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ABSTRACT The ETn (for "early transposon") family of
long repeated sequences is abundantly transcribed in early
mouse embryos from retroviral-like long terminal repeats.
Nucleotide sequencing of two elements does not reveal any long
open reading frame nor significant homology to retroviral
proteins. The genetic polymorphism, monitored by Southern
blotting within and across mouse species, reflects a concerted
mode of evolution for the ETn sequences.

We previously have identified a family of moderately repeat-
ed sequences designated ETn for "early transposon" char-
acterized by a specific spatial and temporal pattern of
transcription during early mouse embryogenesis. Transcrip-
tion peaks between 3.5 and 7.5 days, essentially in undiffer-
entiated cells of the blastocyst inner cell mass and embryonic
ectoderm, precursor of the germ line (1, 2). An ETn element
is 5.6-kilobases (kb) long, colinear with ETn RNA, and is
delimited by two direct long terminal repeats (LTRs). The 5'
and 3' ends of the transcribed RNA are located within the
LTRs, whose structure is essentially similar to that of
retroviral LTRs (3). The developmentally regulated tran-
scription of long repeated sequences has been detected in
widely different organisms, including Drosophila, sea urchin,
and Dictyostelium (4). As an approach to studying the
possible physiological role of ETn transcription in mouse
embryos, we have analyzed the genetic structure and poly-
morphism of the ETn family by Southern blotting and
nucleotide sequencing. The observed variability within and
across mouse species reflects the concerted evolution of the
ETn elements. Surprisingly, nucleotide sequencing of two
elements could not reveal any long open reading frame or
significant homology to retroviral proteins.

MATERIALS AND METHODS
Mice. Pure-line mice came from inbred stocks kept at the

Institut Pasteur and were a gift from J. L. Gudnet. Mus
caroli, Mus cooki, Mus cervicolor, Mus (or Pyromys) pahari,
and Mus (or Coelomis) plathytrix were gifts from F. Bon-
homme.

Southern Blots. DNAs were extracted from liver and spleen
and analyzed by standard methods (1). DNAs (15 ,g) were
digested with Sau3A and fractionated on a 1.2% agarose gel.
Blots were probed with the nick-translated ETn sequence in
pMAC-2. Hybridization (50% formamide at 420C) and washes
[0.2x NaCl/Cit (lx = 0.15 M NaCl/0.015 M sodium citrate,
pH 7) at 68'C] were under high-stringency conditions.

Nucleotide Sequencing. DNAs (plasmid pMAC2, subclone
of phage MG1 or phage MG6) were sonicated, fractionated
[600- to 1000-base-pair (bp) fragments], and subcloned into

the Sma I site of M13mp8 replicative form DNA. Recombi-
nants were identified by in situ hybridization using a nick-
translated 4.7-kb Hpa I fragment of MG1 as probe; 160 and
120 M13 subclones for each ETn clone were sequenced by the
dideoxynucleotide-termination method as described (5).

RESULTS
Southern Analysis. Southern blots of mouse DNA cut with

restriction enzymes that cut at most once in ETn sequences
and probed with one cloned ETn element [pMAC-2 isolated
from a BALB/c mouse (1)] usually show smears. This
represents a large number of fragments of variable length
containing randomly integrated and dispersed ETn elements
(data not shown). However, when cut with Sau3A, only a few
bands are detected, which indicates conserved internal re-
striction sites.
The existence and intensity of these discrete bands in one

individual genomic DNA reflect the homogeneity and the
amplification of the family within one genome (Fig. 1 A and
B). The intensity of the bands depends on the copy number
underlying each band and also on the extent of nucleotide
homology with the pMAC-2 probe. We estimated, from the
intensity ofthe bands, that about 200 elements are present per
genome in the BALB/c strain. On the other hand, compar-
ison of patterns obtained with various DNAs is indicative of
the polymorphism of the family between individuals and
species. In contrast to the observed homogeneity within one
individual, a clear divergence is observed between mice from
different species (Fig. 1 A and B). These variations in band
positions and intensities are reflecting important modifica-
tions of the Sau3A restriction map across species, associated
with either a possible decrease of nucleotide sequence
homology with the pMAC-2 probe or a variation in the ETn
family copy number.
The divergence ofthe observed patterns fits well within the

phylogenetic framework previously established by genetic
analysis for the genus Mus (6) (Fig. 1C). For instance, M.
cooki and M. cervicolor, which share a common ancestor,
clearly show a more similar ETn restriction map than they do
with M. caroli (Fig. 1B). As well, all the European species
and subspecies studied here (Mus m. domesticus, Mus m.
musculus, Mus spretus, and Mus spicilegus) have clearly
more similar patterns between themselves than with the rest
of the genus (Fig. LA). This good correlation with the
phylogenetic tree precludes the hypothesis ofthe evolution of
ETn in recent times [a few million years (Myr) at most for the
history of Mus] by horizontal transfer in a retrovirus-like
manner. Moreover, Mus (or Pyromys) pahari and Mus (or
Coelomis) plathytrix, who may have shared stricto sensu a
common ancestor with the genus Mus as much as 10 Myr ago,
do not contain any ETn sequences detectable with the

Abbreviation: LTR, long terminal repeat.
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FIG. 1. Phylogenetic distribution and variability of the ETn family. (A and B) Southern analysis of genomic DNAs from various species.
Autoradiography was at -80'C for 4 hr (A) and for 16 hr (B). Calibration of intensity with a reference phage DNA indicates roughly 200 copies
in an intense band. (A) DNA of European species in lanes: 1, Mus spretus; 2, Mus m. musculus (PWK inbred strain); 3, Mus spicilegus; 4, Mus
m. domesticus (BALB/c inbred strain); 5, Mus m. domesticus (SWR inbred strain). (B) DNA of species in lanes: 1, Pyromys paharii; 2, Mus
cooki; 3, Coelomys plathytrix; 4, Mus caroli; 5, Mus m. domesticus (BALB/c strain); 6, Mus cervicolor; 7, Rattus norvegicus. (C) Consensus
phylogeny, redrawn from that of Bonhomme (6) for four murid genera analyzed in this work.

pMAC-2 probe under high-stringency conditions (Fig. 1B).
This result is consistent with Bonhomme's proposal, based
on analysis of variations at 28 genetic loci, that Coelomys and
Pyromys are independent genera (6) (Fig. 1C).

In more distant genomes (rat, hamster, monkey, and
human), ETn sequences are not detected under high-strin-
gency conditions. However, a signal is observed in the rat
genome under low-stringency conditions (hybridization in
20% formamide/5 x NaCl/Cit at 42°C; washing in 2x NaCl/
Cit at 45°C; data not shown), but a clear identification of
hybridizing DNA will require further analysis.
Nudeotide Sequencing. To determine the genetic structure

of ETn elements and to appreciate their variability at the
nucleotide level, we sequenced two independent clones of
ETn isolated from a BALE/c mouse DNA genomic library.
Clone MG1 is 5544 bp long, is very A+T-rich (62%), and
features a low C-G dinucleotide frequency as is typical of
eukaryotic DNA. Clone MG6 sequence' is 95% complete,
lacking only 91 bp from its 5' LTR and 360 bp from the 3'
LTR. The overall nucleic acid sequence homology between
the two studied elements is 94.2% (Fig. 2).

Surprisingly, in both clones, on both DNA strands, no long
open reading frame is present (Fig. 3). We have screened
these sequences against data banks and particularly all
published retroviral or retroviral-like sequences and mam-
malian repetitive elements and have found no significant
similarity. The absence of homology with known retroviral
genomic organization or retroviral proteins is in complete
contrast with the perfect retroviral features of the ETn LTRs.
The ETn LTR is flanked by a primer binding site comple-
mentary to tRNALfs (8), typically used to prime reverse
transcription, and by a polypurine tract, the priming site for
retroviral DNA (+)-strand synthesis. The LTRs are bordered
by inverted repeats containing the conserved T-G . . . C-A
dinucleotides. Direct repeats bracket the entire element as a

usually observed consequence of retroviral integration (9).

We found that the best alignment of the LTR sequence was
with that of the D-type retrovirus Mason-Pfizer monkey
virus, which is 67% homologous, with the same binding site,
cap, and polyadenylylation sites and a very similar polypur-
ine tract (5). All these data strongly suggest that ETn LTRs
are indeed of retroviral type.

DISCUSSION
The existence of genetic elements such as ETn raises many
questions as to their origin, their possible function or influ-
ence on evolutionary or developmental processes, and their
mode of evolution. The ETn could have been derived from a
retrovirus involving the degeneration of the internal se-
quences or the recombination between two retroviruses or
solitary LTRs resulting in the "capture" of genomic DNA.
Diverse retroviral-related sequences have already been

characterized in the mouse genome. Listed by increasing
order of genetic content and independence from the host
genome, they include solitary LTRs, virus-like VL30 se-
quences, intracisternal A-type particle (IAP) sequences, and
finally retroviral genomes (see ref. 9 for a review). ETn
sequence could be classified between solitary LTRs and
VL30. In Temin's hypothesis on the origin of retroviruses
from cellular moveable genetic elements (10), retroviruses
are generated from an ancestral gene by successive cycles of
transcription, reverse transcription, and integration. By add-
ing genetic information, the cycles finally gave rise to a
proviral-like element. The existence of ETn elements with
their typical retroviral features and unstructured internal
domains might give credence to such an ongoing phenome-
non. In this context, the ETn, which could be both a defective
descendant and a potential progenitor of a retrovirus, would
reflect the bidirectional aspect of the process.
ETn sequences were isolated during the course of studies

on the early mouse embryogenesis. The absence of a long
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FIG. 2. (Legend appears at the bottom of the opposite page.)
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FIG. 3. Coding potential of the ETn element. The sequence ofMG1 was read in all three reading frames (1, 2, and 3) scoring only stop codons,

represented by vertical bars. Both strands of the element are shown (+) and (-). No significant nucleic or amino acid sequence homology was
found between any of the small open reading frames and those in data banks, especially retroviruses, retrovirus-like, or repetitive elements.
Similar results were found for clone MG6.

open reading frame suggests that ETn could be only "selfish"
or "parasitic" DNA (11, 12). However, we cannot rule out
the possibility that they encode small proteins that may have
important regulatory effects [like, for example, the transac-
tivating genes of human immunodeficiency virus (13)]. Fur-
thermore, the evolutionary dynamics of the family may play
a role in the genome during embryogenesis or evolution ofthe
species.
Remarkably enough, the pattern of variation of the ETn

family parallels the phylogeny of mice and fits the definition
of concerted evolution-that is, the homology between
elements of the same family within a species is higher than
that between members of different species. The primary
mechanism underlying this concerted mode of evolution may
involve the selective amplification of one or a few copies in
each species. However, an additional process of "homogen-
eization" might be required for eliminating old elements and
fixing the amplified variants in the population. The necessity
of such a process led Dover to introduce the notion of
molecular drive (14), which is based on a variety of genomic
asymmetric turnover mechanisms, independent of natural
selection. In the case of the interspersed ETn family, which
is abundantly transcribed in early embryonic cells, and
because of the presence of a typical retroviral LTR, we think
that transcription, reverse transcription, and integration,
possibly by homologous recombination at already occupied
sites, might be involved in the observed amplification and
homogeneization. This postulated process would include a
simple "molecular selection" since essentially one selected
element of the family has spread in each species. Small
differences in the efficiency ofLTR sequences for promoting
transcription, reverse transcription, and/or integration could
be a basis for this selection.

Clearly, detailed information has to be gained on the
molecular mechanisms underlying concerted evolution, mo-

lecular drive, and their eventual relationships with phylogeny
and ontogeny. Because of its relatively low copy number and
high level of transcription in undifferentiated cells, the
system provided by the ETn family in the genus Mus is
amenable to experiments.
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