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Summary

One subset of sequences present within mammalian
genomes is the retroelements, which include endoge-
nous retroviruses and retrotransposons [1]. While
there are typically thousands of copies of endogenous
retroviruses within mammalian hosts, almost no LTR-
retrotransposon-like sequences have been identified
[2-4]. Here, we report the presence of a remarkably
intact and conserved gypsy-type LTR-retrotranspo-
son sequence within the genomes of several mam-
mals, including humans and mice. Each host probably
contains a single orthologous element, indicating that
the original, ancestral gypsy LTR-retrotransposon
first integrated into mammals over 70 million years
ago. It is thus the first described example of a near-
intact orthologous retroelement within humans and
mice and is one of the most ancient retroelement se-
quences described to date. Despite their extreme age,
the orthologs within each species examined contain
alarge ORF, between 4.0 and 5.2 kb in length, encoding
proteins with sequence similarity to LTR-retrotrans-
poson-derived Capsid (CA), Protease (PR), Reverse
Transcriptase (RT), RibonucleaseH (RNaseH), and In-
tegrase (IN). Calculation of nonsynonymous and syn-
onymous nucleotide substitution frequencies indi-
cated that the encoded proteins are under purifying
selection, suggesting that these elements have, in fact,
been co-opted by their hosts. A possible function for
these elements, involving gypsy LTR-retrotransposon
restriction in mammails, is discussed.

Results and Discussion

Mammalian Genomes Contain a gypsy-type
LTR-Retrotransposon Ortholog

Screening of the human, sheep, mice, and rat genomes
with the BLAST program [5] revealed that each species
contained a long ORF with sequence similarity to mem-
bers of the gypsy-type LTR-retrotransposon family (see
Table S1 in the Supplemental Data available with this
article online). The human sequence, termed Hur1 (hu-
man retrotransposon 1), has previously been partially
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characterized by Butler et al. [6]. Hur1 was shown to be
present on chromosome 14 and comprised a full-length
gag ORF and a pol ORF of 1.7 kb containing high se-
quence identity to PR, RT, and RNaseH. As the cosmid
sequence was unfinished, no other analysis was possi-
ble at the time.

Consistent with the nomenclature for Hur1, we desig-
nated the sheep, rat, and mouse elements Shr1, Rar1,
and Mor1, respectively. BLAST searches of the human-
and mouse-expressed sequence tag (EST) databases
revealed short (up to 1 kb) fragments identical in se-
quence to Hur1 and Mor1. Thus, these elements are at
least partially expressed in several tissues, including
brain, muscle, and pancreas (M.T., unpublished data).

To confirm that the four mammalian elements were
most closely related to gypsy-type LTR-retrotranspo-
sons, we performed phylogenetic analysis based on the
RT protein (Figure 1). The mammalian elements were
placed within a group of vertebrate-derived gypsy-type
LTR-retrotransposons that include Sushi-ishi from the
pufferfish (Takifugu rubripes) [2, 7]. As seen in previous
reports [2], the deep nodes of the phylogeny were not
well supported by bootstrapping, although it was clear
that the mammalian elements are monophyletic.

The four elements were present on different chromo-
somes in their respective host species (Table S1), but
additional analysis demonstrated that they share homol-
ogous flanking sequences. In particular, pairwise BLAST
comparisons with the human and mouse genomes re-
vealed multiple regions of sequence similarity sur-
rounding Hur1 and Mor1 (see Figure 2, or see Figure S1
in the Supplemental Data for other pairwise compari-
sons). This suggests that either a single gypsy LTR-
retrotransposon integrated into a common ancestor of
the four host species or that four separate integration
events have occurred at the same location in each host,
as a result of an exceptionally high level of target site
specificity.

Two types of target site specificity have been reported
in the gypsy LTR-retrotransposon family. Some Dro-
sophila elements demonstrate weak sequence specific-
ity and preferentially integrate into sites with the consen-
sus TA(T/C)ATA [8]. In contrast, Ty3-related elements
display positional specificity and integrate in and around
expressed genes [9, 10]. However, in this case, there
does not appear to be any sequence specificity involved,
and there do not appear to be any conserved genes
nearby (M.T., unpublished data). It is therefore likely that
the similarity of sequences flanking Hur1, Rar1, Shr1,
and Mor1 indicates orthology, and hence the original,
ancestral element first integrated before divergence of
the four host species. The divergence of artiodactyla
from rodents and primates occurred approximately
70-90 million years ago, and integration of the ancestral
element must predate this division [11, 12]. This makes
Hur1 and its orthologs some of the most ancient endoge-
nous retroelement-like sequences known.

Although Hur1, Shr1, Rar1, and Mor1 are the most
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complete LTR-retrotransposon-like sequences identi-
fied in mammals, another gypsy-type element has been
reported previously [13]. However, this element lacks
most of pol and consists of an intact gag gene and an
overlapping ORF encoding a PR [13]. The element,
which is also present in several other mammalian taxa,
has been designated PEG10 (paternally expressed 10)
[14, 15]. The mouse homolog, termed MyEF-3 (myelin
expression factor 3), interacts with myelin basic pro-
tein [16].
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Figure 2. Pairwise BLAST Comparison of the 50 kb Region sur-
rounding Hur1 and Mor1 within the Human and Mouse Genomes

The location of the Hur1/Mor1 ORF is shown in the boxed area.
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Figure 1. Unrooted Maximum Parsimony
Tree of the Mammalian Elements and a Num-
ber of gypsy-type LTR-Retrotransposons
The numbers indicate the percentage of
bootstrap support with maximum parsimony
(100 replicates, top or left) and neighbor join-
ing (1000 replicates, bottom or right). Several
members of the Retroviridae were included
for outgroup purposes and are indicated by
a dashed box. Accession numbers are pro-
vided for each LTR-retrotransposon sequence
where available. The host of the LTR-retro-
transposon is represented by a closed circle
in the case of vertebrates, a closed square in
fungi, an open circle in plants, and an open
square in insects (TED is integrated into an
insect baculovirus).
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Genomic Organization of the Mammalian

gypsy-type LTR-Retrotransposons

We next compared the genomic organization of the
mammalian elements to other vertebrate gypsy LTR-
retrotransposons. Because many of these vertebrate
elements have only been partially characterized, we
based the comparison on a copy of Sushi-ishi, which is
both full-length and intact (i.e., it does not encode any
in-frame stop codons or frameshift mutations) [7]. Sushi-
ishi is amember of the chromodomain-containing gypsy
LTR-retrotransposons [9, 17]. The chromodomain (CHR)
is situated at the 3’ end of pol and probably targets the
element to regions of high gene expression [9]. Sushi-
ishi therefore has a genomic organization consisting of
a gag-like ORF, encoding a CA domain and a Cys-His
box, and a second, pol ORF, encoding PR, RT, RNaseH,
IN, and CHR. Like many retroviruses, Sushi-ishi uses
ribosomal frameshifting to produce a Gag-Pol polypro-
tein [7]. Finally, an LTR is present at either end of the
element.

Comparison of the mammalian elements to Sushi-ishi
showed that they all contain a CA-like domain as well
as regions with similarity to PR, RT, RnaseH, and the
core domain of IN (see Figure 3). In all cases, sequence
similarity extended across the entire alignment shown
in the pfam (protein family) database [18]. Despite this,
significant differences were also noted. The mammalian
elements appear to lack LTRs, as well as the CHR do-
main in Pol and the Cys-His box in Gag. It thus appears
that the mammalian elements have undergone a modifi-
cation resulting both in the deletion of the Cys-His box
and the establishment of a single open reading frame
containing gag-like and pol-like genes.

The Mor1 and Rar1 ORFs are over 1 kb longer than
those of Hur1 and Shr1 (Table S1). This is due, somewhat
surprisingly (in view of the presumed coding nature of
the ORFs), to sections of repetitive sequence. Mor1 con-
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tains two repetitive regions (Figures 3A and S2 in the
Supplemental Data). The first of these (located upstream
of the CA domain) is partially homologous to the single
repetitive region present within Rar1, whereas the sec-
ond (which is absent from Rar1) is located between
RNaseH and IN. Both repetitive domains contain short,
tandemly repeated sequences with a high proportion of
acidic amino acids (Figure S2).

Mutation Has Occurred in Many of the Critical
Residues within the Pol Polyprotein

Further investigation of the proteins encoded by the
mammalian elements was performed by alignment with
several of their closest, full-length gypsy LTR-retro-
transposon relatives (Figures 3B-3E). This revealed that
several of the most critical residues, conserved within
the RT, RnaseH, and IN proteins of previously described
gypsy-type LTR-retrotransposons, differed in Hur1 and
its orthologs. Within RT, the active site motif (F/Y)XDD
has been replaced by (H/Y)G(R/Q)E (Figure 3D), and
within RNaseH, the active site sequence D(A/G)S has
been replaced by GVT (C.L, unpublished data). Further-
more, two of the three critical DDE residues within the
IN core domain have also been altered (Figure 3E), as
have residues within the N-terminal HH-CC LTR binding
domain. This strongly indicates that the RT, RnaseH,
and IN proteins no longer retain their preintegration
functions. However, this is not obviously the case for
either the CA domain or PR, where the most critical
residues appear to have been largely maintained (Fig-
ures 3B and 3C).

Evidence for Purifying Selection

The lack of LTRs, a CHR, and a Cys-His box, together
with the mutations evident in the critical sites of RT,
RnaseH, and IN, suggests that the mammalian elements
are no longer replication-competent as functional gypsy
LTR-retrotransposons. Nevertheless, they have not ac-
cumulated the in-frame stop codons, frameshifting in-
sertions, or deletions found in most ancient endogenous
retroelements. This implies that Hur1 and its orthologs
may be under selection. To investigate this, we analyzed
the dN/dS ratios of the various proteins between differ-
ent pairs of elements.

We compared the levels of selection in the mammalian
elements with selection operating on their closest, full-
length and intact gypsy LTR-retrotransposon relatives.
With the exception of Sushi-ishi, no other known verte-
brate retrotransposon meets the criteria of being intact
and full length. However, using BLAST, we identified a
full-length, intact gypsy LTR-retrotransposon in a sec-
ond piscine order (within the Japanese medaka, Oryzias
latipes). dN/dS ratios of the two piscine LTR-retro-
transposons showed, as expected, that all gene prod-
ucts have been under strong selection since their diver-
gence, especially those of RT, RnaseH, and IN (Table
1). In contrast, the dN/dS ratios of Hur1 and its orthologs
ranged from between 0.21 and 0.32 (all values were
significantly different from a dN/dS of 1 by log likelihood
test), demonstrating that purifying selection has been
operating across most, or all, of the ORF. Interestingly,
the patterns of selection in Hur1 and its orthologs dif-

fered from that observed in GRT-medaka and Sushi-
ishi, in that the former all showed levels of selection
approximately constant for each protein. Consistent
with this, the percentage of amino acid similarity is com-
parable for each protein within the mammalian ele-
ments, whereas CA and PR have diverged far more than
the other gene products within the piscine LTR-retro-
transposons. Finally, we compared the average dN/dS
ratios between the four mammalian elements and the
piscine LTR-retrotransposons. This showed that IN had
a slightly higher dN/dS ratio when compared to the other
proteins; this higher ratio is consistent with the some-
what lower similarity between Hur1 and its orthologs in
this region.

Hur1 and Its Orthologs Have Been Co-opted

by Their Hosts

The orthologous nature of the elements in each species,
together with the intactness of the ORFs and the evi-
dence of selection, strongly suggests that these ele-
ments have been co-opted by their hosts and are no
longer functional as gypsy LTR-retrotransposons. Once
in the germline of their host, endogenous retroelements
acquire in-frame stop codons and frameshifting muta-
tions over time and would not be expected to be so
intact after more than 70 million years [1, 19]. The lack
of LTRs, a Cys-His box, and CHR, as well as the loss
of many of the critical residues in RT, RnaseH, and IN,
further demonstrate their defective nature as LTR-retro-
transposons. Consistent with this scenario are the differ-
ences in dN/dS ratios observed when the mammalian
elements were compared to GRT-medaka and Sushi-
ishi. As with other retrotransposons, RT, RnaseH, and
IN are more conserved in the piscine-derived LTR-retro-
transposons, but this is not the case for the mammalian
elements. It thus appears that many of the proteins en-
coded by the four mammalian elements do not retain
their original preintegration functions.

The LTR-encoded promoter (TATAA) and polyadenyl-
ation (AATAAA) signals, which are necessary for efficient
mRNA expression, are absent from Hur1 and its counter-
parts. A co-option scenario would require these signals
to be encoded by cellular sequences. Although we were
unable to find any conserved promoter motifs, we did
identify a putative polyadenylation signal in the host-
flanking region. This signal was present in all four
elements, and, furthermore, we identified two mouse-
derived ESTs containing an adjacent polyA tract (Fig-
ure 3F).

A Putative Function for the Elements

Itis interesting to speculate on the possible role of these
elements in their respective host genomes. One possi-
bility is that they may be involved in restricting infection
of gypsy-type LTR-retrotransposons in mammals. The
host range of the gypsy LTR-retrotransposon family ex-
tends from yeast to vertebrates [1, 2]. Indeed, they ap-
pear to be widespread in the genomes of every verte-
brate class, with the exception of mammals and birds
[2]. Their apparent absence in avian taxa could be due
to the relative lack of available sequence data, but this
is not true of mammals. With such a wide host range,
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Figure 3. Genomic Organization of Hur? and Its Orthologs

(A) The four mammalian elements compared to Sushi-ishi. All three forward reading frames are shown for the mammalian elements, with
identifiable genes in each ORF being further indicated. CA, capsid-like region (spanning the region corresponding to the pfam03732 alignment);
C-H, Cys-His box/zinc knuckle (pfam00098); PR, protease (pfam00077); RT, reverse transcriptase (pfam 00078), RNaseH, ribonuclease H
(pfam00075); IN, integrase (pfam00665); CHR, chromodomain (pfam00385); Repeat, highly repetitive region; LTR, long terminal repeat.

(B) Alignment of the region surrounding the MHR (major homology region) within CA. Highly conserved residues within the MHR are boxed,
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Table 1. Percentage of Amino Acid Identity and dN/dS Ratios of Mammalian gypsy-like Sequences and Related gypsy Family LTR-

Retrotransposons
CA-like Domain Protease RT RNaseH Intergrase
% id. dN/dS % id. dN/dS % id. dN/dS % id. dN/dS % id. dN/dS
Average mammalian elements? 7 0.22 73 0.21 67 0.26 75 0.32 73 0.25
GT-medaka versus Sushi-ishi 38 0.07 40 0.06 70 0.02 67 0.02 67 0.02
Mammalian elements versus 27 0.14 24 0.12 28 0.08 26 0.09 13 0.24
GRT-medaka
Mammalian elements versus 32 0.08 30 0.10 28 0.07 21 0.10 16 0.17
Sushi-ishi

Comparisons were performed across regions spanning the pfam family alignments 03732 (CA), 00077 (PR), 00078 (RT), 00075 (RNase H), and

00665 (IN).
aComparison between the four mammalian elements.

there must surely have been ample opportunity for gypsy
LTR-retrotransposons to repeatedly challenge, and
thereby colonize, mammalian genomes. Thus, itis possi-
ble that some form of restriction system exists in this
vertebrate class.

Several such systems are known to restrict retroviral
infection in mammals, where they probably target one
or more preintegration stage of the retroviral life cycle
[20-22]. The best known of these systems, the Fv1 gene
in mice, restricts certain strains of the retrovirus MLV
and is, itself, derived from an endogenous retroviral se-
quence [23]. Specifically, the Fv1 gene comprises an
endogenous gag gene that has been present in mice
for at least 10 million years [23, 24]. It is thought that
the protein product mediates resistance via interaction
with viral CA [25]. It has been suggested that restriction
genes other than Fv1 may also be retroviral in origin [20,
21, 26]. This finding makes it tempting to speculate that
Hur1 and its counterparts may perform an analogous
function with the gypsy-type LTR-retrotransposons.

Supplemental Data

Supplemental data including Table S1, Figures S1 and S2, and a
more detailed description of the Experimental Procedures used in
this study are available at http://www.current-biology.com/cgi/
content/full/13/17/1518/DC1/.
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