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Functional noncoding sequences derived from SINEs
in the mammalian genome
Hidenori Nishihara,1 Arian F.A. Smit,2 and Norihiro Okada1,3

1Graduate School of Bioscience and Biotechnology, Tokyo Institute of Technology, Yokohama, Japan; 2Institute for Systems
Biology, Seattle, Washington 98103, USA

Recent comparative analyses of mammalian sequences have revealed that a large number of nonprotein-coding
genomic regions are under strong selective constraint. Here, we report that some of these loci have been derived
from a newly defined family of ancient SINEs (short interspersed repetitive elements). This is a surprising result, as
SINEs and other transposable elements are commonly thought to be genomic parasites. We named the ancient SINE
family AmnSINE1, for Amniota SINE1, because we found it to be present in mammals as well as in birds, and some
copies predate the mammalian-bird split 310 million years ago (Mya). AmnSINE1 has a chimeric structure of a 5S
rRNA and a tRNA-derived SINE, and is related to five tRNA-derived SINE families that we characterized here in the
coelacanth, dogfish shark, hagfish, and amphioxus genomes. All of the newly described SINE families have a common
central domain that is also shared by zebrafish SINE3, and we collectively name them the DeuSINE (Deuterostomia
SINE) superfamily. Notably, of the ∼1000 still identifiable copies of AmnSINE1 in the human genome, 105
correspond to loci phylogenetically highly conserved among mammalian orthologs. The conservation is strongest
over the central domain. Thus, AmnSINE1 appears to be the best example of a transposable element of which a
significant fraction of the copies have acquired genomic functionality.

[Supplemental material is available online at www.genome.org.]

Recent genome sequencing projects have revealed that the pro-
tein-coding regions in DNA occupy only ∼1.5% of the genome.
However, recent cross-species comparative analyses identified a
number of sequences phylogenetically conserved among mam-
malian orthologs (Bejerano et al. 2004a). Regions in the human
genome under purifying selection are estimated to comprise
about 5% (Lander et al. 2001; Waterston et al. 2002). The remain-
ing 3.5% of conserved DNA may be cis-regulatory elements, mi-
cro-RNAs, etc. (Dermitzakis et al. 2002), and many other regions
may provide essential but unknown roles in the genome. Fur-
thermore, similar comparative analyses have identified many in-
terspersed conserved sequences. For example, Bejerano et al.
(2004b) listed ∼5000 kinds of sequence categories, each of which
is conserved among mammals and is present in more than one
copy in the human genome. The detailed functions of most of
these regions have not been elucidated.

Eukaryotic genomes generally contain a large number of
retroposons that propagate within the host genome via RNA in-
termediates (Rogers 1985; Weiner et al. 1986; Brosius 1991). For
example, 42% of the human genome consists of retroposons that
have been analyzed in detail (Lander et al. 2001). SINEs (short
interspersed elements) and LINEs (long interspersed elements)
are two major classes of retroposons. Typically, SINEs are 75–500
bp long and contain internal promoters for RNA polymerase III
(pol III) (Okada 1991a,b). The promoter of almost all known
SINE families is derived from tRNA, with two exceptions in
which the promoter is derived from 7SL RNA or 5S rRNA. The 7SL
RNA-derived SINEs have been identified only in the genomes of
primates, rodents, and tree shrew (Ullu and Tschudi 1984; Nishi-
hara et al. 2002), and Kapitonov and Jurka (2003) recently iden-

tified one example of a 5S rRNA-derived SINE family, designated
zebrafish SINE3, in the zebrafish genome. SINEs do not contain
any protein-coding sequence, and each SINE RNA is transcribed
by pol III and subsequently reverse transcribed and integrated
into the host genome via recognition of the 3�-terminal sequence
by a LINE-encoded protein. This model has been verified experi-
mentally (Kajikawa and Okada 2002; Dewannieux et al. 2003)
and is illustrated by the fact that many partner SINEs and LINEs
have common 3�-terminal sequences (Ohshima et al. 1996;
Okada et al. 1997; Ogiwara et al. 2002; Ohshima and Okada
2005).

Originally, SINE families were thought to be limited in their
distribution, sometimes being specific to a few species or a single
genus (Shedlock and Okada 2000). This concept is exemplified by
the SmaI family, which is specific to chum and pink salmon
(Kido et al. 1991), and the Alu family (Ullu and Tschudi 1984),
which is specific to primates. Recently, however, two examples of
a group of SINE families have been reported, in which members
of each group share the same conserved sequence and are dis-
tributed among a wide range of species. The first such example is
the superfamily of CORE-SINEs sharing 65 bp of “core” sequence
in their central regions (Gilbert and Labuda 1999). Members of
CORE-SINEs are distributed in various vertebrates including
mammals (e.g., MIR and Mon-1) and several invertebrates. The
second example is the superfamily of V-SINEs, members of which
are found in various fishes, including lungfish and lamprey, and
contain the central sequence specific to V-SINE members (Ogi-
wara et al. 2002). It is not yet known what the function of the
central sequence in these two SINE superfamilies is. Gilbert and
Labuda (1999, 2000) proposed that the central region of CORE-
SINEs may contribute to retrotranspositional activity or long-
term survival of the SINE family, and Ogiwara et al. (2002) pro-
posed a possible function for SINEs in host viability based on
high-sequence identity among V-SINEs.

Despite the abundance of SINEs in eukaryote genomes (e.g.,
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constituting 14% and 8% of the human and mouse genomes,
respectively), it is unclear whether they are of benefit to the
host genomes. Transposable elements are usually regarded
as genomic parasites, with their fixed, often inactivated
copies considered to be “junk DNA.” There are many reports of
retroposon copies playing a role in the regulation of transcription
or post-transcriptional events (Britten 1997; Brosius 1999b; Peas-
ton et al. 2004); these cases, however, are exceptional, and such
regulation is not thought to be an intrinsic function of retro-
posons. Adoption of a transposable element for a new function
by the genome is called “exaptation,” a term introduced by
Gould and Vrba to describe a feature for which the current use is
not derived from its original function through natural selection
(Gould and Vrba 1982; Brosius and Gould 1992). Although a
retroposon may be exapted in the host genome, the significance
of the retroposon’s acquired function in the genome is unclear.
In other words, to evaluate the significance of an exapted retro-
poson, it is necessary to demonstrate that the retroposon se-
quence is under purifying selection, i.e., establish that it is
phylogenetically conserved among the orthologs of distant
species.

In this report, we describe a third SINE superfamily charac-
terized by a novel shared central domain. It is currently repre-
sented by nine separate families in the genomes of mammals,
birds, fish, sharks, hagfish, amphioxus, and sea urchin. Most in-
terestingly, the SINE family characterized in mammals and
chicken was active in amniotes (mammals, birds, and reptiles)
during the Carboniferous period, at least 310 million years ago
(Mya), and probably only could be discovered because multiple
copies have been highly conserved. The observed conservation
strongly indicates that the central domain of these transposable
elements have been exapted, i.e., have become a functional com-
ponent of the mammalian genomes.

Results and Discussion

Characterization of the DeuSINE superfamily

A schematic representation of nine SINE families from 10 phy-
logenetic groups is shown in Figure 1A. We first characterized a
novel SINE family from coelacanth (Latimeria menadoensis), des-
ignated the LmeSINE1 family. We identified two LmeSINE1 sub-
families, LmeSINE1a and LmeSINE1b, distinguished by differ-
ences in the structure of their central domains. We detected other
new SINE families using a GenBank FASTA search with the two
LmeSINE consensus sequences as queries. All of the SINEs iden-
tified by this search had a highly similar sequence in the central
region. The new SINE family found in the genomes of rainbow
trout (Oncorhynchus mykiss), Chinook salmon (Oncorhynchus
tshawytscha), brown trout (Salmo trutta), and Atlantic salmon
(Salmo salar) was designated OS-SINE1 for its known distribution
in two genera, Oncorhynchus and Salmo. The other four new SINE
families were designated as SacSINE1 for dogfish shark (Squalus
acanthias), EbuSINE1 and EbuSINE2 for hagfish (Eptatretus
burgeri), and BflSINE1 for amphioxus (Branchiostoma floridae).
EbuSINE1 and EbuSINE2 families can be distinguished by their
3�-tail sequences (Fig. 1A).

In addition to these newly characterized SINE families, we
found two SINEs in the RepBase database of repetitive elements
with similar central domains—the zebrafish SINE3 (Kapitonov
and Jurka 2003) and sea urchin SINE2-3_SP (Kapitonov and Jurka
2005). We also found SINEs in catfish (Ictalurus punctatus), which

we named SINE3_IP, because their consensus is 83% identical to
the zebrafish SINE3 consensus.

Using the central domain shared by the SINE families de-
scribed above to search for homologous SINEs, we identified a
novel SINE family in the human and chicken genomes. Repeat-
Masker analysis, including a consensus sequence derived for
these elements, detected over a 1000 copies with an average sub-
stitution level from the consensus of over 40%, in both the hu-
man and chicken genome. Copies that are more diverged than
that tend to escape detection by RepeatMasker, so that it is likely
that both the average substitution level and the copy number are
underestimates. Given the high divergence and the fact that con-
sensus sequences derived from copies in the human or chicken
genome were basically the same, it appeared that the human and
chicken repeats may be vestiges of a SINE family that already was
propagating in a common ancestor of mammals and sauropsids
(birds and reptiles), which lived over 310 Mya (Benton 1997).
Indeed, by consulting the UCSC Genome Bioinformatics Data-
base (Karolchik et al. 2003) we found several copies at ortholo-
gous sites in the human and chicken genomes; for example, the
human copies at (May 2004 hg17 assembly) chr3:70,515,288–
70,515,642 and chr15:51,569,670–51,569,822 are orthologous
to the chicken copies at (Feb 2004 galGal2 assembly)
chr12:15,590,146–15,590,334 and chr10:8,938,046–8,938,218,
respectively. As expected, the new SINE family is also present in
the genomes of all other mammals, including opossum and
platypus, while we found one copy or related sequence in a tor-
toise (Gopherus agassizii) sequence (gi:57334898 pos. 2422–2897).
For its Amniota-wide occurrence, we name this novel SINE family
AmnSINE1. The discovery of the AmnSINE1 family confirms that
many vestiges of ancient repetitive elements are still hidden in
the human genome. Tracking such ancient records will improve
our understanding of the evolution of the human genome.

All of the SINE families described above, except for the ze-
brafish SINE3 and sea urchin SINE2-3_SP families, were newly
characterized in this study. These nine SINE families have highly
similar sequences in their central domains (the average of pair-
wise identities calculated among the consensus sequence of the
SINEs for the central domain is 73.4%), schematically shown as
green boxes in Figure 1A, indicating that the domain might have
a single evolutionary origin. By considering the phylogenetic dis-
tribution of the SINE families in the species, their origin may
have been in a common ancestor of Deuterostomia, which in-
cludes vertebrates, amphioxus, sea urchins, and their relatives.
We therefore name the novel SINE superfamily in Deuterostomia
genomes “DeuSINEs” and the central domain of the novel SINE
superfamily the “Deu-domain.” The sequence of the Deu-domain
is completely different from the central regions of CORE-SINEs
and V-SINEs. Thus, in addition to CORE-SINEs and V-SINEs,
DeuSINEs are the third superfamily in which several distinct SINE
families share a common central domain.

Characterization of a chimeric structure of 5S rRNA
and tRNA-derived DeuSINEs

In all DeuSINEs, the promoter domain is located in the 5� region
to facilitate pol III transcription. Among them, five new SINE
families, LmeSINE1 (a and b), SacSINE1, EbuSINE1, EbuSINE2,
and BflSINE1, are tRNA-derived SINEs with promoter regions
similar to those of tRNA (Fig. 2A). In addition, the previously
reported sea urchin SINE2-3_SP is thought to have been derived
from tRNALys (Kapitonov and Jurka 2005).

Functional noncoding sequences derived from SINEs

Genome Research 865
www.genome.org

 Cold Spring Harbor Laboratory Press on May 3, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


Figure 1. The structure and distribution of DeuSINEs. (A) Schematic representation of DeuSINEs and the known phylogenetic relationships between
the host species. All of these SINEs were newly characterized in this study except for zebrafish SINE3 and sea urchin SINE2-3_SP. Green boxes represent
common sequences among DeuSINEs, and an alignment of the region is shown in B. Yellow and red boxes denote promoter regions derived from tRNA
(see Fig. 2A) and 5S rRNA (Fig. 2B), respectively. The regions denoted by yellow boxes in 5S rRNA-derived SINEs (AmnSINE1, SINE3, SINE3_IP and
OS-SINE1) are similar to tRNA-derived promoter regions of LmeSINE1 (see Fig. 3 for details). Blue boxes represent 3�-tails of SINEs that are similar to
that of zebrafish CR1-4_DR LINE (Fig. 4A), whereas the purple box is similar to that of the rainbow trout RSg-1 LINE (Fig. 4B). The 3�-tail sequences of
EbuSINE1, EbuSINE2, BflSINE1, and SINE2-3_SP are distinct and of unknown origin. (B) Alignment of the common central DeuSINE sequences
(Deu-domain; green boxes in A) in different host organisms. The SINE3-1 and the SINE3-2a sequences represent two subfamilies of the zebrafish SINE3
family. The top sequence is a consensus of the DeuSINE domain. Dots indicate nucleotides identical to those in the consensus sequence, and dashes
indicate gaps inserted to improve the alignment.
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Figure 2. Characterization of promoter regions of DeuSINEs. (A) Six tRNA-like structures of the promoter regions of tRNA-derived DeuSINEs: (a)
LmeSINE1a, (b) LmeSINE1b, (c) SacSINE1, (d) EbuSINE1, (e) EbuSINE2, and (f) BflSINE1. Standard base pairs and G-T wobble pairs are shown as black
dashes and dots, respectively. Nucleotides conserved in functional tRNAs (8T, 14A, 15G, 18G, 32C, 33T, and 37R) are circled, and the Box B promoter
sequences are boxed. The numbering system corresponds with that of general tRNA (Gauss et al. 1979). (B) An alignment of consensus sequences of
the 5S rRNA-related regions (red boxes) of AmnSINE1, SINE3, SINE3_IP, and OS-SINE1. Zebrafish 5S rRNA gene sequences were obtained from
Kapitonov and Jurka (2003). The 5S rRNA sequences of human and rainbow trout were obtained from GenBank (accession nos. X51545 and J01861,
respectively). Box A, Box C, and Intermediate Element of pol III promoters are denoted with black lines. Nucleotides shaded in black are conserved across
sequences.
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As mentioned above, SINE3 is the only example of a 5S
rRNA-derived SINE to date (Kapitonov and Jurka 2003). In the
present study, we add the AmnSINE1, catfish SINE3_IP, and
salmon OS-SINE1 to this category (5S rRNA-derived regions are
indicated by red boxes in Figure 1). As shown in an alignment of
sequences in Figure 2B, the internal promoters of the 5S rRNA
gene that are denoted as Box A, Intermediate Element, and Box
C, are well conserved. The sequence of human or chicken Amn-
SINE1 and its composite structure are very similar to that of ze-
brafish SINE3 (67% identity between the two consensus se-
quences). Therefore, it is possible that a common ancestor of
zebrafish SINE3 and AmnSINE1 dates back to a common ancestor
of vertebrates. If so, this SINE family has survived for over 450
Myr (Kumar and Hedges 1998), and there may be fossil sequences
of AmnSINE1 in many other vertebrate species.

Surprisingly, a part of the 5S rRNA-derived SINEs is highly
similar to a part of the tRNA-derived region of LmeSINEs (see
yellow boxes in Fig. 3A). Figure 3A shows the alignment between
LmeSINE1a and LmeSINE1b, which contain a tRNA-derived pro-
moter, and AmnSINE1, SINE3, SINE3_IP, and OS-SINE1, which
contain a 5S rRNA-derived promoter in addition to a sequence
that resembles the tRNA-derived region. A high degree of simi-
larity (e.g., 86.4% identity between this region in LmeSINE1a and
AmnSINE1) suggests an evolutionary relationship between this
region of the 5S rRNA-derived SINEs and tRNAs. Because the

tRNA-derived region of 5S rRNA-derived SINEs lacks a Box B se-
quence, it probably cannot act as a promoter for pol III transcrip-
tion. These observations suggest a mechanism for generating the
5S rRNA-derived promoter domain, as proposed in Figure 3B. In
this scheme, a primordial tRNA-derived SINE recombined with 5S
rRNA to generate the 5S rRNA-derived SINEs containing a tRNA-
derived region. Subsequently, the second promoter region of the
tRNA-derived region (the 3� half of the yellow box in Fig. 3B) was
lost from the SINE. Thus, strictly speaking, the 5S rRNA-derived
SINE originally described in the zebrafish genome (Kapitonov
and Jurka 2003) along with those in mammal, chicken, catfish,
and salmon genomes described in the present study, represent a
chimera of a 5S rRNA and a tRNA-derived SINE.

The molecular mechanism for the recombination between
5S rRNA and a tRNA-derived SINE generating a new SINE family
is unknown. One possibility is that a tRNA-derived DeuSINE se-
quence was occasionally integrated near a 5S rRNA gene. Subse-
quently, the 5S rRNA served as the promoter for the transcription
of the SINE, producing a new DeuSINE family. The other possi-
bility is that this recombination may have resulted via template-
switching from the tRNA-derived SINE RNA to 5S rRNA during
the process of cDNA synthesis in retroposition (Brosius 1999a;
Buzdin et al. 2002, 2003). We speculate that the latter possibility
is more likely because the whole 5S rRNA (exactly, without any
flanking regions) is included in the SINE and because many ex-

Figure 3. Chimeric structure of 5S rRNA and tRNA-derived DeuSINEs. (A) Comparison of the tRNA-derived regions of LmeSINE1a and LmeSINE1b with
a part of the 5S rRNA-derived SINEs, AmnSINE1, SINE3, SINE3_IP, and OS-SINE1. Box A and Box B are the pol III promoter sequences of the two
LmeSINEs. (B) A possible scheme for the structural evolution of the 5S rRNA-derived SINE families. The green boxes and the blue boxes denote the
Deu-domain and 3�-tail, respectively. A 5S rRNA sequence (red boxes) became joined with a tRNA-derived SINE, with subsequent partial deletion of the
original tRNA-derived promoter region (yellow boxes).
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amples of template switching during retrotransposition are
known in the human genome (Buzdin et al. 2002).

Variation of the 3�-tail domain in DeuSINEs

The 3�-tail sequence of zebrafish SINE3 is similar to that of CR1-
4_DR in zebrafish, which belongs to the L2 LINE clade (Kapi-
tonov and Jurka 2003; Kajikawa et al. 2005). Regarding the other
DeuSINE sequences, we found that the 3�-tails of LmeSINE1, Sac-
SINE1, and AmnSINE1 are also quite similar to that of CR1-4_DR
(blue boxes in Figs. 1, 4A). We calculated sequence identities
between the 3�-tail region of CR1-4_DR (position: 1822–1868)
and each of the corresponding sequences of AmnSINE1,
LmeSINE1a, SINE3-1, SINE3_IP, and SacSINE1, and their average
value was 77%. Therefore, in addition to the zebrafish SINE3,
retroposition of these three new SINE families probably depends
on LINEs belonging to the L2 clade in each host genome. The
eponymous mammalian LINE-2 (L2) family (Smit 1996) is
thought to predate the bird-mammalian split 310 Mya (Benton
1997) as well, since ancient copies of elements identical or very
similar to it and its associated SINE MIR are also found in the
chicken genome (Hillier et al. 2004). However, the 3� ends of L2
and MIR, conserved in mammals and birds, is unrelated to that of
AmnSINE1 and CR1-4_DR. Also, it appears that the L2 element
expanded in mammals up to the time of the eutherian radiation,
leaving behind hundreds of thousands of recognizable L2 and
MIR copies, while AmnSINE1 appears to have become retrotrans-
positionally inactive much earlier. Thus, AmnSINE1 may not

have been retrotransposed by the mammalian L2 but by another,
as yet uncharacterized LINE, which is an older CR1-4_DR–like
LINE family belonging to the L2 clade. On the other hand, OS-
SINE1 shares its 3�-tail sequence (purple boxes in Fig. 4B) with
RSg-1 (77% identity), which is a LINE family in rainbow trout
(Winkfein et al. 1988; Okada et al. 1997), indicating that RSg-1 is
a partner LINE of OS-SINE1. The 3� tails of the hagfish EbuSINE1
and EbuSINE2, amphioxus BflSINE1, and sea urchin SINE2-3_SP
appear to be unrelated, and their origins are unknown (shown as
black, dark gray, gray, and white boxes in Fig. 1A). Thus, in ad-
dition to having one of two different pol III promoters, these
SINEs exhibit variations in the 3�-tail sequences, indicating that
DeuSINEs have undergone frequent changes.

Although it is not known why DeuSINEs share a common
central region (Deu-domain), this SINE superfamily’s long sur-
vival (>600 Myr) suggests that the Deu-domain may serve a criti-
cal function. There are at least three possible reasons for the
maintenance of the Deu-domain. One possibility is that the con-
served Deu-domain imparts higher retroposition activity to the
SINE, for example, by increasing the stability of either the SINE
RNA or a complex of the RNA with a partner LINE protein. Al-
ternatively, this domain may provide a high-frequency recombi-
nation opportunity among the SINEs. This would benefit
DeuSINEs, because SINEs containing the 3�-tail sequence of more
active partner LINEs may have higher retropositional activity.
The Deu-domain has survived over all this time by recombining
with different pol III promoters and active L2-clade 3� ends. The
third possibility is that the Deu-domain possesses an indepen-

Figure 4. Alignment of the consensus 3�-tail sequences of DeuSINEs with that of the corresponding LINEs. “RTase” denotes the reverse-transcriptase
encoded by LINEs. (A) The 3�-tail sequences of AmnSINE1, LmeSINE1a, LmeSINE1b, SINE3, SINE3_IP, and SacSINE1 (blue boxes) are similar to that of
zebrafish CR1-4_DR LINEs. (B) The 3�-tail of OS-SINE1 (purple box) is similar to rainbow trout RSg-1 LINE. Both CR1-4_DR and RSg-1 LINE sequences
were obtained from Repbase Update database (Jurka 2000).
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dent function in the host genome, and that the presence of mul-
tiple copies may be advantageous for host survival. Further bio-
logical and genomic analyses will be necessary to confirm or
refute these three possibilities.

Conservation of Deu-domain sequences among AmnSINE1
copies in the genomes

We calculated the copy number for each position along the Amn-
SINE1 consensus sequence using a FASTA search for AmnSINE1
in human and chicken genomes. We found that many Amn-
SINE1 copies in the genomes of human and chicken lack the
promoter region and/or the 3�-tail sequence and only retain ves-
tiges of the Deu-domain. As shown in Figure 5, it is clear that
only the Deu-domain sequence, especially in the central 300–400
bp region, is conserved in many copies of both human and
chicken AmnSINE1s. Because AmnSINE1 copies were active in a
common ancestor of Amniota at least 310 Mya (Benton 1997),
our result suggests that such AmnSINE1 sequences could repre-
sent full-length inserts, in which the promoter and 3�-tail regions
have accumulated substitutions in a more or less neutral fashion
to the extent that they have become unrecognizable.

Phylogenetically conserved AmnSINE1 sequences among
mammalian species

Although many examples of retroposon exaptation have been
reported, it is necessary to demonstrate their conservation
among the orthologs of distant species to establish their signifi-
cance in the genome. In this study, we compared the degree of
sequence conservation for each AmnSINE1 locus among mam-
malian orthologs. For each AmnSINE1 sequence in the human
genome, conservation scores per base pair were obtained for the
SINE and both its 3�- and 5�-flanking regions (1.5 kbp total) from
the UCSC Genome Bioinformatics Database (Karolchik et al.
2003). We found 105 AmnSINE1 copies that are phylogenetically
conserved among mammalian orthologs (human, chimpanzee,
mouse, rat, and dog). Moreover, we confirmed in the UCSC Ge-
nome Bioinformatics Database that almost all loci are also un-
usually conserved in the opossum genome (e.g., see Fig. 6A).
Figure 6B shows conservation graphs for 1.5 kbp sequences
around and including 10 representative AmnSINE1s (see also
Supplemental Fig. 2 for all 105 conserved loci). Such high con-
servation provides strong evidence that these AmnSINE1 se-

quences have been under purifying selection and have a signifi-
cant function that contributes to host viability. In most cases,
flanking regions of those AmnSINE1 loci are also highly con-
served, the extent of conserved region being variable from locus
to locus, suggesting a variety of involvement of AmnSINE1 in
different functions in the host.

Function of AmnSINE1 in mammalian genomes

Copies of SINEs and other transposable elements are generally
thought of as “junk DNA.” Just as junk sometimes turns out to be
useful, many instances of exapted transposable elements have
come to light (Britten 1997; Brosius 1999b; Smit 1999; Peaston et
al. 2004). These usually appear to be chance by-products of in-
sertion and subsequent substitution events. In contrast, the con-
sistent localization of the conservation to the AmnSINE1 Deu-
domain and the frequency of independent exaptations may sug-
gest that the functionality of the exapted copies was inherent in
the transposable element sequence. Like the Deu-domain in
AmnSINE1 (Fig. 5), the CORE sequence of the mammalian MIR
element, the founding member of the CORE-SINE class, appears
to be more conserved than the promoter and tail regions (Smit
and Riggs 1995). However, despite a recent report (Silva et al.
2003), it is still unclear whether MIR copies or MIR core se-
quences are unusually conserved among mammalian species.
Such analysis is complicated by the sheer number of recognizable
MIR copies in mammalian genomes. In the present study, we
describe the first SINE that has been repeatedly exapted by the
host, as indicated by the extraordinary conservation of at least
105 copies between mammalian genomes (Fig. 6; Supplemental
Fig. 2). Moreover, the conservation appears localized in the Deu-
domain region and the recognizable AmnSINE1 copies contain
the Deu-domain (Fig. 5) more frequently than the promoter or
3�-tail regions. Thus, it is likely that the functionality of exapted
AmnSINE1 sequences in the human genome primarily is pro-
vided by the Deu-domain.

Ultimately, it will be necessary to identify the detailed func-
tion(s) of the mammalian AmnSINE1s. The genomic function of
the exapted AmnSINE1 sequences may differ from case to case.
The SINEs may operate as parts of protein-coding sequences,
UTRs, promoters, or micro-RNA (Ferrigno et al. 2001; Bejerano et
al. 2004b; Smalheiser and Torvik 2005). To examine the possibil-
ity that an AmnSINE1 may function as an mRNA, we searched all
known exon sequence data for human and mouse using FASTA.
We found no sequence similarity except for one example in
which a part of the 5� UTR of mature T cell proliferation 1
(MTCP1; accession no. NM_014221) had 62% identity with the
AmnSINE1 consensus sequence. Furthermore, we searched the
possible expression of the 105 AmnSINE1s shown in Supplemen-
tal Figure 2 against the human spliced EST database and found
positive results for three loci (chr8:26,253,307-26,253,397,
chr17:19,129,522-19,129,682, and chr12:20,405,782-
20,405,989). They code for mRNA of Protein phosphatase 2 regu-
latory subunit B � isoform, Epsin 2, and cGMP-inhibited 3�,5�-
cyclic phosphodiesterase A. Therefore, these AmnSINE1 se-
quences may function as parts of each mRNA. On the other
hand, since some AmnSINE1 are present in introns, it is possible
that they are transcribed as pre-mRNA and contribute to the pro-
cessing process of mRNA such as mRNA splicing. We also exam-
ined the possibility that AmnSINE1 functions as a promoter or
micro-RNA using the UCSC Genome Bioinformatics and Rfam

Figure 5. Conservation of Deu-domain sequences (black box) among
AmnSINE1 copies in human and chicken genomes. This graph shows the
number of copies that include each nucleotide position of the AmnSINE1
in human (the bold line) and chicken (the dotted line). The number of
copies of AmnSINE1 analyzed is 380 and 742 for human and chicken,
respectively.
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(Griffiths-Jones et al. 2003; http://www.sanger.ac.uk/Software/
Rfam/) databases, respectively, but found no positive correlation.
It is also possible that these SINEs may instead serve as enhancers
or silencers. Future work will elucidate the contribution of each
AmnSINE1 sequence in the human genome.

Although it is likely that the conserved AmnSINE1 copies
function in distinct ways, it is also possible that the sequences
share a common function, given the high-copy number of
AmnSINEs under selection in the mammalian genome. If this is

indeed the case, they may function in
general cellular processes such as DNA
replication or genomic organization
(i.e., chromatin structure) (Parada et al.
2004). For example, dispersed yeast
tRNA genes cluster at the nucleolus
(Thompson et al. 2003) and have been
suggested to function in gene silencing
(Wang et al. 2005). Thus, additional
work is required to resolve the detailed
function of the AmnSINE1 sequences
not only to understand how they have
contributed to evolution of mammalian
genomes but also to determine the sig-
nificance of repetitive elements in the
genomes. Furthermore, it is also impor-
tant to clarify the significance of the
Deu-domain shared among the nine
DeuSINE families.

The number of retroposons charac-
terized from various eukaryotes contin-
ues to increase, and thus retroposons
other than DeuSINEs may also serve
critical functions at multiple loci in host
genomes. Bejerano et al. (2006) recently
identified another ancient SINE, which
is unrelated to the SINEs in our study,
and found that the SINE copies have
been exapted at multiple locations in
mammalian genomes. Coincidently,
they found the closest related modern
SINE in the coelacanth as well, thereby
reinforcing its status as a living fossil.

Indeed, mammalian genomes con-
tain many dispersed repetitive regions
that are highly conserved among dis-
tantly related species. Bejerano et al.
(2004b) identified ∼5000 such regions,
and we found that at least one of the
categories is actually the AmnSINE1
family (see http://www.soe.ucsc.edu/
∼jill/dark.html, cluster# 206). Our re-
sults provide convincing evidence that
conserved noncoding sequences are as-
sociated with ancient retroposons. Thus,
this study provides the basis for further
work directed at assigning a concrete
functional role for retroposons in cellu-
lar processes. Because all mammals re-
tain highly conserved and exapted Amn-
SINE1 in many loci of their genomes in
common, it is possible to speculate that
such extensive exaptation occurred in a

common ancestor of mammals and may contribute to innova-
tion of a body plan specific to mammals, such as testicles and
mammary glands. Furthermore, since a few AmnSINE1 loci are
conserved between mammals and chicken, it is also possible that
they contributed to the generation of Amniota-specific morphol-
ogy. It should be noted that Bejerano et al. (2006) actually dem-
onstrated that one copy of SINEs they characterized (LF-SINE)
and conserved among Tetrapoda (mammals, sauropsids, and am-
phibians) contributes to neural development in mouse. There-

Figure 6. Evidence for purifying selection on AmnSINE1 in mammals. (A) An example of conserved
AmnSINE1 locus (the window is chr15:59,354,815-59,356,314 in which the AmnSINE1 position is
located at chr15:59,355,417-59,355,712) obtained from UCSC Genome Bioinformatics Web site.
Note that the AmnSINE1 sequence is conserved in all mammals including opossum. (B) The location
and conservation of 10 representative AmnSINE1 loci in human. The position information in human
was determined from genomic sequence data in UCSC Genome Bioinformatics (ver. hg17). (Chr)
Chromosome number. PhastCons conservation scores of the 1.5-kbp region around and including
each AmnSINE1 were obtained by comparing human, chimpanzee, mouse, rat, and dog sequences,
and the graphs are displayed for each locus. In each graph, the black region denotes the AmnSINE1
sequence and the gray represents the flanking region corresponding to the given position. Detailed
information for the 10 loci is available in Supplemental Figure 3.
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fore, it is possible that each of waves of extensive exaptation of
SINEs which had occurred in a common ancestor of mammals,
amniotes, tetrapods, or vertebrates contributed to the innovation
of the new body plan specific to each clade. Experiments on
concrete functions for each locus of the exapted AmnSINE1 will
shed light on the extent of contribution of this transposable el-
ement to morphological innovation of mammals as well as birds
and reptiles.

Methods

Application of a computational algorithm to find novel SINEs
in coelacanth sequence data
We first obtained 797 kb of sequence data for coelacanth (Latime-
ria menadoensis) from GenBank (AC150283, AC150284,
AC150308, AC150309, AC150310, and AC151571) and used a
computational algorithm that detects SINE-like sequences from
sequence data. This algorithm collects multiple similar se-
quences, each of which contain a Box B-like sequence. First, the
797-kb sequence of coelacanth DNA was searched for both the
top and bottom strands of consensus sequences of the Box B RNA
polymerase III promoter (10 nucleotides; GWTYRANNCY) (see
Fig. 7). Next, the 5� (100 bp) and the 3� (500 bp) flanking se-
quences of each Box B-like sequence were extracted to obtain
610-bp sequences. A local BLAST search (Altschul et al. 1990) was
performed using each extracted 610-bp sequence as the query to
search for homology within all of the extracted sequences. We set
the E-value standard to 10�50, i.e., we considered the query and
the subject sequences to be similar if the E-value was <10�50. As
shown in Figure 7, an arrow from Sequence1 (Seq1) to Sequence5
(Seq5) indicates that Sequence5 is a hit with an accompanying
E-value <10�50 by BLAST searching when Sequence1 is used as a
query sequence, and vice versa. Next, we divided the sequences
that were similar to one another into groups. From the 797 kbp
of coelacanth sequences, we obtained 15 groups, each of which
included at least two sequences. We aligned the sequences in
each group using ClustalX (Thompson et al. 1997) and GENETYX
version 6.0 software (GENETYX Co., Ltd.). Among the 15 groups,
one group containing seven sequences was ultimately identified
as having a novel tRNA-derived SINE sequence. We then classi-
fied this group into two subfamilies according to structure and

designated them LmeSINE1a and LmeSINE1b (see Fig. 1). Using
an additional BLAST homology search of the 797 of kilobase
coelacanth sequences, we found a total of 10 and 16 copies of
LmeSINE1a and LmeSINE1b, respectively (Supplemental Fig. 1C,D).

Characterization of other members of DeuSINEs
We carried out a FASTA homology search (Pearson and Lipman
1988) through GenBank via DDBJ (http://www.ddbj.nig.ac.jp/)
using consensus sequences for LmeSINE1a and LmeSINE1b as
queries. We identified similar sequences in various species,
namely, zebrafish (Danio rerio), catfish (Ictalurus punctatus), sal-
mons (Oncorhynchus mykiss, Oncorhynchus tshawytscha, Salmo
trutta, and Salmo salar), dogfish shark (Squalus acanthias), hagfish
(Eptatretus burgeri), amphioxus (Branchiostoma floridae), and sea
urchin (Strongylocentrotus purpuratus). Furthermore, we identified
other SINE sequences from human and chicken genomes and
designated them AmnSINE1. We aligned the sequences from
each organism to construct consensus sequences using
GENETYX version 6.0 (Supplemental Fig. 1). The AmnSINE1
copy numbers were investigated using the RepeatMasker pro-
gram to search human whole-genome data. We used MEGA3
(Kumar et al. 2004) or GENETYX to calculate sequence identities
among SINE consensus sequences.

The Deu-domain of AmnSINE1 is more conserved than the
promoter and 3�-tail regions
To examine the degree of conservation per site in the AmnSINE1
sequence, we first performed a FASTA search for AmnSINE1 se-
quences in human and chicken genomes. From the collected
sequences, we removed those that were similar only to the 5�

region (1–120 bp) of the consensus sequence to eliminate se-
quences that represented the 5S rRNA gene or its pseudogenes
rather than AmnSINE1. We ultimately obtained 380 and
742 AmnSINE1 copies from the human and chicken genomes,
respectively. Among each of the 380 and 742 sequences, we
counted the number of copies that included each position in the
alignment along the 576 bp and graphed them as shown in Fig-
ure 5.

Conservation of AmnSINE1 sequences among mammals
To compare sequence conservation of and around AmnSINE1
among mammals, we used phastCons scores (Siepel et al. 2005)

around each AmnSINE1 from the UCSC
Genome Bioinformatics Database (Ka-
rolchik et al. 2003) (http://hgdownload.
cse.ucsc.edu/goldenPath/hg17/phast
Cons/mzPt1Mm5Rn3Cf1Gg2Fr1Dr1/).
The phastCons scores show the level of
conservation at each nucleotide among
orthologs of human, chimpanzee,
mouse, rat, and dog. We obtained the
scores for the 1.5 kbp of each AmnSINE1
and its flanking region, which included
750 bp from the middle of the SINE se-
quence toward both the 3�- and 5�-ends.
We then graphed the scores for the 1.5-
kbp sequences for each of the 105 loci
(see Supplemental Fig. 2); 10 representa-
tive graphs are shown in Figure 6B.
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