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We report the first precise delineation of a chicken CR1 element and show that it is flanked by a 6-base-pair
target site duplication that occurred when this repetitive element transposed. The 3' end of this CRI element
is defined by an 8-base-pair imperfect direct repeat, and we infer that this sequence represents the 3' end of all
intact CR1 elements. In contrast, the 5' ends are not unique, and we argue that this variation existed at the time
each element transposed. We also provide evidence that CR1 elements transposed into preferred target sites.
CR1 elements therefore appear to represent a novel class of passive retroposons.

O'Malley and co-workers were the first to describe and
characterize the family of chicken middle repetitive se-
quences, which they termed CR1, for chicken repeat 1 (14,
16). Approximately 7,000 to 20,000 copies of CR1 sequences
are present in the haploid chicken genome (6, 16), and it has
been a puzzle as to how these elements dispersed so effi-
ciently throughout the genome, especially considering that
processed pseudogenes are exceptionally rare in avian as
compared with mammalian genomes (1, 3, 13, 19, 20). This
study was undertaken to further our understanding of this
process and was prompted by the realization that the
chicken VTGIII vitellogenin gene that we cloned (1la)
contained the ancestral preintegration site of a previously
characterized CR1 element (17). A sequence comparison
between the second-intron regions of the VTGIII gene and
VTGIII pseudogene (TVGTIII) revealed that the CR1 ele-
ment within TVTGIII is precisely 836 base pairs (bp) long
(Fig. 1). The fact that the CR1 sequence is flanked by direct
repeats of a 6-bp sequence (CATTTC; boxed in Fig. 1) that
appears only once at the preintegration site indicates that
this CR1 element transposed into its present location.

Previous attempts to define the 3' ends of CR1 elements
relied on sequence comparisons between different CR1
elements. These studies indicated that the individual ele-
ments have similar 3' ends, but the positions of these ends
could not be determined unambiguously (6, 10, 14, 15, 17).
For example, it was unclear whether the 3' ends terminate (i)
where the various CR1 sequences abruptly deviate from high
to modest homology or (ii) approximately 20 bp further
downstream, where the sequences completely deviate from
any apparent consensus (15).
For the CR1 sequence within TVTGIII, our data demon-

strate that the 3' end maps precisely to the end of what was
previously shown by O'Malley and co-workers to be the
highly conserved region. This end is characterized by a
direct repeat of the octamer sequence NATTCTGT (arrows
in Fig. 1). All but one of the published CR1 sequences have
a similar octamer direct repeat at what we infer to be their 3'
ends. Indeed, a comparison of all of the published CR1
sequences shows a consensus of NATTCTRT (where R is a
purine) for the octamer. There is a strong preference for the
first octamer to begin with a C and for the second octamer to
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begin with a G (Fig. 2). For a number of CR1 elements, the
tandem octamers are flanked by short sequences that can
also be found duplicated immediately upstream of the pre-
sumptive 5' ends of these elements (Fig. 3), as would be
expected if these other CR1 sequences also transposed as
such. For example, CRlOVc appears to be flanked by direct
repeats of NTAAC (15), CRlOVa by direct repeats of
GATCAT (15), and CRlAPOVLDLII by direct repeats of
CAATTC (6). The short direct repeats flanking CR1 ele-
ments appear to vary in size, as is true of other families of
nonviral retroposons (20).
The fact that the last six nucleotides (TTCTGT) of the

octamer repeat are present at the preintegration site in the
VTGIII gene (open arrow in Fig. 1) indicates that a limited
degree of sequence homology may have contributed to the
precise choice of target site for this CR1 insertion. On the
assumption that the 3' ends of all CR1 elements are indeed
defined by the tandem octamers, it follows that target site
preference may be a general feature of CR1 transpositions
since, as noted above, a 20-bp window of modest sequence
homology is apparent just downstream of the octamer repeat
for the various CR1 elements (10). Preferred target sites have
also been noted for other transposable elements (5, 11, 20).

In contrast to the conserved 3' ends, each CR1 element
has a distinct truncated 5' end. The fact that direct repeats
are still apparent flanking a number of these elements (Fig. 3)
argues that these variable 5' ends were created before or
during the independent integration events. It is highly un-
likely that this variation could be attributable to deletions
which occurred after transposition. This situation is qualita-
tively similar to what has been described for other families of
repetitive elements such as the human LINE-1 (long inter-
spersed repeated sequence) elements (12). Their variable
sizes almost certainly derive from the incomplete reverse
transcription of an mRNA species expressed in embryonal
cells (20). This so-called master LINE-1 mRNA contains
two open reading frames (ORFs), one of which appears to
encode a reverse transcriptase that presumably facilitates
the transposition of this class of elements (8). Although CR1
elements are significantly smaller in size, the CR1 element
discussed here also contains an ORF which begins before the
left breakpoint and is capable of coding for a protein larger
than 24 kilodaltons (Fig. 1). However, a search of the data
base failed to provide any clues as to the possible identity of
the putative protein encoded by this ORF (6). Thus, trans-
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FIG. 1. Precise delineation of a CR1 sequence and identification of its ancestral preintegration site. The VTGIII second intron was
sequenced on both strands and compared with the previously reported sequence for the remnant second intron of a VTGIII pseudogene (17).
The CR1 sequence (bracketed) is numbered relative to the conserved 3' end (see text). The ancestral preintegration site (CATTTC) that was
duplicated to yield the direct repeats which now flank the CR1 element in the pseudogene intron is boxed. Solid arrows and capital letters
mark the octamer sequence (NATTCTGT) that defines the 3' end of the CR1 element. Note that this CR1 sequence contains an ORF that
begins at the left end (position 836) and continues to the stop codon (TAG) underlined at position 96. The open arrow indicates a sequence
that is present at the preintegration site and is identical to the last six nucleotides of the octamer sequence that defines the 3' end of the CR1
element.

position of CR1 sequences may depend on a reverse tran- many classes of retroposons that derive from poly(A)-con-
scriptase encoded elsewhere. taining mRNA (20); even some classes of poly(A)-deficient
The oligo(A) tracts at the 3' ends of transposed LINE-1 transcripts are claimed to be reverse transcribed by this

elements implicate the poly(A) tail of the master LINE-1 mechanism after first being aberrantly polyadenylated (4).
mRNA as the priming site for the reverse transcription of The 3' ends of the CR1 elements clearly do not conform to
this family of repetitive elements (12). The use of poly(A) this paradigm, however.
tracts for priming reverse transcriptase has been inferred for How then can we account for the precisely defined 3' ends
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FIG. 2. Comparison of the 3' tandem imperfect octamers for various CR1 elements. Sequences for the 3' ends of CR1 elements (taken from

the indicated references) were aligned relative to the octamer repeat that defines the 3' end of the CR1 element from TVTGIII (see Fig. 1).
Capital letters indicate a match and lowercase letters indicate a mismatch to the consensus sequence shown at the bottom. Point deletions
are indicated by dots.

of CR1 elements? A comparison of CR1 sequences with
mammalian U3 RNA pseudogenes may provide some useful
insights. In an elegant series of experiments, Bernstein and
colleagues showed that the simple addition of reverse tran-
scriptase to full-length U3 RNA generated discrete cDNAs
that were identical to the processed pseudogenes present in
genomic DNA (2). Transcripts from a hypothetical master
CR1 gene may also be exceptional in being able to fold in
such a way as to allow precise priming to occur at the
octamer direct tandem repeats which define the 3' ends of
these elements. Alternatively, sequences immediately down-
stream of the octamer repeat may serve as a precise primer-
binding site for a heterologous RNA species such as occurs
with retroviral replication (18). Obviously, the identification
of such a primer-binding site requires that either the hypo-
thetical master CR1 gene or its transcript be analyzed, since
this information is not retained on the transposed elements.

In conclusion, we have presented evidence that CR1
elements represent a novel class of retroposons which share
features of two distinct classes of retroposons. We speculate
(Fig. 3) that CR1 retroposons may derive from the reverse
transcription of a master CR1 transcript that is larger than
the transposed elements at both the 5' and 3' ends. Expres-
sion of this transcript must occur early in development or in
germ cells to account for the fact that the transpositions have

been fixed in the germ line of chickens. Obviously, CR1
transpositions may also occur in somatic cells, as has
recently been documented for human LINE-1 elements (7).
Processed pseudogenes are exceptionally rare in avian spe-
cies relative to mammalian species (1, 3, 13, 19, 20). The
precise 3' ends of CR1 elements suggest that a specific
means for priming reverse transcriptase may have contrib-
uted to the fact that CR1 elements appear to be exceptions to
this rule. The importance of this novel 3' end is also implied
by the fact that it is precisely conserved for a quail CR1
homolog (P.-J. Chen, Ph.D. thesis, University of Pennsyl-
vania, Philadelphia, 1986). The fact that a nuclear factor
binds immediately upstream of this conserved 3' end (9)
raises the intriguing possibility that such a factor may be
involved in the transposition of CR1 elements. It is tempting
to speculate that protein-protein interactions involving this
factor might even be involved in directing the insertion of
this conserved end into preferred target sites.
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FIG. 3. Schematic representation of CR1 elements, similar to
one used previously to depict human LINE-1 elements (12). (A) The
hypothetical master CR1 transcript suggested to encode a protein
expressed in embryonal or germ cells. Symbols: S. portion
containing an ORF; , 3-terminal octamer direct repeat (NAT-
TCTRT, where R is a purine); _, predicted location of an efficient
primer-binding site for reverse transcription. (B) Five representative
CR1 elements aligned relative to the putative master CR1 transcript.
The direct repeats that flank these elements are indicated (-). The
relative sizes of these elements are drawn roughly to scale. with the
VTGIII pseudogene (TVTGIII) CR1 sequence being precisely 836
bp (see Fig. 1). (C) Sequence complexities for two regions of CR1
sequences (6).
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