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Abstract. Multiple remnants of transposable elements
preserved in cis-regulatory modules may represent a

record of mutations that were critical to the evolution
of gene regulation and speciation.
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Transposable elements (TEs) represent a variety of
relatively short DNA sequences (typically <25 000
bp) that use different strategies to replicate and insert
at different genomic locations. This leads to the
generation of multiple, mostly inactive copies of TEs
in the host genome, which are called interspersed
repetitive DNA. Some classes of TEs are also able to
excise and reinsert at new genomic locations. From the
moment of their discovery, TEs were known to affect
gene expression, and Barbara McClintock literally
referred to them as �controlling elements� [1]. In 1969,
Britten and Davidson [2] proposed an elaborate
scheme of eukaryotic gene regulation based on the
structural involvement of eukaryotic repetitive DNA
[3]. These ideas remained dormant for decades,
partially due to the fact that our understanding of
repetitive DNA and its relationship to TEs was
limited. Moreover, evidence linking TEs and repeti-
tive DNA to any biological function in the genome
was scarce prior to the era of DNA sequencing. This
led to the dominance of the selfish DNA theory, which
postulates that the only function of TEs is their own
survival within genomes and that they act mostly as
parasites [4, 5]. Indeed, the only function of any
biological species may be survival within its ecosystem
[6, 7]. However, Darwinian competition for survival

led to the evolution of complex relationships within
ecosystems, from parasitic to symbiotic, that are
subjects of intellectually fertile and ultimately useful
biological studies. Likewise, �selfish� TEs have evolved
a range of relationships, from parasitic [5] to sym-
biotic, such as Drosophila HeT-A and TART involved
in maintaining telomeric regions [8] and domesticated
single-copy elements which persist at orthologous loci
in different organisms [9, 10]. Some complex evolu-
tionary events, such as the origin of the V(D)J
recombination in vertebrates [11], would probably
have been unachievable without the involvement of
TEs. It is tempting to speculate that only those
eukaryotes that did not extinguish the persistent
�trial and error-like� insertions of TEs could undergo
a spectacular evolutionary transformation in terms of
morphological complexity and diversity [12]. In this
context, the contribution of TEs to the evolution of
eukaryotic gene regulation is of particular interest.
TEs are ideally suited to supply eukaryotic genomes
with regulatory sequences inserted in different per-
mutations and at different genomic locations. The
original �selfish DNA� theory did not preclude occa-
sional recruitment or exaptation of such �junk DNA�,
but minimized their overall contributions to genome
evolution. However, anecdotal evidence supporting
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such contributions continued to accumulate, partic-
ularly for mammalian species [13– 19]. Subsequently,
even older conserved repetitive families were identi-
fied in diverse vertebrates [20– 22]. One element from
the repetitive family shared between lungfish and land
vertebrates (LF-SINE) was recruited as a distal
enhancer and an ultraconserved exon [20]. Other
recent evidence points to overrepresentation of tran-
scription factor binding sites (TFBSs) in TEs [23].
Finally, two recent publications suggest a massive
involvement of interspersed repetitive elements in
gene regulation [24, 25]. The first paper [24] describes
a comparative analysis of non-exonic sequences con-
served in diverse placental mammals and reports that
a large number of them originated from repetitive
elements undergoing purifying selection in mammals.
This extends and confirms similar conclusions derived
from earlier studies of ancient MIR and L2 families of
mammalian repetitive elements [26]. Furthermore,
the paper reports that many of the conserved repeats
tend to be located relatively close (within 1 Mb) to
genes involved in development and transcription
regulation, suggesting massive involvement of repeats
in the evolution of gene regulation [24]. The second
paper reports studies of interspersed repetitive ele-
ments from Monodelphis domestica, including 76 new
families of interspersed repeats preserved in mammals
and chicken, and 7 families preserved in placental
mammals and marsupials [25]. Most of these highly
conserved repeats were shown to be overrepresented
in predicted cis-regulatory modules (CRMs) [25]. The
significance of these small conserved families for
understanding a broader role for TEs in the evolution
of gene regulation is the main focus of this essay.
The CRMs are typically <1000 bp long, and harbor
one or more TFBSs for different transcription factors
[27]. They are relatively well conserved and partic-
ularly resistant to indel-type mutations >20 bp long
[28]. Predicted CRMs represent only ~2.9 % of the
human genomic DNA [27], but contain 6.7 – 70 % of
the total number of repeats from different families
conserved between mammals and other vertebrates
(Fig. 1, yellow circles). Among mammalian-only
families previously identified as conserved [25, 29,
30], six are significantly overrepresented in CRMs
(Fig. 1, triangles pointing upwards), and two (indicat-
ed by asterisks) are close to expected. The remaining
38 mammalian families listed in Figure 1 (triangles
pointing downwards) are represented together by
~37340 copies in the genome, of which less than 500
copies (~1.3 %) are present in CRMs, as compared to
1083 (2.9%) expected by chance. Also, less than 1 %
of the copies from large mammalian families that are
conserved in the proximity of genes, such as MIR, L2
or L3 [24], are present in the CRMs. Large ancient

mammalian families could be underrepresented due
to a potential �saturation effect�, i.e. even a small
percentage of a large family represents a large number
of repetitive elements in a limited number of CRMs.
However, as indicated above, most small mammalian
families are also underrepresented.

The proportions of conserved repeats relative to their
total genomic copy numbers are expected to grow
over time due to elimination of the non-conserved
copies and growing sequence divergence. Based on
this premise, even repeats that are originally under-
represented in conserved CRMs may become over-
represented at some future time. However, this model
does not easily account for the remarkable over-
representation of the six mammalian families listed in
Figure 1 (blue triangles), which is comparable to that
of much older vertebrate repeats [20 – 22, 24, 25, 30]
(Fig. 1, yellow circles). The six families (X3_LINE,
MER135, MER124, MARE3, MER121 MER128) are
present in ~4350 copies in the human genome, of
which 458 copies (10.5%) are located in CRMs. As
discussed above, the majority of moderately abundant
mammalian families are represented by ~1.3% of
their all genomic copies in CRMs (compared to 2.9%
expected by chance). Some of these families (e.g.
Gypsy elements) are as old or older than the six

Figure 1. Proportions of repeats in CRMs relative to their total
genomic copy numbers. Yellow circles indicate repetitive elements
shared between mammals and other vertebrates [20 –22, 25].
Triangles pointing upwards indicate the following mammalian
families of repeats overrepresented in CRMs: X3_LINE, MER135,
MER124, MARE3, MER121, MER128 [25, 29, 37]. Triangles
pointing downwards indicate 38 mammalian families underrepre-
sented in CRMs that include Charlie6, Charlie26a, LTR52, LTR65,
LTR80–84(9), LTR86*(4), LTR88a-89, MER91B-C, MER92A-B,
MER105–106B(3), MER110–110A, MERX, MamGypLTR1–
3(6), MamRep488, MamRep1894, Tigger9b [37]. Overall, they
represent 27 LTRs, 10 DNA transposons and one LINE-derived
repeat (MERX). Asterisks indicate two putative SINE elements
(MARE1 and MARE2), potentially conserved in mammals [25,
37].
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families. One possibility is that the six overrepresent-
ed families contributed more useful regulatory signals
than the rest. However, carrying useful signals alone
may be insufficient, because CRM modules appear to
be resistant against any insertions >20 bp long [28].
Even if the repeat insertions did not target the pre-
existing CRMs but introduced new ones, such fixa-
tions had to succeed multiple times during a limited
lifespan of a few relatively small families of TEs.
To address the difficulties explaining the apparent
bursts of TE fixations in CRMs, it has recently been
proposed that the overrepresented families might
have been abundantly expressed and exapted during
episodes of speciation in small populations [30].
During such episodes the evolving species could be
more susceptible to TE insertions that could help to
create new CRMs and modify the pre-existing ones.
Eventually, the regulatory systems would �rigidify� in
successful survivors of the speciation process and
become less receptive to new insertions [28, 31]. If so,
the overrepresented families may reflect at least a
partial �frozen record� of multiple regulatory changes
that took place during speciation.
Regulatory changes have long been viewed as the
primary cause of morphological changes occurring
during speciation [32 – 34], and classical scenarios
linking speciation to TEs [35] continue to be actively
debated [30, 36]. The major difficulty in this debate is
the scarcity of empirical evidence, because regulatory
changes often lead to unstable organisms that are
difficult to create experimentally and are unlikely to
be preserved in fossil records. Therefore, if the �frozen
record� hypothesis is true, studies of TEs preserved in
CRMs and other conserved regions could prove
invaluable for understanding evolutionary changes
underlying speciation events. In particular, the pre-
served remnants of TEs can be helpful to determine
the approximate time of their insertion and the
affected genes. The ultimate goal would be to corre-
late the affected genes with species-specific morpho-
logical changes.
In conclusion, �selfish� TEs played multiple roles in
eukaryotes, but probably their most important role
was supplying evolutionary material and opportunis-
tic bursts of mutations that were critical to the
evolution of gene regulation during speciation.
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