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Five mouse mammary tumor virus proviruses and their flanking cellular DNA sequences have been cloned
from a transplanted C57BL/6 (B6) T-cell lymphoma containing additional copies of mouse mammary tumor
virus DNA. Characterization of these proviruses and their flanking DNA indicates that B6 lymphomas contain
many newly integrated mouse mammary tumor virus copies synthesized by a mechanism(s) which generates
polymorphism or deletions or both.

The number of mouse mammary tumor virus (MMTV)
proviruses is increased in the DNA of many T-cell
lymphomas compared with that found in the germ line (10,
11, 18). To further investigate the mechanism of this phe-
nomenon, we have molecularly cloned several MMTV pro-
viruses and their adjacent cellular sequences from a
C57BL/6 (B6) lymphoma carrying additional MMTV provi-
ruses. Analysis of these clones indicates that MMTV DNA
acquisition does not involve localized replication (1, 9, 25) of
a single chromosome, but rather replication and reintegra-
tion of MMTV proviruses into different chromosomes by a
mechanism(s) which promotes polymorphism among new
proviruses.

Isolation and restriction mapping of molecularly cloned
MMTV proviruses. To examine the structure of MMTV
proviruses and their flanking cellular sequences, we pre-
pared a library of B6 lymphoma DNA. Five recombinant
clones were isolated by screening in vitro packaged phage by
hybridization to cloned MMTV probes.

Restriction mapping of three clones, AA Cl 1, 2, and 6, is
shown in Fig. 1 and compared with maps of two endogenous
proviruses of B6 mice, Mtv-8 (unit II) (15, 23) and Mtv-9
(unit III) (7, 23). Initial observations show that the overall
order of viral genes is similar to that seen for other MMTV
proviruses. Conserved sites between Mtv-8 and clones 1, 2,
and 6 appear to be the internal KpnI and BglII sites within
the gag-pol region as well as the single EcoRI and HindIll
sites. However, examination of sites 3' to the HindIll site
reveals a number of restriction site polymorphisms among
clones using the enzymes PstI, BamHI, and BglII. This
degree of polymorphism in our molecular clones has not
been observed in published maps of other cloned MMTV
proviruses (14, 20, 22). As expected from previous data (11),
the AA Cl 1 and 2 proviruses lack the 1.0-kilobase (kb) PstI
fragment typical of milk-borne MMTV; therefore, it is un-
likely that these proviruses derive from exogenous MMTV
which is found in B6 mice only as a consequence of
laboratory infection (8, 11).

Subcloning of cellular flanking regions from clones 1 and 2.
Because we previously observed similar sizes of newly
acquired MMTV-cell junction fragments in distinguishable
tumors of the same mouse strain (11), we used Southern
blotting (26) to examine the integration sites of the clone 1
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and 2 proviruses in B6 and other tumors. Chromosomal
DNAs from normal B6 liver and from B6 T-cell lymphomas
were digested with EcoRI, subjected to electrophoresis on
agarose gels, and then transferred to nitrocellulose. The
DNA then was hybridized to a 5' flanking probe from AA Cl
1 (probe B, Fig. 2A). Liver DNA samples contain a single
EcoRI band of 9.4 kb (Fig. 2A, lane 4), whereas two B6
lymphomas with amplified MMTV DNA contain a single
additional fragment of 13.4 kb (Fig. 2A, lanes 5 and 6). The
latter corresponds approximately to the size predicted from
the AA Cl 1 provirus (Fig. 1). Examination of additional
lymphomas from A/J and BALB/c mice (ASL1, RLd1, and
S49) and a GR mouse mammary tumor line revealed a germ
line 11.4-kb fragment in all cases (Fig. 2A, lanes 2, 3, 8, and
9). These results indicate that the site detected by probe B is
occupied by a single new MMTV provirus and that similar
new proviruses are present in other B6 lymphomas (B6Mo3
and EL4) containing additional MMTV DNA (Fig. 2A, lanes
5 and 6). Moreover, the relative intensity of the tumor-
specific band does not appear to be greater than that of the
germ line band, suggesting that there has been no amplifica-
tion of cellular DNA flanking the clone 1 provirus.
To characterize the integration site of a second provirus,

regions of unique DNA were located in cellular DNA
flanking AA Cl 2. Probe D (Fig. 1) was hybridized to
Southern blots containing normal or lymphoma-derived
chromosomal DNA which had been digested with Hindlll
(Fig. 2B). Liver DNA from B6 mice showed a single 5.4-kb
fragment (Fig. 2B, lane 1), wherease B6 tumors with ampli-
fied MMTV proviruses did not (Fig. 2B, lanes 2 and 3).
Instead, the tumors RBL-5 and EL4 contained a fragment of
7.0 kb. In addition, the tumor EL4 contained two faint bands
of 14.5 and 5.4 kb (Fig. 2B, lane 2). Similar faint bands have
been observed in additional experiments with probe C (Fig.
1) (data not shown). These data suggest the loss of all or part
of the chromosome containing the unoccupied proviral inte-
gration site.
DNA samples from BALB/c mice or a GR mammary

tumor line revealed a single 5.4-kb fragment with probe D
(Fig. 2B, lanes 4 and 5; data not shown). The latter suggests
that several B6 lymphomas but not other tumors contain the
clone 2 provirus. Amplification of proviral flanking DNA
was not detected with either probe C or D (Fig. 2B and 2C;
data not shown). Moreover, hybridization experiments with
flanking probes from Mtv-8, -9, and -17 (the probable pro-
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FIG. 1. Restriction maps of MMTV proviruses. Data for the Mtv-9 map were compiled from Cohen et al. (7) and Peterson et al. (23). The
Mtv-8 map was derived from data of Hynes et al. (15) and Peterson et al. (23). The lymphoma-derived MMTV clones were constructed by
ligation of purified Charon 4A arms (4) to partial EcoRI digests of size-selected (10 to 20 kb) DNA from the B6 lymphoma line P3C.
Subsequently the DNA was packaged in vitro (3), titers were determined, and the DNA was plated without amplification. Nitrocellulose
replicas (2) were screened by hybridization to MMTV probes. Clones were plaque purified before isolation of DNA and restriction enzyme
analysis. The restriction enzymes used to generate maps of lymphoma-derived proviruses (AA Cl 1, 2, and 6) were BamHI (B), KpnI (K),
EcoRI (E), PstI (P), HindlIl (H), and BgII (B2). Subcloned probes in plasmid vector pUC9 (28) are designated by the circled letters A through
D. The open boxes represent unique sequences, and the closed boxes are repetitive DNA.

genitors of the clone 1 and 2 proviruses) revealed no ampli-
fication or rearrangement of the three endogenous B6 provi-
ruses (data not shown).
Mapping of clone 1 and 2 proviruses by somatic cell

hybridization. Hybridization analyses with cloned flanking
probes from either amplified or endogenous proviruses did
not support localized gene amplification as the mechanism of
MMTV DNA acquisition in lymphomas. To investigate
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FIG. 2. Southern blots of normal or tumor-derived DNA samples. (A) Hybridization of EcoRI-digested DNA to probe B. Lanes: 1,
BALB/c liver; 2, S49G3 (BALB/c lymphoma); 3, RL & 1 (BALB/c lymphoma); 4, B6 liver; 5, B6Mo3 (B6 lymphoma); 6, EL4 (B6 lymphoma);
7, A/J liver; 8, ASL1 (A/J lymphoma); 9, GR mouse mammary tumor cells. (B) DNA samples (10 ,ug) were digested with Hindlll, blotted onto
nitrocellulose, and hybridized to probe D. Lanes: 1, B6 liver; 2, EL4 (B6 lymphoma); 3, RBL-5B (B6 lymphoma); 4, BALB/c liver; 5, RLd 1
(BALB/c lymphoma). (C) Samples were digested with EcoRI and hybridized to probe D. Lanes: 1, B6 thymus; 2, C6XL (B6 lymphoma); 3,
ERLD (B6 lymphoma); 4, P4C (B6 lymphoma); 5, RBL-5B (B6 lymphoma). All lymphomas except ERLD and C6XL had increased MMTV
DNA copies. Southern blots and nick translations were performed as described previously (11). The origin and passage of these tumors and
cell lines have been reported (11). The C6XL line was obtained from J. Allison (University of Texas, Science Park).
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TABLE 1. Mapping of AA Cl 1 proviruses
No. of hybrid clones"

Mouse (AA Cl 1/chromosome retention-)
chromosome Discordant

+/+ _/_ +- 1

1 0 9 0 11'' 55
2 0 11 0 9 45
3 0 10 0 6 38
4 0 12 0 9 43
5 0 17 0 4 19
6 0 10 0 9 47
7 0 6 0 15 71
8 0 15 0 5 25
9 0 13 0 7 35
10 0 17 0 3 15
11 0 20 0 0 0
12 0 8 0 8 50
13 0 9 0 7 44
14 0 16 0 4 20
15 0 2 0 14 88
16 0 11 0 6 35
17 0 7 0 10 59
18 0 9 0 8 47
19 0 10 0 9 47
X 0 9 0 9 50

a Hamster-mouse somatic cell hybrids were prepared by fusion of HGPRT-
minus Chinese hamster and mouse (BALB/c, A, or NFS) spleen cells using 3-
propriolactone-inactivated Sendai virus (6, 16). Hybrids were isolated in
medium containing hypoxanthine, aminopterin, and thymidine or back-
selected in medium containing 8-azaguanine. Mouse chromosomes retained in
each hybrid line were identified by trypsin-Giemsa banding and by isoenzyme
analysis.

b Of the 21 hybrids analyzed for AA Cl 1 cellular flanking DNA, 16 were
karyotyped by Giemsa-trypsin banding, and 5 were typed for expression of
vafious mouse isozyme markers.

' Nine hybrids lacked AA Cl 1 and chromosome; 11 hybrids retained
chromosome but did not have AA Cl 1.

whether novel proviruses were localized to a single chromo-
some, we used the technique of somatic cell hybridization.
Southern blots ofDNA derived from mouse-hamster hybrids
containing known mouse chromosome complements were
hybridized to probes for unique cellular flanking regions
from either clone 1 or 2 (Tables 1 and 2). These data indicate
that the clone 1 provirus resides on chromosome 11, whereas
the clone 2 provirus is on chromosome 3. We conclude that
the additional MMTV provituses in T-cell lymphomas are
not localized to a single mouse chromosome.

Transcription of MMTV DNA in lymphomas. Although
previous data indicated that no mature MMTV proteins are
made in B6 lymphomas containing increased MMTV DNA
(11), it was unclear whether this block was at the transcrip-
tional or translational level. Northern blots (27) of lymphoma
samples and GR mouse mammary tumor cells producing
milk-borne virus revealed that the total level of RNA is
similar in these cell types (Fig. 3A). The level in lymphomas
was not affected by the presence of the hormone
dexamethasone (compare lanes 3 and 4 of Fig. 3A). As
previously reported (12), there are two species of mRNA in
GR tumor cells of 8.4 and 3.3 kb (Fig. 3A, lanes 1 and 2).
Comparison with RNA species found in lymphomas with
additional MMTV proviruses reveals two species of 8 and
2.9 kb in total RNA (Fig. 3A, lanes 3 through 7). Poly(A)-
containing RNAs are similar to those seen with total RNA
(Fig. 3B), except that longer film exposures revealed an
additional band of 1.6 kb. Polyadenylated RNAs from
lymphomas containing a germ line complement of MMTV
proviruses show no detectable RNA on this or longer
exposures (Fig. 3B).

We previously have shown that many transplanted T-cell
lymphomas of murine origin contain increased copies of
MMTV DNA (11). In this report we have cloned five
independent MMTV proviruses from a B6 lymphoma carry-
ing additional MMTV DNA and have characterized three of
them with respect to their viral and flanking cellular DNA.
This analysis indicated that additional MMTV proviruses did
not arise by gene amplification (1, 9, 25). Southern blotting
experiments with cloned cellular flanking DNA confirm that
clones 1 and 2 are novel proviral insertion events present
only in B6 lymphomas, whereas clones 6 and 7 appear to be
the 3' ends of the endogenous proviruses Mtv-17 and Mtv-9
(L. Hsu, A. Glasgow, and J. Dudley, unpublished data).
Our present results reveal several novel findings. First,

restriction mapping of cloned MMTV proviruses indicated
an unexpected degree of polymorphism in viral DNA. This
degree of polymorphism could arise through error-prone
reverse transcription, although such extensive variation has
not been observed previously in cells infected by exogenous
MMTV (14, 20, 22). Second, a part or all of the chromosome
harboring the unoccupied clone 2 provirus integration site
has been lost from several B6 lymphomas containing addi-
tional MMTV DNA. Although the loss of homologous alleles
is not unprecedented in nonvirally induced tumors (13, 21,
24), the findings in B6 lymphomas may indicate selection for
proviral integration events whose effects are expressed as
recessive traits. A third observation of this study reveals
high levels of truncated RNAs in B6 and BALB/c
lymphomas. Such transcripts are consistent with deletions
reported in the U3 region of the long terminal repeat of other
lymphoma-derived MMTV proviruses (17, 19). In summary,
our findings suggest a novel mechanism for replication and
dispersal (possibly retrotransposition [5]) of endogenous
MMTV proviruses whose unique cellular locations may lead
to aberrant gene activation in T-cell lymphomas.

TABLE 2. Mapping of AA Cl 2 proviruses
No. of hybrid clones

Mouse (AA Cl 2/chromosome retention") %
chromosome Discordant

+/+ /I- +l- -I+

1 10 8 4 5 33
2 7 9 7 4 41
3 9 10 0 0 0
4 6 9 10 4 48
5 2 11 14 2 55
6 10 9 5 4 32
7 10 4 5 9 50
8 4 10 10 3 48
9 5 13 8 1 33
10 2 13 13 0 46
11 0 11 12 0 52
12 4 5 5 4 50
13 4 5 6 3 50
14 5 13 10 1 38
15 8 3 1 6 39
16 4 9 6 2 38
17 10 5 3 5 35
18 6 8 3 2 26
19 6 7 6 3 41
X 11 11 5 3 27

a Eighteen of the 30 clones were karyotyped by Giemsa-trypsin banding,
and 12 were typed for expression of various mouse isozyme markers. Ten
hybrids had chromosome 1 and AA Cl 2 flanking DNA (+/+); 8 hybrids had
neither AA Cl 2 flanking DNA nor chromosome 1 (-/-); 4 hybrids had AA Cl
2 flanking DNA but lacked chromosome 1 (+-); 5 hybrids lacked AA Cl 2
flanking DNA but retained chromosome 1(-/+).
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FIG. 3. Northern blot analysis of RNA from lymphomas. (A)
Total RNA was extracted from cells, and 30 ,ug was run on 1.2%
formaldehyde gels as described by Thomas (27). After blotting onto
nitrocellulose, the samples were hybridized to nick-translated,
cloned MMTV LTR. Lanes: 1, GR mouse mammary tumor cells
grown in 10-- M dexamethasone for 24 h; 2, GR cells without
dexamethasone; 3, RBL-SB B6 lymphoma cells grown with
dexamethasone; 4, RBL-SB cells without dexamethasone; 5, B6Mo3
B6 lymphoma cells grown with dexamethasone; 6, B6Mo3 cells
without dexamethasone; 7, S49 BALB/c lymphoma cells without
dexamethasone. Dexamethasone was toxic for S49 cells. (B) Sam-
ples of 2 jig of poly(A)-containing RNA were run on denaturing gels,
blotted onto nitrocellulose, and hybridized to labeled MMTV long
terminal repeat probe. Lanes: 1, ERLD (B6 lymphoma); 2, C6XL
(B6 lymphoma); 3, RBL-5B (B6 lymphoma); 4, P4C (B6 lymphoma).
ERLD and C6XL did not have additional MMTV DNA.
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