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At least 5% of the human genome predating the mammalian
radiation is thought to have evolved under purifying selection, yet
protein-coding and related untranslated exons occupy at most 2%
of the genome. Thus, the majority of conserved and, by extension,
functional sequence in the human genome seems to be nonexonic.
Recent work has highlighted a handful of cases where mobile
element insertions have resulted in the introduction of novel
conserved nonexonic elements. Here, we present a genome-wide
survey of 10,402 constrained nonexonic elements in the human
genome that have all been deposited by characterized mobile
elements. These repeat instances have been under strong purifying
selection since at least the boreoeutherian ancestor (100 Mya).
They are most often located in gene deserts and show a strong
preference for residing closest to genes involved in development
and transcription regulation. In particular, constrained nonexonic
elements with clear repetitive origins are located near genes
involved in cell adhesion, including all characterized cellular mem-
bers of the reelin-signaling pathway. Overall, we find that mobile
elements have contributed at least 5.5% of all constrained non-
exonic elements unique to mammals, suggesting that mobile
elements may have played a larger role than previously recognized
in shaping and specializing the landscape of gene regulation
during mammalian evolution.

exaptation � genome evolution � transposon � vertebrate cis-regulation

Comparative analysis of mammalian genomes has recently
revealed that at least 5% of the human genome evolves

under purifying selection (1). Protein-coding exons are the most
studied class of these conserved elements, yet they constitute
only a third of this set, slightly more if related untranslated
regions are included (2). Thus, the majority of conserved bases
in the human genome do not appear in mature mRNA tran-
scripts (reviewed in ref. 3).

Complex metazoans seem to harbor significantly more con-
served non-protein-coding sequence than simpler organisms (4).
In vertebrates, many of these regions seem to serve as regulatory
elements controlling the transcription of nearby genes (5–8).
The evolution of regulatory regions is believed to be a major
force behind the observed morphological diversity within the
vertebrate lineage (9, 10), yet how this additional regulatory
sequence was created is currently far from understood.

More than 50 years ago, when transposable elements were first
discovered, B. McClintock (11) termed them ‘‘controlling ele-
ments’’ because of how they affect the expression of neighboring
genes. Fifteen years later, Britten and Davidson (12) expanded
this idea by hypothesizing that repetitive elements can act to
distribute regulatory sequences throughout the genome and, in
doing so, enriching, possibly even creating, whole pathways.

First glimpses of this phenomenon were explored in the
pregenomic era and compiled into a hand-curated list of cases
where researchers had come across individual mobile element
instances that acquired a cellular role (13), a process termed
‘‘exaptation’’ (as opposed to adaptation) by Gould and Vrba

(14). In the early genomic era, 1 Mb of the human and mouse
genomes was examined for exaptation of mobile elements (15).
A later analysis of 1.9 Mb of the human genome sequenced in 28
additional mammals came up with another handful of ancestral
repeats evolving under strong purifying selection (16). More
recent works, focusing on large families of constrained paralo-
gous non-protein-coding sequences (17, 18), were able in two
cases to explicitly implicate these families as originating from
mobile elements (19, 20). Recent work has also elucidated that
some mobile elements may be rich in transcription factor-
binding sites (21). Combined, these observations suggest that the
ideas of McClintock, Britten, and Davidson should be revisited
on a genomic scale.

Here, we perform a genome-wide scan for mobile element
instances exapted into putative cis-regulatory roles, by analyzing
a large set of constrained nonexonic sequences with clear
repetitive origins. We find this set by looking for repetitive
origins in a conservative set of putative cis-regulatory regions,
which covers �1.5% of the human genome and has been under
strong purifying selection since the boreoeutherian ancestor (100
Mya), predating the human–dog split. We show that even by
these conservative measures, thousands of constrained nonex-
onic elements (CNE), totaling over one million bases, including
�5% of all CNEs unique to mammals, were deposited by
interspersed repeats. These elements are significantly enriched
near genes associated with the regulation of transcription and
development. We also show that particular repeat portions are
preferentially exapted into nonexonic functions and examine the
reelin pathway, where all known receptor-related genes have
acquired similar putative regulatory regions by conserving a
repeat instance of the same type.

Results
Constrained Nonexonic Elements from Transposable Origins. To con-
struct an initial set of highly conserved human elements, we
combined three complementary approaches to detect purifying
selection on the boreoeutherian subtree (see Methods for de-
tails): resistance to base substitutions (4), resistance to micro-
insertions and deletions (22), and a simple windowing method to
calculate percent identity in a multiple alignment, combining
resistance to both substitutions and in-dels. We applied these
methods to a syntenic multiple alignment between human,
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chimp, rhesus (Macaque Genome Sequencing Consortium, per-
sonal communication), rat, mouse, and dog.

We used only the highest scoring elements from each method,
and augmented these elements with clear syntenic alignments
between human and chicken, frog, fugu, tetraodon, or zebrafish;
no neutrally evolving DNA should be alignable at these distances
(23). Combined, these regions cover 3.5% of the human genome,
constituting a conservative set compared with the 5% or more
believed to be under purifying selection (1).

To obtain a nonexonic subset, we filtered out all regions found
in any known or reliably predicted mature transcript (see
Methods). Remaining regions were then required to be within
syntenic alignments between human and chimp, rhesus, rat,
mouse, and dog, leaving us with 1.45% of the genome as
constrained boreoeutherian nonexonic elements. Each of the
four conservation measures uniquely contributes �8% of this
set, attesting to the value of combining rather than arbitrating
between them.

In each of these six species, we then intersected this set with
mobile element subfamilies annotated by RepeatMasker (24,
25). We used only mobile element subfamilies that have a
presence in primates, rodents, and dog. Because these subfam-
ilies appear across the boreoeutherian subtree, we term them
‘‘pan-boreoeutherian’’ [supporting information (SI) Text, sec-
tion S1, and SI Fig. 5]. The intersection of our conserved
nonexonic elements with the pan-boreoeutherian repeat sub-
families resulted in a set of 10,402 highly constrained nonexonic
elements with clear repetitive origins. All elements are at least
50 bp long, with a maximum of 489 bp and a mean of 100 bp. The
set covers just over 1 Mb (0.04%) of the human genome.

Data Set Validation. We used a second set of tools to reaffirm that
these regions are indeed mobile element fragments evolving
under purifying selection. First, we used Blastz (26) to realign all
repeat consensus sequences to the human genome. Using sen-
sitive thresholding, we were able to recover 98% of the con-
strained regions. Secondly, we validated that these regions are
indeed evolving under purifying selection. The regions resisting
insertions and deletions were previously shown to have a false
discovery rate (FDR) of 1% (22). Using PhyloP (27) to compute
the likelihood of a given multiple alignment under the species
tree of neutral substitutions, all elements except 20 rejected the
neutrality assumption at a FDR of 1%. The 20 exceptions all
evolve less stringently within mammals, but each has a clear
(�70%id) match to an orthologus region in a non-mammal and
all were thus retained.

Constrained Regions Originate from All Walks of Transposon Life. Fig.
1 shows the distribution of constrained nonexonic bases with
respect to the progenitor mobile element. Strikingly, despite our
stringent filtering, all four characterized classes of repeats are
present, with long interspersed elements (LINEs) and short
interspersed elements (SINEs) contributing the bulk of the
constrained nonexonic sequence.

Comparing the distribution of CNEs from mobile elements to
the overall abundance of each repeat in human (SI Tables 1–3),
one can see a general trend where older repeats contribute
proportionally more CNEs compared with their overall genome-
wide abundance. This trend is partly a result of our strict
screening. By focusing only on exaptations that predate our
speciation from the carnivores (represented by dog) to support
our functional claim, we bias against newer repeat subfamilies
that may have undergone substantial proliferation after this split.
Such is the case of the L1s and Alus that proliferated together
as the L2/MIR pair was becoming less prevalent (28). In fact, the
Alus that nowadays constitute �10% of the human genome are
represented in our screen by a single subfamily, the ‘‘Fossil Alu
Monomers’’ [FAM (29)], of which only a single instance is

annotated in the dog genome. More ancient repeats likely have
a higher ratio of exapted to genomic bases because, as a mobile
element loses its ability to proliferate, all nonexapted copies
continue to decay at a neutral rate, eventually mutating beyond
our ability to identify their ancestry. After enough time, only
exapted copies remain recognizable. Such seems to be the case
of MER121, a paralog family of a thousand copies in the human
genome whose evolutionary origins can now only be speculated
to originate from an interspersed repeat (18, 25). Appropriately,
this family makes up the ‘‘unknown’’ category in Fig. 1 and SI
Table 1, and has the highest ratio of exapted to genomic copies.

Specific Parts of Mobile Elements Tend to Be Exapted. In the vast
majority of instances, only a portion of the mobile element,
rather than its entire length, exhibits extreme conservation.
Truncation is a well known phenomenon in LINE repeats, where
newly integrated copies are often truncated to varying degrees
at their 5� end (30). This phenomenon is apparent in a histogram
showing how many times each base in the LINE consensus
appears in the human genome (Fig. 2 A and B). Yet, a similar
histogram of only exapted consensus regions departs markedly
from this background, peaking at very different regions for both
the L2 and L3 elements. This difference is suggestive not only of
exaptation per se, but of one that depends on the sequence
content of the LINE elements themselves. It could be that these
sections of the LINEs are functional upon insertion, or become
so after a few fortuitous mutations, and are therefore more likely
to be exapted [as was previously observed for exonic exaptations
(19, 31)]. SI Fig. 6 A and B gives two additional examples for
other classes of repeats.

Constrained Repetitive Elements Cluster Distally Around Developmen-
tal Genes and Transcription Regulators. To obtain clues as to the
putative functions of the exapted CNEs, we examined their
relative abundance near functionally annotated genes. Distal
enhancers can affect the transcription of a neighboring gene
from a distance of as much as 1 Mb of genomic sequence (32).
For this reason, we assigned exapted elements to the gene with
the closest transcriptional start site (TSS), if one existed within
1 Mb. Our statistical test compares the distribution of exapted
elements with a uniform distribution over all bases in the
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genome. For each term in the Gene Ontology [GO (33)], we
calculated the P value for how surprising it is to see the number
of exaptations assigned to genes with the given GO term,
compared with the fraction of bases in the genome that will result
in assignment to a gene carrying the same GO term.

This model is not biased by gene length because it uses only
the location of the TSS. Nor is the model biased by genes residing
next to gene deserts vs. those found in tight gene clusters,
because larger basins of attraction result in a more probable null
assignment. The overall top scoring GO term for this set is
‘‘development’’ (uncorrected P � 2 � 10�75). Many of its
subterms are highly enriched as well, such as ‘‘system develop-
ment’’ (4 � 10�55) and ‘‘nervous system development’’ (4 �
10�53). The second best scoring term is ‘‘transcription regulator
activity’’ (2 � 10�72) along with many of its subterms. Of the
more specific terms, we find particular enrichment for ‘‘cell
recognition’’ (4 � 10�23) and related terms such as ‘‘neuron
recognition,’’ ‘‘transmembrane receptor protein tyrosine kinase
signaling,’’ ‘‘GPI anchor binding,’’ and ‘‘cell adhesion’’ (3 �
10�14). SI Table 4 shows the top scoring GO terms for this test.

The exapted regions tend to cluster around individual genes,
often 20–30 instances within 1 Mb. To ensure that large clusters
around a handful of genes are not the sole cause for GO term
enrichment, we used the same association rule to assign exap-
tations to genes, but instead of using a uniform null distribution
over all bases in the genome, we used a hypergeometric distri-
bution over genes, now allowing each gene to be selected only
once. The GO categories of ‘‘development’’ and ‘‘transcription
regulator activity’’ were again at the top of the list with somewhat
diminished but still very significant P values (8 � 10�24 and 6 �
10�19, respectively). ‘‘Cell adhesion’’ (6 � 10�11) and related
terms also featured prominently. SI Table 5 shows all of the top
scoring GO terms for this second test.

One may also suspect that mobile elements in general con-
gregate near genes enriched for the observed GO terms, perhaps
because the chromatin surrounding these genes is more acces-
sible during germline transposition. This localization would
cause any random subset of mobile elements to appear highly
enriched for the same GO terms. To eliminate this possibility, we
conducted a third, hypergeometric test where we assigned GO
terms to the set of all mobile element instances from pan-

boreoeutherian subfamilies, according to the above association
rule of closest TSS within 1 Mb. We then computed the
likelihood that the observed GO terms for genes near exapted
CNEs can be obtained by selecting a random subset of repeats.
This test resulted in extreme significance for the same terms,
including ‘‘transcription regulator activity,’’ ‘‘development,’’ and
‘‘cell adhesion’’ (3 � 10�64, 3 � 10�60, and 2 � 10�15, respec-
tively). The results of this third statistical test demonstrate that
the enrichment we see is not due to an insertion bias of mobile
elements, because the distribution of mobile elements exapted as
CNE sequence is significantly different from the distribution of
all mobile elements from these same families. Landing near a
gene associated with development or transcriptional regulation
makes an interspersed repeat much more likely to be exapted as
a CNE. SI Table 6 shows all of the top scoring GO terms for this
test, and SI Text, section S2, gives formal definitions of all three
tests.

In search of subsets of exaptations whose annotation would
suggest specific specialization, we also investigated GO enrich-
ments at the different taxonomic levels of interspersed repeats
(classes, families, and subfamilies), as well as for smaller sets of
exaptations of the same consensus portion, or of smaller subsets
of the most sequence similar exapted CNEs. Overall, these
smaller categories were found enriched for the same functional
annotation as the all-inclusive large set (SI Text, sections S3, S7,
and S8, and SI Tables referenced therein).

We compared a histogram of exapted CNEs distance from the
nearest TSS with that of all bases in the human genome, as well
as that of all repeat instances from pan-boreoeutherian subfam-
ilies. As Fig. 3 shows, whereas both background distributions are
similar, the exapted CNE set is clearly enriched for lying 0.1–1
Mb away from the nearest gene, at the expense of closer
localizations. This enrichment suggests that these CNE are
preferentially involved in distal cis-regulation.

To further investigate the spatial congregation of exapted
CNEs, we plotted the density of exaptations genome-wide,
observing a very strong anti-correlation with gene density (Fig.
4). Indeed, the densest clusters are found in gene deserts most
often flanked by genes involved in neuronal development,
including cell adhesion (SI Table 16).

Several additional avenues of investigation were inconclusive.
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Fig. 2. Preferential exaptation of specific portions of mobile elements. For each base in the mobile element consensus (x axis), the relative abundance is plotted
(y axis). The abundance throughout the entire genome is shown in gray, and the abundance that has come under strong purifying selection for a nonexonic
function is in red. The L2 (A) and L3 (B) genomic overabundance of 3�-end bases reflects the well known phenomenon of 5� truncation in LINEs (30). In contrast,
the distinct red peaks in each graph may well delineate the locations of gene regulatory elements overlapping the coding region of these two LINEs. Only the
core consensus sequences of the L2 and L3, as defined by the RepeatMasker libraries, are shown (24).
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