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Mouse mammary tumor virus is a replication-competent B-type murine retrovirus responsible for mammary
gland tumorigenesis in some strains of laboratory mice. Mouse mammary tumor virus is transmitted
horizontally through the milk (exogenous or milk-borne virus) to susceptible offspring or vertically through the
germ line (endogenous provirus). Exogenously acquired and some endogenous mouse mammary tumor viruses
are expressed at high levels in lactating mammary glands. We show here that there is packaging of the
endogenous Mtv-l virus, which is expressed at high levels in the lactating mammary glands of C3H/HeN mice,
by the virions of exogenous C3H mouse mammary tumor virus [MMTV(C3H)]. The mammary tumors induced
in C3H/HeN mice infected with exogenous MMTV(C3H) virus contained integrated copies of recombinant
virus containing a region of the env gene from an endogenous virus. This finding indicates that there was
copackaging of the Mtv-) and MMTV(C3H) RNAs in the same virions. Moreover, because Mtv-) encodes a

superantigen protein with a VP1 specificity different from that encoded by the exogenous virus, the packaging
of Mtv-) results in an infectious virus with a broader host range than MMTV(C3H).

Retroviruses are subject to recombination with other endo-
genous or exogenous retroviral genomes present in the same
cell because the RNA-dependent DNA polymerase, reverse
transcriptase, can switch templates during replication (16, 20).
Retroviruses have dimeric genomes; two homologous or het-
erologous positive-strand RNA molecules are held together at
or close to their 5' ends in virus particles (8). High-frequency
retroviral recombination due to strand switching occurs follow-
ing infection of cells by virus particles containing two different
RNA strands (19). Such heterozygous viruses result either
from infection of a given cell expressing endogenous proviruses
by exogenous viruses or from coexpression of two different
endogenous or exogenous sequences (6, 19, 36). As a result of
the recombination events, new infectious retroviruses with
altered biological activities can be generated (7).
Mouse mammary tumor virus (MMTV) is an endogenous

virus in mice that is expressed at high levels in the lactating
mammary gland (5, 18), in part as a result of a tissue-specific
enhancer localized in the long terminal repeat (LTR) (27).
MMTV can also be acquired as an infectious agent, when
newborn mice suckle on viremic females that shed virus
particles in milk (28, 29). This virus, termed exogenous
MMTV, infects cells of the mammary gland, leading to mam-
mary tumors when it integrates near cellular oncogenes (31).
The majority of endogenous Mtv proviruses are noninfectious
and are not associated with mammary gland tumors (24).
MMTV has an open reading frame in its LTR that encodes

a superantigen (Sag) protein (1, 3). The Sag proteins encoded
by endogenous MMTV proviruses stimulate the proliferation
of T cells with specific VP chains of the T-cell receptor in
mixed cultures of spleen cells from mice of different genetic
backgrounds that are matched at the major histocompatibility
complex locus (3, 32) and cause T-cell deletion during shaping
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of the immune repertoire in vivo (11, 12, 40). Variations in the
amino acid sequence of the C-terminal end of the Sag proteins
encoded by the different endogenous proviruses result in the
stimulation or deletion of different VP-bearing T cells (2, 4). It
has recently been shown that the Sag stimulation of T cells is
a requisite step in the MMTV infection pathway (13, 17).
Furthermore, mice that express endogenous Sag proteins and
delete cognate T cells are resistant to infection by exogenous
MMTVs encoding Sag proteins with the same VP3 specificity
(13, 17).
Because exogenous MMTV infects epithelial cells of the

mammary gland, endogenous MMTV proviruses that are
highly expressed in this tissue could be copackaged with
exogenous virus and result in the formation of recombinant
virus. We show here that the endogenous Mtv-1 locus is highly
transcribed in the lactating mammary gland of C3H/HeN mice,
although little or none of this viral RNA is packaged into
virions. In contrast, in C3H/HeN mice infected with the
exogenous virus, MMTV(C3H), the Mtv-] RNA is packaged
into virions that are shed into milk. Because the Sag protein
encoded by Mtv-1 stimulates T cells containing a different
T-cell receptor VP chain, this virus can infect different mice
than virus that contains only exogenous virus RNA. We also
show that MMTV(C3H)-induced mammary tumors contain
integrated recombinant proviruses that have part of their env

genes derived from an endogenous virus, indicating that the
Mtv-1 and MMTV(C3H) RNAs are copackaged. These results
indicate that recombination could play a role in MMTV-
induced mammary tumorigenesis.

MATERIALS AND METHODS

Mice. Female and male C3H/HeN MMTV-, C3H/HeN
MMTV+, AKR/NCr, and BALB/c mice from colonies of
germ-free-derived, defined-flora animals were purchased from
the National Institutes of Health Frederick Cancer Research
Facility, Frederick, Md.

Fluorescence-activated cell sorting analysis. Peripheral
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FIG. 1. Diagram of the MMTV provirus, the three transcripts
generated from it, and the probes used for RNase T1 protection
analysis. The 115-bp hypervariable region of the LTRs of different
MMTVs is shown as an open box of 115 bp, while the hatched boxes
(118 and 107 bp) flanking this area represent regions of high homol-
ogy. The probes produced from the MMTV(C3H) and Mtv-J plasmids
were 440 and 443 nt long, respectively. RNA transcribed from the
MMTV(C3H)- and Mtv-1-like proviruses produced protected frag-
ments of 340 and 343 nt, respectively.

blood leukocytes were isolated as described previously (13).
Cells were stained for 45 min at 4°C with titrated amounts of
antibodies (rat anti-CD4 labeled with phycoerythrin [Gibco/
BRL, Gaithersburg, Md.] and fluoresceinated rat anti-V1314
[PharMingen, Inc., San Diego, Calif.] [25] or fluoresceinated
rat anti-VP3 [PharMingen]), washed twice, and analyzed on an
electronically programmable individual cell sorter (Coulter
Electronics Inc., Hialeah, Fla.). Dead cells were gated out by
propidium iodide staining.
RNase T1 protection assays. The regions containing the 3'

LTR sequences present in all three viral transcripts (filled box
in Fig. 1) were isolated as Sau3A-Sau3A fragments of 340 bp
[MMTV(C3H)] and 343 bp (Mtv-1) [map positions bp 744 to
1083 relative to the MMTV(C3H) LTR (2)] and cloned into
the BamHI site of the pBluescript vector (Stratagene, Inc.)
(narrow open boxes in Fig. 1). For the generation of probes,
pBluescript carrying either of the inserts was cut with XhoI,
and T3 RNA polymerase was used to create [32P]UTP-labeled
antisense RNA. Forty micrograms of total RNA isolated from
the lactating mammary glands of different strains of mice was

used for RNase T, protection analysis as previously described
(14).

Isolation of viral RNA from milk Solidified milk was
isolated from the stomachs of four to five nursing pups (1 to 2
days old), diluted in 10 volumes of phosphate-buffered saline
containing 1 mM EDTA, and centrifuged at 2,000 x g for 15
min, and the cream and pellet were discarded. The skim milk
was centrifuged at 15,000 x g for 30 min, the pellet was

discarded, and the supernatant was recentrifuged at 95,000 x
g for 1 h. RNA was isolated from the pellets and subjected to
RNase T, protection analysis. The relative amounts of endo-
genous and exogenous viral RNA packaged were estimated by
densitometric analysis of X-ray films, using the Scan Analysis
program from Biosoft, Inc., and a Hewlett-Packard Scanjet
Plus scanner with a Macintosh II computer.

Southern blot analyses. Mammary gland tumors were ex-
cised from the surrounding normal tissue, and DNA was
isolated by proteinase K-sodium dodecyl sulfate digestion
followed by phenol-chloroform extraction and ethanol precip-
itation. Twenty micrograms of each DNA was digested with the
indicated restriction enzymes as instructed by the manufac-
turer (Gibco/BRL) and electrophoresed on 0.8% agarose gels.
After transfer to nitrocellulose, the blots were hybridized with
the 32P-labeled probe diagrammed in Fig. 5B, washed, and
exposed to Kodak XAR5 film, using Cronex Lightening Plus
intensifying screens. Densitometric scanning and analysis were
performed as described for the RNase protection autoradio-
grams.

RESULTS

The Mtv-1 and Mtv-6 proviruses are expressed in the
lactating mammary glands of C3H/HeN mice. Five endoge-
nous MMTV proviruses (Mtv-1, Mtv-6, Mtv-8, Mtv-11, and
Mtv-14) are present in the genome of C3H/HeN mice (24). All
of these loci except Mtv-6 (which lacks the gag and pol genes
and most of the env gene) have complete proviral genomes
(24). To determine which of these Mtv loci were expressed in
the lactating mammary glands of C3H/HeN mice, RNase T1
protection analysis was performed with probes that were
specific to the Mtv-1 virus or MMTV(C3H) LTR (Fig. 1). The
probes spanned the region encoding the C terminus of the
MMTV Sag protein; this region shows the least homology
among different LTRs (2). The sequences of the Mtv-1 and
Mtv-6 LTRs in this region are similar to each other but are
different from those of other sequenced endogenous and
exogenous MMTV LTRs (Fig. 2) (2, 9); RNAs transcribed
from the Mtv-1 and Mtv-6 loci are indistinguishable by this
analysis. Similarly, RNA transcribed from MMTV(C3H) is
indistinguishable from that expressed from the Mtv-11, Mtv-8,
and Mtv-9 endogenous viruses, because their sequences in this
region are highly homologous (Fig. 2) (2). Thus, using the two
probes, RNAs transcribed from the two different groups of
retroviruses in several inbred mouse strains, Mtv-1-like versus
MMTV(C3H)-like, could be distinguished.

Figure 3 represents the results of RNase T1 protection
analysis performed with total RNA isolated from the lactating
mammary glands of mouse strains that have different endoge-
nous Mtv loci: C3HIHeN (Mtv-1, -6, -8, -11, and 14), AKR/NCr
(Mtv-7, -8, -9, -17, -23, and 30), and BALB/c (Mtv-6, -8, and -9)
(24). With the Mtv-1-specific probe, a band of 343 nucleotides
(nt) corresponding to full-length protection of the probe was
seen with RNA from BALB/c (Mtv-6) (Fig. 3A, lane 2) and
C3H/HeN (Mtv-1 and Mtv-6) (lanes 3 and 4) but not AKR/NCr
(no Mtv-] or Mtv-6) (lane 1) mice. The bands of 118 and 107 nt
observed with the RNA from the lactating mammary glands of
C3H/HeN MMTV+ and AKRINCr mice correspond to
MMTV(C3H) and endogenous Mtv viruses, respectively, which
have incomplete homology to the probe used (Fig. 1).
When the MMTV(C3H)-specific probe was used for similar

analysis, a 340-nt band corresponding to full-length protection
was seen only with the RNA from the infected mammary
glands of C3H/HeN MMTV+ mice (Fig. 3B, lane 3) but not
uninfected C3H/HeN, BALB/c, or AKR/NCr mice (lane 4, 2,
or 1, respectively). The smaller bands of 118 and 107 nt
observed with RNA from the infected and uninfected lactating
mammary glands of C3H/HeN and BALB/c mice corre-
sponded to the Mtv-1 and Mtv-6 loci. The bands observed with
RNA isolated from AKRINCr mice represented expression
from the Mtv-17 locus (data not shown).
These experiments showed that there are at most two
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FIG. 2. Sequences of the 115-bp hypervariable regions of the LTRs of MMTV(C3H) and the endogenous Mtv viruses described in this report
(taken from reference 2).

endogenous Mtv loci expressed at high levels in the lactating
mammary glands of uninfected C3H/HeN mice, Mtv-1 and
Mtv-6. Surprisingly, none of the other Mtv loci were expressed
at detectable levels in C3H/HeN mammary glands; Mtv-9,
Mtv-11, or Mtv-14 RNA (the Mtv-8 locus is transcriptionally
silent [40]) was detected, however, in the spleens of these mice
(data not shown).

Coexpression of Mtv-1 and exogenous MMTV(C3H) results
in packaging of Mtv-1 viral RNA. Mtv-1 was a possible candi-
date for packaging into MMTV(C3H) particles in C3H/HeN
MMTV+ mice, since it is one of two loci expressed at high
levels in mammary gland cells and it has a complete proviral
genome (the Mtv-6 provirus contains primarily two LTRs)
(24). To determine if Mtv-1 RNA was packaged into virus
particles, RNA was isolated from the milk of infected and
uninfected C3H/HeN females and used for RNase T1 protec-
tion analysis. Figure 4 represents the results of the analysis
performed with this RNA as well as with RNA isolated from
the lactating mammary gland tissue of infected and uninfected
C3H/HeN females, using the Mtv-1-specific probe.
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RNA isolated from the milk of nonviremic females con-
tained no detectable Mtv-1-specific sequences (Fig. 4, lane 1),
although this RNA was abundant in their mammary glands
(lane 4). This result indicates that packaging of the Mtv-1 RNA
does not occur in uninfected females and that this provirus
must be defective. In contrast, both the milk (lane 2) and
mammary glands (lane 3) of infected females contained large
amounts of both MMTV(C3H)- and Mtv-1-specific RNA (at
about a 10:1 ratio, as determined by densitometric analysis of
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FIG. 3. Expression of endogenous Mtv loci in the mammary glands

of different mouse strains. RNA isolated from the lactating mammary
glands of AKR/NC (lane 1), BALB/c (lane 2), C3H/HeN MMTV+
(lane 3), and C3H/HeN MMTV- (lane 4) mice was used for RNase T,
protection analysis. A probe specific for the LTR of Mtv-1 (A) or an

MMTV(C3H) LTR-specific probe (B) was used. In lane 3 of panel B,
in addition to the bands corresponding to exogenous virus, there are
multiple bands between 118 and 343 nt, most likely corresponding to
premature termination of viral RNA transcription, as previously
reported (13).

.11-
FIG. 4. Packaging of Mtv-1 RNA into MMTV(C3H) viral particles.

RNA was isolated from high-speed pellets (see Materials and Meth-
ods) of the milk of infected and uninfected C3H/HeN females and
subjected to RNase T1 protection analysis using the Mtv-1-specific
probe. Lane 1, RNA isolated from the milk of C3H/HeN MMTV-
mice; lane 2, RNA isolated from the milk of C3H/HeN MMTV+ mice;
lane 3, RNA from the lactating mammary glands of C3H/HeN
MMTV+ mice; lane 4, RNA from the lactating mammary glands of
C3H/HeN MMTV- mice. Forty micrograms of total RNA isolated
from the lactating mammary glands of C3H/HeN- MMTV and
MMTV+ mice and 1 ,Lg of RNA isolated from the milk were used in
this experiment. The 343-nt protected band corresponds to Mtv-1
RNA; 118- and 107-nt protected bands correspond to MMTV(C3H)
RNA.
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FIG. 5. Analysis of the structure of the newly integrated recombinant MMTV found in the mammary gland tumors of C3H/HeN MMTV+ mice.
(A) High-molecular-weight DNAs from mammary gland tumors (lane 2 to 8) and from the spleen of an uninfected C3H/HeN mouse (lane 1) were
digested with PstI and BglII and subjected to Southern blot analysis with the hybridization probe depicted in panel B. (B) Map of the endogenous
proviruses present in C3H/HeN mice and MMTV(C3H) provirus. The presence of the 2.3- and 1.5-kb fragments is characteristic of newly
integrated copies of MMTV(C3H). Abbreviations: P, PstI; B, BglII.

the autoradiogram). Similar analysis was performed with RNA
isolated from the milk of MMTV(C3H)-infected BALB/c
mice, which lack Mtv-1 and express only the Mtv-6 endogenous
provirus in mammary gland (Fig. 3), and no packaging of this
incomplete viral RNA into the exogenous virus particles was
detected (not shown). Thus, Mtv-1 RNA is efficiently packaged
into the virions of exogenous virus.
MMTV(C3H)-induced mammary tumors contain recombi-

nant virus. MMTV does not encode an oncogene, and inte-
gration into the DNA of mammary gland cells after infection
leads to the activation of cellular genes, termed int genes (31).
The virus-induced tumors always carry new proviruses and are
oligoclonal or uniclonal with respect to acquired proviruses. By
10 months of age, more than 90% of force-bred C3H/HeN
MMTV+ mice develop mammary tumors (15).

It is known that recombination among retroviruses appears
to require copackaging of two genetically different RNA
species in virions and a second round of infection (8). Because
we found that there was efficient packaging of Mtv-1 RNA in
the mammary glands of MMTV(C3H)-infected mice, it was
likely that some of the virions contained both Mtv-1 and
MMTV(C3H) genomic RNAs. Infection of the mammary
gland with such heterologous virions could lead to viral
recombination and integration of such recombinant viruses
into the genome of mammary gland cells.
To determine whether recombinant MMTV was present in

the mammary gland tumors of C3H/HeN MMTV+ mice, DNA
was extracted from 30 independent tumors that developed by
10 months of age and examined by Southern blot analysis for
additional copies of exogenous or endogenous MMTV. The
tumor DNA was digested with PstI and BglII and hybridized to
the probe diagrammed in Fig. SB. This analysis allowed
distinction of MMTV(C3H) from the five endogenous MMTV
proviruses (Mtv-1, Mtv-6, Mtv-8, Mtv-11, and Mtv-14) present in

C3H/HeN genome. The endogenous Mtv loci (except Mtv-6,
which does not hybridize to this probe because it lacks the gag
andpol genes and most of the env gene [24]) yielded fragments
of 3.0 kb (gag-pol) and 2.1 kb (pol-env), while digestion of
integrated MMTV(C3H) proviruses yielded fragments of 2.3
kb (pol-env) and 1.5 kb (gag-pol) (Fig. SB).
By this analysis, the tumors could be divided into two groups.

Group 1 represented the majority of tumors (21 of 30), which
contained bands of both 1.5 and 2.3 kb, corresponding to newly
acquired copies of wild-type exogenous MMTV(C3H) (Fig.
SA, lanes 2 to 5 and 7). Group 2 tumors (9 of 30) also
contained additional copies of MMTV proviruses, but in
contrast to the first group, the newly integrated proviruses
lacked the characteristic 2.3-kb band specific for MMTV(C3H)
(lanes 6 and 8). In addition, there appeared to be an amplifi-
cation of the hybridization signal to the 2.1-kb band specific for
endogenous Mtv viruses in these tumor DNAs; densitometric
analysis of the autoradiographs indicated that there was from
two- to fivefold more hybridization to the 2.1-kb band in these
tumor DNAs than in the spleen DNA (lane 1). All tumors had
the 1.5-kb band characteristic of the gag-pol region of
MMTV(C3H) (Fig. 5A). Thus, the newly acquired proviruses
found in the group 2 tumors represented the result of a
recombination between the 3' half of an endogenous Mtv and
the 5' half (including 5' LTR, gag, and pol regions) of
MMTV(C3H). Some of the DNAs in group 1 also appeared to
have increased hybridization to the 2.1-kb band (Fig. SA, lane
7), suggesting that these tumors had recombinant viruses in
addition to MMTV(C3H).
These results indicated that recombination between exoge-

nous and endogenous viruses had occurred, such that tumors
of group 2 had the 5' half of MMTV(C3H) and the 3' half of
an endogenous virus, most likely Mtv-1. To determine whether
the entire 3' half of the recombinant virus was derived from
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FIG. 6. RNase T1 protection analysis with RNA isolated from
mammary gland tumors. RNA was isolated from individual mammary
tumors and subjected to RNase T, protection analysis using the
MMTV(C3H)-specific probe. Lane 1, yeast tRNA; lanes 2 to 4, RNA
isolated from group 1 tumors; lanes 5 and 6, RNA isolated from group
2 tumors; lane 7, RNA from the lactating mammary glands of
C3H/HeN MMTV- mice. Ten micrograms of total RNA and the
MMTV(C3H)-specific probe were used in this assay. Because of the
high level of expression of RNA from newly integrated MMTV(C3H)
proviruses, the gel was exposed for only 10 min. Upon longer exposure,
the fragments corresponding to expression of the endogenous Mtv-1-
specific fragments produced in the lactating mammary glands of
C3H/HeN MMTV- mice were seen (not shown).

Mtv-i, RNA was isolated from several group 1 (Fig. 6, lanes 2
to 4) and group 2 (lanes 5 and 6) tumors and analyzed by
RNase T1 protection analysis using the MMTV(C3H)-specific
3' LTR probe diagrammed in Fig. 1. All of the newly inte-
grated proviruses in the tumors produced RNA that protected
full-length probe. Therefore, although group 2 tumors con-
tained integrated recombinant virus with a Mtv-i env gene, the

A

3' end of its transcripts, including the sag gene, were derived
from MMTV(C3H).

Packaging of Mtv-l and MMTV(C3H) broadens the host
range of the virus. The MMTV Sag protein causes the
stimulation of cognate V,B-bearing T cells, and this function is
required for virus infection (13, 17). As a result, only mice that
retain Sag-cognate T cells in their immune repertoire can be
infected with virus. The Sags encoded in the LTRs of the Mtv-i
and Mtv-6 endogenous loci cause the deletion of V,33-bearing
T cells during the perinatal period of development (38).
Although there are no endogenous sag genes that cause the
deletion of VPi14+ T cells during negative selection, transgenic
mice that express the MMTV(C3H) Sag delete these cells (13)
and mice infected neonatally with MMTV(C3H) virus show a
slow deletion of their V,B14-bearing T cells (22, 26). If Mtv-1
RNA was packaged into the virions of exogenous MMTV,
mice nursed on milk containing such viral particles should
exhibit slow deletion of their VP14+ and V,3+ T cells.
To test whether the packaging of Mtv-i RNA into

MMTV(C3H) resulted in virus with an altered host range (i.e.,
infection via VP3+ T cells), newborn AKRINCr mice were
foster nursed on C3H/HeN MMTV+ milk, and the percent-
ages of their CD4+ VP3+ and CD4+ V,B14+ T cells in the
periphery were analyzed at different ages. Unlike C3H/HeN
mice, which have both the Mtv-i and Mtv-6 endogenous
proviruses and thus no V,B+3 T cells, AKR/NCr mice contain
both VP3+ and V,14+ T cells (38). As a control, a second
group of newborn AKR/NCr mice was foster nursed on
C3H/HeN MMTV- mothers. As seen in Fig. 7, AKR/NCr
mice nursed on viremic mothers (AKR/NCrfC3H/HeN
MMTV+) showed deletion of both V,3+ and V,B14+ T cells,
with similar kinetics. This result showed that Mtv-i RNA is
packaged into the virions of MMTV(C3H) and that this virus
is apparently coamplified in the infected offspring, since the
V,3+ T-cell deletion increased with time.

In contrast to the AKRINCr mice foster nursed on C3H/
HeN MMTV+ mothers, those nursed on uninfected females
(AKR/NCrfC3H/HeN MMTV-) showed a small deletion of
their CD4+ V,3+ T cells that did not increase with time (Fig.
7B). To determine whether this represented packaging of
Mtv-i viral RNA in the absence of exogenous virus, the
AKRINCrfC3H/HeN MMTV- mice were bred and offspring

B
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FIG. 7. Deletion of CD4+ Vl14' and CD4+ VI33 T cells in AKRINCr mice foster nursed on C3H/HeN MMTV+ females. AKR/NCr mice
were foster nursed on C3H/HeN MMTV+ or C3H/HeN MMTV- mice. T cells were isolated from the peripheral blood of mice at the ages
indicated and analyzed for the percentages of CD4+ V314' (A) and CD4+ VI33 (B) T cells as described previously (13). AKR/NCr mice foster
nursed on AKR/NCr mothers served as controls. Each datum point represents the average of results for three to four different mice.
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TABLE 1. Mtv-I is transmitted as an infectious virus only in the
presence of MMTV(C3H)

%' of CD4+ T cells bearing:
Mice

V,3 V,B14

AKRfAKR 4.9 ± 0.42 10
AKRfC3H/HeN MMTV+ 3.0 ± 0.01 (61) 5.4 ± 0.06 (54)
AKRfC3H/HeN MMTV+ offspring 2.9 ± 0.35 (59) 5.6 ± 0.07 (56)
AKRfC3H/HeN MMTV- 3.3 ± 0.04 (67) 9.9 ± 0.02 (99)
AKRfC3H/HeN MMTV- offspring 5.1 ± 0.60 (104) 10 ± 0.03 (100)

a T cells were isolated from the blood of the mice indicated, stained, and
analyzed as described in Materials and Methods. All of the mice analyzed were
10 weeks old. Values are means of two to four mice + standard errors. Numbers
in parentheses are percentages of V,33+ and V,B14+ T cells relative to the level
found in uninfected AKR/NCr mice.

were produced. These offspring were then examined for dele-
tion of VI3+ T cells; if their mothers produced an Mtv-i-
containing virus, the offspring would exhibit a slow deletion of
this class of T cells. As seen in Table 1, no deletion of V,33 T
cells was seen in these mice (AKR/NCrfC3H/HeN MMTV-
offspring). In contrast, the offspring of AKR/NCrfC3H/HeN
MMTV+ females did show such a deletion (Table 1), indicat-
ing that an Mtv-i-containing virus could be propagated only in
the presence of MMTV(C3H).

DISCUSSION

We have demonstrated that there is packaging of a highly
expressed endogenous MMTV, Mtv-i, by the exogenous
MMTV(C3H) in the mammary glands of C3H/HeN MMTV+
mice. This endogenous provirus is apparently defective and is
not efficiently packaged in the absence of exogenous virus
infection. The defect probably lies within the 3' half of the
provirus, since a recombinant virus containing the 5' half of
Mtv-i and the 3' half of MMTV(C3H) has been shown to be
infectious (35). As a result of infection of C3H/HeN mammary
glands by exogenous virus, the endogenous virus is rescued,
leading to an infectious virus with a different host range. This
occurs because virions containing Mtv-i genomic RNA are
able to infect mice with different T-cell V,B repertoires than
MMTV(C3H).

Previous work with C3H/HeN MMTV- mice indicated that
the endogenous Mtv-i provirus was capable of causing tumors
in situ with a long latency (39), implying that some virus was

produced. We also found that AKR/NCr mice foster nursed on
C3H/HeN MMTV- mice showed a small deletion of their
CD4+ V,33 T cells, indicating that there could be small
amounts of Mtv-i virions shed into the milk of C3H/HeN
MMTV- mice. These Mtv-i virions must be nonreplicating,
however, because there was no increase with time of the V,3+
T-cell deletion in the AKRfC3H/HeN MMTV- mice, in
contrast with the AKRfC3H/HeN MMTV+ mice (Fig. 7).
Moreover, the AKRfC3H/HeN MMTV- mice did not trans-
mit Mtv-i virions to their offspring (Table 1). Alternatively, the
small V,33 T-cell deletion in these offspring could result from
the transfer of lymphocytes that present the Mtv-i Sag from
C3H mothers to their offspring. It has previously been shown
that milk contains both T and B cells (23), and it is thought that
both human immunodeficiency virus and human T-cell leuke-
mia virus type I are transferred to newborns through milk by
infected lymphocytes (21, 33, 34, 43).
The stimulation of specific VP-bearing T cells by the Sag

protein encoded in the MMTV genome is a critical step in the
virus infection pathway (13, 17). However, this stimulation is
limited to a specific subset of T cells, determined by the
C-terminal amino acids of Sag. When a mouse has an endog-
enous provirus that encodes a Sag with the same VP specificity
as an exogenous virus, the particular VP-bearing T cells are
missing from its immune repertoire and thus the animal is
protected from infection (13, 17). When exogenous virus
infects an inbred mouse strain and packages an endogenous
virus, the endogenous virus cannot be amplified in mice of the
same inbred background, since all of the T cells capable of
interacting with the Sag from the endogenous virus are absent.
Outbred mice, however, have different endogenous Mtv loci
that encode Sag proteins with a variety of VP specificities. This
means that viruses containing RNAs encoding different Sag
proteins would be able to infect many more mice than an
exogenous virus with a homodimeric RNA. Moreover, if
recombination within the sequences encoding the C terminus
of the Sag protein occurred, novel proteins with new VP
specificities might also be produced, thus increasing the host
range of the virus.
A second consequence of the packaging of Mtv-i RNA was

that recombinant virus that could be detected in MMTV-
induced mammary tumors was produced. Recombination
probably occurred as a result of copackaging of endogenous
Mtv-i and MMTV(C3H) RNAs in the same particle. Although
viral recombination associated with tumor induction has been
shown to occur for a large number of retroviruses, it has not
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FIG. 8. Model for the generation of the recombinant MMTV found in mammary tumors.
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previously been seen in MMTV-induced mammary tumors,
most likely because detection of these recombinants requires a

specific combination of restriction enzymes and probes. We
have not precisely defined the breakpoints of the recombina-
tion for the tumor-associated viruses. However, it appears that
the recombinant provirus derives its gag and pol genes and
LTRs from MMTV(C3H), while at least part of its env gene

comes from an endogenous virus, most likely Mtv-1. This
implies that a minimum of two strand-switching events by the
reverse transcriptase must have occurred to create this recom-

binant MMTV (Fig. 8). A similar type of recombination has
been seen with feline leukemia viruses (30).
Almost 30% of the tumors analyzed here had exclusively

recombinant virus, as their newly integrated provirus and a

large percentage of tumors appeared to have both
MMTV(C3H) and recombinant virus. That there were tumors
containing only recombinant virus implies that it may play a

role in either the virus life cycle or the induction of mammary
tumors. In the case of polytropic murine leukemia viruses, it
has been shown that recombination between different viruses is
required to generate a transforming virus (10, 36), through the
acquisition both of enhancer sequences that direct high-level
expression in the target T cells (42) and of Env proteins that
most likely allow the recombinant virus to bind to different
cellular receptors than the parental viruses from which they
were derived (36). Moreover, it is thought that recombination
plays an important role in the generation of pathogenic
variants of human immunodeficiency virus (6). Whether re-

combination between endogenous and exogenous MMTVs
results in a virus with increased pathogenicity or tumor-
inducing ability can be determined by examination of the
precise structure of the recombinant virus and the ability of
such viruses to infect mice and cause mammary tumors.

ACKNOWLEDGMENTS

We thank J. Dudley and the members of our laboratory for helpful
discussions. We gratefully acknowledge the expertise and equipment
provided by the Flow Cytometry Laboratory of the Research Re-
sources Center of the University of Illinois of Chicago.

T. V. Golovkina is a Cancer Research Institute fellow. This work was

supported by Public Health Service grant CA45954 from the National
Cancer Institute.

REFERENCES
1. Acha-Orbea, H., A. N. Shakhov, L. Scarpellino, E. Kolb, V. Muller,

A. Vessaz-Shaw, R. Fuchs, K Blochlinger, P. Rollini, J. Billotte,
M. Sarafidou, H. R. MacDonald, and H. Diggelman. 1991. Clonal
deletion of VP14-bearing T cells in mice transgenic for mammary
tumor virus. Nature (London) 350:207-210.

2. Brandt-Carlson, C., J. S. Butel, and D. Wheeler. 1993. Phyloge-
netic and structural analysis of MMTV LTR ORF sequences of
exogenous and endogenous origins. Virology 185:171-185.

3. Choi, Y., J. W. Kappler, and P. Marrack. 1991. A superantigen
encoded in the open reading frame of the 3' long terminal repeat
of the mouse mammary tumor virus. Nature (London) 350:203-207.

4. Choi, Y., P. Marrack, and J. W. Kappler. 1992. Structural analysis
of a mouse mammary tumor virus superantigen. J. Exp. Med.
175:847-862.

5. Choi, Y. C., D. H. Henrard, I. Lee, and S. R. Ross. 1987. The
mouse mammary tumor virus long terminal repeat directs expres-

sion in epithelial and lymphoid cells of different tissues in trans-

genic mice. J. Virol. 61:3013-3019.
6. Clavel, F., M. D. Hoggan, R. L. Willey, K. Strebel, M. A. Martin,

and R. Repaske. 1989. Genetic recombination of human immuno-
deficiency virus. J. Virol. 63:1455-1459.

7. Coffin, J. M. 1990. Genetic variation in retroviruses, p. 11-33. In E.
Kurstak, R. G. Marusyk, F. A. Murphy, and M. H. V. Van
Reganmortel (ed.), Applied virology research, virus variability,

epidemiology and control. Plenum Press, New York.
8. Coffin, J. M. 1990. Retroviridae and their replication, p. 1437-

1500. In B. N. Fields and D. M. Knipe (ed.), Virology. Raven
Press, New York.

9. Crouse, C. A., and R. J. Pauley. 1989. Molecular cloning and
sequencing of the MTV-1 LTR: evidence for a LTR sequence
alteration. Virus Res. 12:123-138.

10. DiFronzo, N. L., and C. A. Holland. 1993. A direct demonstration
of recombination between an injected virus and endogenous viral
sequences, resulting in the generation of mink cell focus-inducing
viruses in AKR mice. J. Virol. 67:3763-3770.

11. Dyson, P. J., A. M. Knight, S. Fairchild, E. Simpson, and K.
Tomonari. 1991. Genes encoding ligands for deletion of VB11 T
cells cosegregate with mammary tumour virus genomes. Nature
(London) 349:531-532.

12. Frankel, W. N., C. Rudy, J. M. Coffin, and B. T. Huber. 1991.
Linkage of MIs genes to endogenous mammary tumour viruses of
inbred mice. Nature (London) 349:526-528.

13. Golovkina, T. V., A. Chervonsky, J. P. Dudley, and S. R. Ross.
1992. Transgenic mouse mammary tumor virus superantigen ex-
pression prevents viral infection. Cell 69:637-645.

14. Golovkina, T. V., A. Chervonsky, J. A. Prescott, C. A. Janeway, and
S. R. Ross. 1994. The mouse mammary tumor virus envelope gene
product is required for superantigen presentation to T cells. J.
Exp. Med. 179:439-446.

15. Golovkina, T. V., J. A. Prescott, and S. R. Ross. 1993. Mouse
mammary tumor virus-induced tumorigenesis in sag transgenic
mice: a laboratory model of natural selection. J. Virol. 67:7690-7694.

16. Goodrich, D. W., and P. H. Duesberg. 1990. Retroviral recombi-
nation during reverse transcription. Proc. Natl. Acad. Sci. USA
87:2052-2056.

17. Held, W., G. Waanders, A. N. Shakhov, L. Scarpellino, H. Acha-
Orbea, and H. Robson-MacDonald. 1993. Superantigen-induced
immune stimulation amplifies mouse mammary tumor virus infec-
tion and allows virus transmission. Cell 74:529-540.

18. Henrard, D., and S. R. Ross. 1988. Endogenous mouse mammary
tumor virus is expressed in several organs in addition to the
lactating mammary gland. J. Virol. 62:3046-3049.

19. Hu, A., and H. M. Temin. 1990. Genetic consequences of packag-
ing two RNA genomes in one retroviral particle: pseudodiploidy
and high rate of genetic recombination. Proc. Natl. Acad. Sci.
USA 87:1556-1560.

20. Hu, W., and H. M. Temin. 1990. Retroviral recombination and
reverse transcription. Science 250:1227-1233.

21. Ichimaru, M., S. Ideda, K. Kinoshita, S. Hino, and Y. Tsuji. 1991.
Mother-to-child transmission of HTLV-1. Cancer Detect. Prev.
15:177-181.

22. Ignatowicz, L, J. Kappler, and P. Marrack. 1992. The effects of
chronic infection with a superantigen-producing virus. J. Exp.
Med. 175:917-923.

23. Jain, L., D. Vidyasagar, M. Xanthou, V. Ghai, S. Shimada, and M.
Blend. 1989. In vivo distribution of human milk leucocytes after
ingestion by newborn baboons. Arch. Dis. Child. 64:930-933.

24. Kozak, C., G. Peters, R. Pauley, V. Morris, R. Michalides, J.
Dudley, M. Green, M. Davisson, 0. Prakash, A. Vaidya, J. Hilgers,
A. Verstraeten, N. Hynes, H. Diggelmann, D. Peterson, J. C.
Cohen, C. Dickson, N. Sarkar, R. Nusse, H. Varmus, and R.
Callahan. 1987. A standardized nomenclature for endogenous
mouse mammary tumor viruses. J. Virol. 61:1651-1654.

25. Liao, N. S., J. Maltzman, and D. H. Raulet. 1989. Positive selection
determines T cell receptor V,B14 gene usage by CD8+ T cells. J.
Exp. Med. 170:135-143.

26. Marrack, P., E. Kushnir, and J. Kappler. 1991. A maternally
inherited superantigen encoded by mammary tumor virus. Nature
(London) 349:524-526.

27. Mok, E., T. V. Golovkina, and S. R. Ross. 1992. A mouse
mammary tumor virus mammary gland enhancer confers tissue-
specific but not lactation-dependent expression in transgenic mice.
J. Virol. 66:7529-7532.

28. Moore, D. H., C. A. Long, A. B. Vaidya, J. B. Sheffield, A. S. Dion,
and E. Y. Lasfargues. 1979. Mammary tumor viruses. Adv. Cancer
Res. 29:347-418.

29. Nandi, S., and C. M. McGrath. 1973. Mammary neoplasia in mice.

VOL. 68, 1994



5026 GOLOVKINA ET AL.

Adv. Cancer Res. 17:353-414.
30. Pandey, R., A. K. Ghosh, D. V. Kumar, B. A. Bachman, D. Shibata,

and P. Roy-Burman. 1991. Recombination between feline leuke-
mia virus subgroup B or C and endogenous env elements alters the
in vitro biological activities c' the viruses. J. Virol. 65:6495-6508.

31. Peters, G., and C. Dickson. 1987. On the mechanism of carcino-
genesis by mouse mammary tumor virus, p. 307-319. In D.
Medina, W. Kidwell, G. Heppner, and E. Anderson (ed.), Cellular
and molecular biology of breast cancer. Plenum Publishing Corp.,
New York.

32. Pullen, A. M., Y. Choi, E. Kushnir, J. Kappler, and P. Marrack.
1992. The open reading frames in the 3' long terminal repeats of
several mouse mammary tumor virus integrants encode VP3-
specific superantigens. J. Exp. Med. 175:41-47.

33. Saji, F., K. Ohashi, Y. Tokugawa, S. Kamiura, C. Azuma, and 0.
Tanizawa. 1990. Perinatal infection of human T-lymphotropic
virus type I, the etiologic virus of adult T-cell leukemia/lymphoma.
Cancer 66:1933-1937.

34. Seltzer, V., and F. Benjamin. 1990. Breast-feeding and the poten-
tial for human immunodeficiency virus transmission. Obstet. Gy-
necol. 75:713-715.

35. Shackleford, G. M., and H. E. Varmus. 1988. Construction of a
clonable, infectious and tumorigenic mouse mammary tumor virus
provirus and a derivative genetic vector. Proc. Natl. Acad. Sci.
USA 85:9655-9659.

36. Stoye, J. P., C. Moroni, and J. M. Coffin. 1991. Virological events
leading to spontaneous AKR thymomas. J. Virol. 65:1273-1285.

37. Stuhlmann, H., and P. Berg. 1992. Homologous recombination of
copackaged retrovirus RNAs during reverse transcription. J. Virol.
66:2378-2388.

38. Tomonari, K., S. Fairchild, and 0. A. Rosenwasser. 1993. Influ-
ence of viral superantigens on V1- and Va-specific positive and
negative selection. Immunol. Rev. 131:131-168.

39. van Nie, R., and A. A. Verstraeten. 1975. Studies of genetic
transmission of mammary tumor virus by C3Hf mice. Int. J.
Cancer 16:922-931.

40. Woodland, D. L., M. P. Happ, K. J. Gollob, and E. Palmer. 1991.
An endogenous retrovirus mediating deletion of ctB T cells?
Nature (London) 349:529-530.

41. Yang, J., and J. Dudley. 1992. Endogenous Mtv-8 or a closely
linked sequence stimulates rearrangement of the downstream VK9
gene. J. Immunol. 149:1242-1251.

42. Yoshimura, F. K., B. Davison, and K. Chaffin. 1985. Murine
leukemia virus long terminal repeat sequences can enhance gene
activity in a cell-type-specific manner. Mol. Cell. Biol. 5:2832-
2835.

43. Ziegler, R. B., R. 0. Johnson, D. A. Cooper, and J. Gold. 1985.
Postnatal transmission of aids-associated retrovirus from mother
to infant. Lancet i:896-898.

J. VIROL.


