these elements with high sensitivity using only approximately 0.2% of the reads required for whole-genome
sequencing (120  6500  2  100 = 0.16  109 bp). To
exploit this advantage fully requires indexing and pooling
samples in groups of approximately 200. This is no longer a
limiting factor with current technology, because efficient
pooling of more than 500 samples has been demonstrated
recently [40]. Furthermore, because most library preparation steps are carried out after pooling, the per-sample cost
remains low. The throughput advantage of targeted methods (approximately two orders of magnitude) may be used
to process hundreds or thousands of samples quickly, or to
assay fewer samples with greatly increased sensitivity, a
critical factor for detecting low-prevalence insertions in
somatic tissues or tumors.
Human population history studies using genome-wide,
population-level MEI data
High-throughput MEI-profiling methods have opened the
door to a new dimension in the study of mobile element
284

biology and human population genetics. Although the
sequencing of a single genome provided insight into the
activity of mobile elements in our evolutionary past (e.g.,
[1,16]), it could not illuminate the patterns of genetic
variation that mobile elements create across individuals
and populations. Limited numbers of polymorphic Alu and
L1 insertion loci, ascertained first in European samples,
helped to shed light on the pattern of MEI-generated
genetic diversity across populations [8,41]. Compared with
these earlier efforts, high-throughput MEI-profiling
approaches can identify thousands of pMEIs of all frequency classes across hundreds of individuals without ascertainment bias, with a much greater potential to infer
evolutionary history [24–26,39,42]. These studies have
provided an unprecedented view of the breadth of variation
generated by pMEIs.
An analysis of the data generated by the 1000 Genomes
Project from 185 individuals identified 7380 polymorphic
MEIs, including 5370 insertions that are not present in the
human reference genome [37]. Approximately one-third of
these (2649) had not been observed in previous studies.
Approximately 85% were due to Alu insertions, 12% were
L1 elements, and 3% were SVAs. These proportions mirror
the relative retrotransposition rates estimated for the three
element classes (0.039, 0.0056, and 0.002 insertions per
genome per generation, respectively). MEI frequency spectra for African, Asian, and European samples show more
pMEIs in African samples, especially at the lower-frequency
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Box 3. Read-pair and split-read methods for SV detection
The read-pair algorithm uses paired-end reads that are sequenced
from the two ends of a DNA fragment. The size of the DNA fragment
is usually larger than the length of the two sequencing reads;
therefore, the middle of the DNA fragment is usually not sequenced.
After the reads are mapped to a reference genome, the reads that
have a nonstandard mapping pattern (e.g., too far apart, not in the
correct direction, etc.) are used to infer SV in the genome. In the
split-read algorithm, the goal is to identify sequence reads that
contain the exact breakpoints of SVs. The reads are generally split
into two sections and mapped separately to a reference genome. In
contrast to the read-pair algorithm, the split-read algorithm does not
require paired-end reads. However, long sequencing reads are
needed to map accurately a section of the read to the reference.
Therefore, the appropriate use of these algorithms partly depends
on the format of the HTS data. For current HTS systems, reads from
the 454 GS FLX+ of Roche and the PacBio RS of Pacific Biosciences
are more suitable for the split-read algorithm, whereas reads from
the HiSeq 2000 of Illumina and the SOLiD 5500 of Life Technology
are more suitable for the read-pair algorithm.

end. Principal components analyses grouped individuals
according to their continents of origin, indicating stratification of MEI allele frequencies across populations. The 1000
Genomes Project relied mainly on pooled low-coverage sequencing data (1–3 per individual) from many individuals
for MEI identification. This approach is biased towards
common insertions because an insertion allele present in
multiple individuals will effectively receive high coverage
across the pooled data set. Despite this detection bias, most
MEIs detected in this study are rare (<10% allele frequency).
In another HTS-based analysis, 4342 non-reference Alu
insertions were identified in eight individuals [42]. The
majority (79%) of these insertions had not been previously
observed, suggesting that they are usually rare and could
only be detected with the higher sensitivity allowed by high
sequencing coverage. Similar to [37], more novel insertions
were observed in African individuals than in nonAfricans.
A complementary study [39] extended the computational
search for L1 insertions in the 1000 Genomes Project data
set to 310 individuals. Of the 1016 L1 insertions resulting
from this and other studies, 104 were present only in
African samples. Such a large number of private alleles
(more than detected in any other population) is consistent
with the ‘Out of Africa’ hypothesis, which posits that
modern humans originated in Africa and then migrated
to populate the rest of the world. The migrating populations experienced a population size bottleneck and therefore lost genetic diversity, leading to the observed pattern
of higher genetic diversity in African versus nonAfrican
populations [43].
Whole-genome sequence data allow simultaneous analysis of all mobile element types and are unaffected by
modest element truncations and mutations that can interfere with targeted approaches. However, cost imposes
sharp limits on this approach, especially if high sensitivity
for rare insertions and, thus, high coverage sequencing are
required. The lower cost, efficiency, and sensitivity of
targeted MEI sequencing approaches has allowed
researchers to scan rapidly samples of their choosing
and to identify thousands of additional pMEIs.
As an example of this approach, ME-Scan was used in
a proof-of-principle analysis of two active Alu element
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subfamilies (AluYb8 and AluYb9) in four Asian individuals.
The scan identified 5053 Alu insertions, 487 of which had not
been previously observed [25]. In Table 2, data from a
subsequent application of ME-Scan (3228 AluYb8/9 insertions identified in 102 individuals) shows that AluYb8/9
insertions in Europeans are largely a subset of those observed in African samples. Although rare insertions are
more likely to be population specific than are common ones,
rare African insertions are more likely to be observed only in
African populations. A study targeting active L1 subfamilies
in 25 individuals from Africa, Europe, and Japan identified
797 L1 insertion loci [26]. The between-population frequency differences of these pMEIs enabled a parsimony-based
analysis to group the samples correctly according to their
geographic origin.
A consistent overall pattern emerges from these studies:
in each one, hundreds to thousands of novel pMEIs are
detected. Most novel pMEIs are rare, as expected for
derived alleles under a neutral model of drift in a population. Many MEIs are stratified by population and some
appear to be population specific, particularly those in
African populations. African populations have more pMEI
loci than do nonAfrican populations, and pMEIs tend to
have higher frequencies in Africans, resulting in higher
heterozygosity in African populations. The higher genetic
diversity among Africans is expected under the ‘Out of
Africa’ hypothesis, as described above.
Among the thousands of novel MEIs detected, almost no
insertions interrupt protein-coding exons. The 1000 Genomes Project confirmed the presence of just two Alu elements inside coding exons out of 5370 nonreference MEIs
detected [37]. This implies a rate that is 46 times lower
than expected for randomly distributed insertions. In another study, the TIP-Chip method was used to search for
novel L1 insertions on the X chromosome in 69 males with
presumptively X-linked intellectual disability [30]. No
insertions in coding exons were found, although two novel
insertions were found in introns of genes related to intellectual disability. The absence of even rare pMEIs from
protein-coding exons implies that MEIs are highly disruptive of gene function and eliminated quickly by natural
selection.
Another unique property of MEIs is that they have a
very low probability of inserting at any particular position
in the genome per generation (although certain insertion
‘hotspots’ have been reported; e.g., [44,45]). Thus, the
presence of a pMEI marks the surrounding DNA sequence
as a reservoir of ancient genetic diversity. Analysis of many
such regions, flagged by polymorphic Alu insertions, demonstrated that the effective population size of human
ancestors living approximately 2 million years ago was
approximately 20 000 [46] [age modified according to improved single nucleotide polymorphism (SNP) mutation
rate estimates [47]]. This is a remarkably small number
for a species that left remains and artifacts across the
entire Old World.
Somatic MEIs in cancers
Retrotransposons have long been known to play a role in
cancer etiology (reviewed in [3]). With high-throughput
methods, we can now compare tumor and normal tissue
285
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Figure 2. Bioinformatic mobile element insertion (MEI) identification methods. (a) Anchored read-pair mapping. Targeted MEIs are shown as green boxes. The flanking
genomic sequence is shown as a black bar (50 ) or a gray bar (30 ), respectively. The paired-end reads are shown in arrows with patterns matching the corresponding genomic
regions. The arrows indicate the direction of the read. The middle of the DNA fragment that is not sequenced is shown as broken lines. (b) Split-read mapping. Reads are
shown in arrows with patterns matching the corresponding genomic regions. The top read illustrates a long sequence read that covers the whole MEI and both targeted site
duplications (TSDs). This type of read provides the highest confidence in MEI inference.

pairs from the same individual at the whole-genome level.
This allows us to identify tumor-specific MEIs and assess
their roles in cancer initiation and progression. Several
types of tumor have been examined using high-throughput
methods, and the results have revealed important insights
into retrotransposon activity in tumors [24,27,38,48].
For example, one study examined Alu and L1 insertions
in 20 non-small cell lung tumors and their matched normal
adjacent tissues as well as ten brain tumors with matched
blood leukocytes [24]. Nine tumor-specific insertions were
detected in lung tumors, but none were found in brain
tumors. Interestingly, the tolerance of the tumors for
somatic MEIs was correlated with their methylation status: all six tumors that contained somatic L1 insertions
were hypomethylated compared with the tumor samples
without L1 insertions.
In another study [38], 194 putative tumor-specific
MEIs (mostly L1s) were identified using whole-genome
sequences from 43 tumors and blood samples from the
same individuals, including samples from multiple myeloma, glioblastoma, and colorectal, prostate, and ovarian
cancer. Strikingly, all 194 insertions were found in epithelial tumors (colorectal, prostate, and ovarian cancers),
whereas no insertions were found in blood or brain
tumors. Almost all of the newly identified L1 insertions
were heavily truncated, with an average length of 545 bp,
omitting their coding regions. Somatic L1 insertions
were identified in 62 annotated genes, including genes
with potential tumor suppressor function and genes
frequently mutated in colorectal tumors. Although no
somatic L1s were identified in the coding region, genes
containing L1 insertions in the sense direction showed a
286

significant reduction in expression level, suggesting that
the new insertions have a functional impact. Consistent
with [24], the insertions appeared to be enriched in
regions of the genome that are hypomethylated in
tumors. Because MEI insertion rates may vary among
tissues, a comparison of tumor tissue with blood cells
could overestimate the number of tumor-specific MEIs.
Ideally, such studies should compare tumor tissue with
normal surrounding tissue to control for potential tissuespecific variation.
In a recent study of colorectal tumors [48], the L1-Seq
[26] and RC-Seq methods [27] were used to identify tumorspecific L1 insertions among 16 pairs of tumor/normal
matched colorectal samples. Among the L1 insertions that
were present in the tumor but not in normal tissues, 73
were validated by locus-specific PCR. Similar to the other
studies, these tumor-specific L1s were found in many genes
that are frequently mutated in cancers and were heavily
truncated (mean size 585 bp). This study also showed that
the new L1 insertions likely occurred after cancer initiation (single-cell stage) and were heterozygous among cancer tissues.
These studies have revealed several important features
common to tumor-specific somatic MEIs: (i) most tumorspecific somatic L1 insertions are heavily truncated; (ii)
hypomethylation is correlated with the increase in somatic MEI insertions; and (iii) different cancer types and/or
samples vary greatly in their receptiveness to retrotransposon insertions. Somatic insertions might play a role
in tumor progression by affecting the expression of
genes that have tumor repressor function. However,
tumor initiation and the global changes that allow
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Table 2. Allele sharing and allele frequency for 3228 Alu insertion polymorphismsa
Allele frequency (a.f.)
Probability of observing an Alu outside Africa, given ascertainment in Africa
Probability of observing an Alu in Africa, given ascertainment outside Africa

0 < a.f. < 0.05
0.09
0.41

0.05 < a.f. < 0.10
0.25
0.76

a.f. > 0.10
0.80
0.97

a

Samples: African: 53 Bantu and Pygmy; nonAfrican: 49 HapMap TSI and Indian Brahmin.

somatic retrotransposition might have happened before
these somatic MEIs appeared.
Somatic MEIs in normal tissues
Before high-throughput methods became available, somatic retrotransposition activity was studied primarily
using engineered retrotransposon constructs in cell culture systems or transgenic mice and/or rats. This research
suggested somatic retrotransposon activity in early embryogenesis [49–52], tumor cell lines [53,54], and neural
progenitor cells [55–57], but little is known about retrotransposon activity in normal somatic tissues. More recently, HTS data have been used to examine several tissue
types for somatic MEIs, including brain [27,48,58], liver,
and testis [48]. Thus far, somatic insertions have not been
identified in most tissues, with the exception of the brain
[27,58]. For example, a recent report based on low-coverage sequencing suggested substantial somatic L1 retrotransposition activity in the hippocampus [27]. However,
most of the somatic insertion candidates are singletons,
and low-coverage candidates from HTS have high falsepositive rates. Site-specific validation PCRs of approximately 30 somatic insertion candidates were carried out
using a modified two-round PCR protocol on the enriched
library, not the original DNA samples. The additional
rounds of PCR, in the presence of large numbers of
DNA templates, could introduce artifacts that inflate
the validation rate.
Another recent study examined L1 insertions in neuronal cells from the cerebral cortex and caudate nucleus [58].
Individual neuronal cells were first isolated from postmortem brains of three neurologically normal individuals. A
combination of single-cell multiple-displacement amplification and an L1 profiling procedure similar to L1-Seq [26]
identified L1 insertions in 300 neuronal cells (50 cells from
the cerebral cortex and 50 from the caudate nucleus for
each individual). After excluding known L1 polymorphisms and insertions that were present in other tissues
from the same individual, the remaining somatic insertion
candidates were subjected to PCR validation. The validation results suggest that most somatic insertion candidates
are artifacts, and only five insertions were validated in the
300 cells. After correcting for sensitivity, this result extrapolates to an L1 neuronal somatic insertion rate of one
insertion per 25 cells, consistent with the rate of insertions
per cell division in the germline. The low somatic insertion
rate argues against an essential role for L1s in generating
neuronal diversity in these brain regions.
Future directions for high-throughput mobile element
biology
The development of high-throughput technologies, along
with new bioinformatics tools, has transformed the
study of mobile elements in the human genome. As
sequencing read lengths continue to increase with

improved technology, we can expect further improvement
in the accuracy of MEI identification. One pressing question is the sensitivity of current methods to detect insertions that are present in only a small number of cells.
Several methods show the potential to identify MEIs
present in a single cell or only a small proportion of
cells, but carefully designed experiments with different
proportions of MEI fragments and/or MEI-containing
cells will be needed to address this question fully.
Results from recent studies also highlight the necessity of
validation for pMEI candidates, especially for those that are
supported by only a few or even one sequence read. In our
experience, previously unknown (novel) MEIs observed in
only one individual or a sample (singletons) and supported
by only by a few sequencing reads (ten or less) have a
validation rate of approximately 20% (by locus-specific
PCR). A similarly poor replication rate was reported by a
study of somatic pMEIs in single cells [58]. Novel MEIs
supported by just one sequencing read in a very high-coverage experiment are likely to be false positives, presumably
reflecting rare chimeras generated during library preparation. For germline insertions that are present in all somatic
tissues of an individual, validation and high-throughput
replication studies will determine thresholds that clearly
distinguish between true and false positives. Such validation will be more difficult for somatic insertions that are
present in only portions of a tissue or even in a single cell.
With population-level, genome-wide pMEI profiles, several long-standing questions related to mobile element
biology will soon be answered. One of these is the de novo
insertion rate of mobile elements, which has been estimated indirectly using phylogenetic and population methods
[16,26,59]. However, these approaches will not detect MEIs
that were lost soon after integration, and such insertions
may have important functional consequences. The de novo
insertion rate can be directly obtained using trio data,
counting new insertions that are present in the offspring
but absent in both parents. Because the rate of retrotransposon insertion is likely to be low, a large number of trios
must be analyzed to obtain a reliable rate. Methods described here allow simultaneous analysis of hundreds of
individuals in a cost-effective fashion, enabling this question to be answered.
Another important issue is the role of somatic MEIs in
cancer etiology and brain development. The cancer MEI
studies reviewed here provide critical information about
the characteristics of cancer-specific MEIs and suggest
high retrotransposition activity in certain regions of the
brain. Nevertheless, only a few types of cancer and several
brain samples were examined, and the numbers of documented MEIs remain relatively small. Do cancer-specific
MEIs play a pivotal role in cancer initiation and/or progression in certain types of cancer? If so, what is the
mechanism behind it? What are the frequency and impact
of brain-specific MEIs? Do these insertions happen in
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certain stage(s) of development or certain areas of the
brain? These questions may be answered with surveys of
large panels of different samples, in combination with in
vitro analysis of the genes affected by somatic MEIs.
Lastly, whole-genome MEI profiling will provide the
groundwork for a better understanding of the genomic
control of mobile elements. It is known that host factors,
methylation, and small RNAs [small interfering RNAs and
Piwi-interacting RNA (piRNAs)] all play important roles in
governing retrotransposon activities in the genome
(reviewed in [5,60,61]). Recent studies have demonstrated
great variability of pMEIs among human individuals as
well as populations [37,39]. Therefore, it is likely that
retrotransposon regulation activity also varies among human individuals and/or populations. With population-level
MEI profiling, we can begin to explore the correlation
between retrotransposon activity and host controlling
mechanisms, eventually elucidating how mobile elements
are regulated in the human genome.
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