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We found that an endogenous mouse mammary tumor provirus, GR-MTV-8, is embedded within a member
of the BAM HI family of long interspersed repetitive mouse DNAs. GR-MTV-8 appears to be transcriptionally
silent at its normal chromosomal position in the mouse genome. The provirus is transcriptionally active,
however, when cloned and transfected into mouse cells (Kennedy et al., Nature (London) 295:622-624, 1982).
We propose that the transcriptional inactivity of GR-MTV-8 in situ is due to an inhibitory effect, possibly
involving DNA methylation, attributable to the flanking BAM HI element.

All inbred laboratory mice and many feral mice contain
genetically inherited proviral copies of mouse mammary
tumor virus (MuMTV) (6). In several inbred mouse strains
(e.g., BALB/c and C573L), these endogenous MuMTV
proviruses are inactive (nontumorigenic), and female mice
from these strains rarely develop mammary tumors (10).
Other inbred strains (e.g., GR/A and C3H) harbor active
(tumorigenic) MuMTV proviruses in their genomes, and
female mice of these strains often develop mammary tumors
(10).
Mammary tumors from high mammary tumor-incidence

mouse strains exhibit increased numbers of MuMTV pro-
viruses (5, 25), which are invariably hypomethylated (4, 13).
Although the exact mode of MuMTV proviral amplification
is at present unknown, a plausible mechanism is the tran-
scription of an endogenous provirus followed by reverse
transcription and integration of the newly synthesized viral
DNA (34). Occasionally a virus is integrated near a specific
locus which by an as-yet-unknown mechanism appears to
activate a cellular oncogene (27, 28).
Of the many endogenous MuMTV proviruses that have

been characterized (6, 11, 24, 33), only a few appear to be
tumorigenic (11, 24). The benign character of many pro-
viruses may be the result of their transcriptional inactivity,
and indeed, in low mammary tumor-incidence mouse strains,
little or no MuMTV-specific RNA can be detected in the
mammary gland cells of female mice (35). In addition, high
mammary tumor-incidence mouse strains appear to contain
MuMTV RNA transcribed from the tumorigenic proviruses,
but not from other MuMTV proviruses present in the same
cell (12, 16).
How might the transcriptional silencing of MuMTV pro-

viruses be achieved? The most obvious mechanism is muta-
tion of the transcriptional regulatory signals. A second
possibility is that host sequences flanking the provirus exert
an inhibitory effect on proviral transcription (3, 7). Inhibi-
tory effects might result from the influence of the flanking
DNA on the methylation or conformation (or both) of the
provirus (3, 20).
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In the present report we demonstrate that one of the
MuMTV proviruses present in the GR/A mouse strain,
GR-MTV-8, is embedded within a member of the BAM HI
family of interspersed repetitive mouse sequences (the major
family of interspersed repetitive mouse DNAs has numerous
aliases; BAM HI [9, 32], LlMd [36], and MIF-1 [1] are the
most common). We discuss this finding with respect to the
possible role of BAM HI sequences in inhibiting GR-MTV-8
proviral transcription. In addition, we note that since BAM
HI elements appear to be (or in the past were) mobile
elements themselves (9), transcription and amplification of
one element may result in concomitant transcription and
amplification of the other member in a chimeric structure.
We prepared a genomic library from GR/A mouse tumor

DNA in the vector A L47 (23) and identified and isolated 24
MuMTV-positive clones (D. Morris, H. Bradshaw, and R.
Cardiff, manuscript in preparation). We then screened the
MuMTV-positive clones with probes representing various
portions of the BAM HI family of repetitive mouse DNAs.
Three clones hybridized to plasmid pMXB6 (9), which
contained a 2.7-kilobase (kb) insert of BAM HI DNA (Fig.
1). By restriction mapping, Southern blotting, and sequenc-
ing of selected subclones (not shown), we were able to
demonstrate that all three lambda clones contained the same
MuMTV provirus. We chose one of the clones, A GRT-25,
for further study. This clone contained a complete MuMTV
provirus plus ca. 0.6 kb of host DNA flanking the 3' end of
the provirus and at least 2 kb of host DNA flanking the 5' end
of the provirus.
We established the identity of the cloned MuMTV by

sequencing ca. 600 base pairs (bp) of the long terminal repeat
region of the provirus (not shown). Our sequence matched
exactly with that reported by Kennedy et al. (21) for
GR-MTV-8 (GR-MTV-8 is referred to by its clone designa-
tion, GR-40, in many publications [18, 19, 21]). In addition,
our sequences of the neighboring host DNA matched per-
fectly with the host sequences reported by Kennedy et al.
(21) (Fig. 1). Thus, we have no doubt that clone X GRT-25
contains a complete copy of GR-MTV-8.
To determine the exact location of the provirus in the

BAM HI element, we sequenced a large portion of the 2.7-kb
insert in pMXB6. Our results indicated that the GR-MTV-8
provirus was located ca. 1.6 kb from one end of the BAM HI
element (Fig. 1). We sequenced several hundred bp of
GR-MTV-8 flanking DNA, and a comparison with the cor-
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FIG. 1. Location of the GR-MTV-8 provirus in a BAM HI family member. The pMXB6 plasmid contains a 2.7 kb insert of BAM HI DNA,
which maps near the 5' end of the element (9). BAM HI elements, although often truncated at the 5' end, are 7 kb in length (9).
Subcomponents have been named R (14), BAM 5 (B5) (8), and MIF-1 (1). All BAM HI elements characterized to date contain
polydeoxyadenylate tracks (An) at the 3' end (9, 14, 36, 37). The GR-MTV-8 provirus (also known as GR-40 [18, 19, 21]) is located ca. 1.6
kb from the consensus 5' end of the BAM HI element, making the entire chimeric structure about 17 kb in size (MuMTV proviruses are about
10 kb). The top and bottom lines show portions of the sequences flanking the GR-MTV-8 provirus (bottom) and the corresponding sequence
from pMXB6 (top). The 6-bp sequence duplicated by insertion of the provirus is underlined, and nonmatching bases are given in lowercase
letters (top line). Only a short stretch of sequence is presented in the figure; several hundred bp of DNA flanking the provirus have been
sequenced and show, overall, 85% homology with the pMXB6 sequence.

responding region of pMXB6 demonstrated that the two
BAM HI family members share about 85% homology. One
conserved region in the two sequences was the 6-bp se-
quence duplicated during the insertion of the provirus (Fig.
1, underlined sequences).
MuMTV mRNA transcripts are readily detectable in GR/A

mammary glands, solid mammary tumors, and tumor cell
lines (29, 35), and results from several laboratories suggest
that these RNAs originate from only two of the endogenous
GR-MuMTV proviruses, GR-MTV-2 and GR-MTV-3 (12,
16, 26). No evidence for in situ transcription of GR-MTV-8
was obtained (12, 16, 26). Nevertheless, when cloned and
transfected into mouse cells, GR-MTV-8 was transcribed,
and transcription was under hormonal control (18, 19, 21).
This indicates that GR-MTV-8 possesses all of the regulatory
signals necessary for transcription, and yet the provirus
appears to be transcriptionally silent in both normal and
malignant mouse cells. Could the Bam HI sequences flanking
GR-MTV-8 play a role in transcriptional silencing of this
provirus?
The inhibitory effect of flanking DNA on proviral tran-

scription has been noted by others (3, 7). The exact mecha-
nism by which inhibition occurs is presently unknown, but it
may involve the state of proviral DNA methylation (3, 20),
although other mechanisms have been proposed (7). Cer-
tainly the proviral methylation pattern, as well as the loca-
tion of the provirus in the host genome, are important and
may be correlated with one another and with transcriptional
activity (20). Because virtually all BAM HI elements are
highly methylated (2, 30) and poorly transcribed, we propose
the following scenario. Upon integration into the BAM HI
element, the GR-MTV-8 provirus assumed a methylation
pattern similar to that of the BAM HI element, rendering the
provirus transcriptionally silent. When these methylation
constraints are removed by cloning, proviral transcriptional
activity is restored (18, 19, 21).
MuMTV proviruses exhibit various extents of hypome-

thylation in different mouse tissues. For example, in liver,
brain, and kidney, all proviruses appear to be extensively
methylated. In other tissues, such as spleen, testes, and
placenta, various MuMTV proviruses are hypomethylated

(17; T. Fanning, W.-S. Hu, and R. Cardiff, manuscript in
preparation). Although one or more proviruses have been
found to be hypomethylated in many nonmammary tissues,
no MuMTV-specific mRNAs have been detected in these
same tissues (17). To explain this observation, we (17) and
others (15) have proposed that MuMTV proviruses adopt the
methylation patterns of the surrounding sequences ("hitch-
hiker" effect [17]) and that these flanking sequences are
hypomethylated in a tissue-specific fashion (15, 17). Our
results with GR-MTV-8 certainly support such a model,
especially in view of the following facts: (i) GR-MTV-8
appears to be highly methylated in all adult mouse tissues
(15), and (ii) virtually all BAM HI elements are highly
methylated in all adult mouse tissues (2, 30).

Finally, we note that not all BAM HI elements are
transcriptionally silent and that BAM HI RNA is detectable
in some mouse cells (8, 32). A provirus which integrated into
an active BAM HI element might, therefore, be transcribed
along with the element itself. Alternatively, the provirus
might cause transcription of a nontranscribed BAM HI
element. To our knowledge, no events of this nature have
been reported, either for MuMTV or for any other pro-
viruses or provirus-like sequences. However, because the
mouse genome contains such a vast array of repetitive
elements (31), proviruses (34), and provirus-like elements
(22), it is conceivable that transcriptional activation of one
class of elements by members of another class may occur
under certain circumstances. Since BAM HI elements ap-
pear to be propagated in a manner analogous to proviruses,
via reverse transcription of RNA (9), such events could lead
to coamplification of repetitive DNA-provirus chimeric struc-
tures in the mouse genome.
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