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We have examined an assortment of preneoplastic and neoplastic mouse
mammary tissues for the presence of an mRNA which could encode the putative
long terminal repeat gene product of mouse mammary tumor virus. We report
here the detection of a novel mouse mammary tumor virus-specific, polyadenylic
acid-containing transcript in certain preneoplastic and neoplastic mammary tissue
of BALB/c mice. The molecule is 1.6 kilobases in length and contains sequences
from the transcriptional leader and the U3 region of the proviral DNA. The
upstream terminus of the 3’ information lies 75 to 80 nucleotides from the
beginning of the long terminal repeat open reading frame, in close proximity to a
consensus splice acceptor in the DNA. The transcript was detected in hormonally
or chemically induced neoplastic, preneoplastic, and lactating mammary tissue of
BALB/c mice, but not in preneoplastic or tumor tissue induced by exogenous
viruses in any strain of mice examined. This implies that the RNA we observed is

transcribed from an endogenous provirus template.

The long terminal repeat (LTR) of mouse
mammary tumor virus (MMTV) contains an
open reading frame of sufficient coding capacity
to produce a 37,000-dalton protein. This novel
gene was discovered by DNA sequencing of the
provirus LTR (13) and by in vitro translation of
3’ polynucleotide fragments from the RNA
genome (11, 34). The presence of the open
reading frame has now been confirmed in four
strains of MMTYV: the exogenous viruses of C3H
(11, 13; J. Majors, unpublished data) and GR
(11, 17, 34) and the endogenous proviruses
called unit II (12a, 21) and unit V (L. Johnson,
unpublished data). Conservation of the open
reading frame in these several virus strains
strongly suggests that this putative gene is uti-
lized at some time in the life cycle of the virus.

There are two strategies by which gene prod-
ucts are known to be expressed from retrovirus
genomes. One is via translation of a multigenic
mRNA and subsequent cleavage of a large poly-
protein into individual gene products as in the
expression of the gag and pol genes (1, 20). The
other involves splicing of the transcriptional
leader sequence onto genes that lie at the 3’ end
of the viral genome. This strategy is exemplified
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by the expression of the env (32, 39) gene in
replication-competent retroviruses and the src
(32) gene in Rous sarcoma virus. If the putative
LTR gene product (pLTR) were produced by
synthesis and subsequent cleavage of a polypro-
tein, an env-pLTR fusion protein of about
103,000 daltons should be observed. Analysis of
MMTYV translation products by in vitro transla-
tion of 24S envelope mRNA (11, 15, 34, 35) or by
pulse-labeling of virus-producing cells in vivo (1,
10) has never shown such an env precursor
protein. Therefore, it is possible that the LTR
gene may be expressed from a unique spliced
mRNA.

Our approach to this problem was to analyze
the RNA from mouse breast tissue in which
MMTYV is known to be transcriptionally active.
These samples included normal lactating mam-
mary gland, preneoplastic and tumor tissue in-
duced by the milk-transmitted virus, and pre-
neoplastic tissue and tumors induced by
treatment with chemical carcinogens or mam-
motropic hormones. We found a novel MMTV-
specific transcript 1.6 kilobases (kb) in length
with properties expected for the mRNA that
encodes pLTR.
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MATERIALS AND METHODS

Mice and tissues. BALB/cCrl mice are free from the
milk-borne virus and have a negligible incidence of
breast cancer (26, 29). BALB/cV mice are a substrain
of BALB/cCriMed harboring a milk-borne virus which
gives rise to a 47% incidence of breast tumors (14).
BALB/c mice foster nursed on C3H mice
(BALB/cfC3H) have a 90% incidence of breast tumor
at 9 months. Tumors were induced in BALB/c mice by
intragastric administration of 7,12-dimethyl-
benz[a]anthracene (DMBA) as previously described
(6). Multiparous C3H/HeN mice were obtained from
the small animal section at the National Institutes of
Health, GRD/A mice are maintained in a colony at the
Pathology Department at University of California,
Davis, and the RIII tumor was the gift of Len Benade.

D1 preneoplastic tissue was derived from a hyper-
plastic alveolar nodule (HAN) that originated in a
BALB/c mouse after hormonal stimulation with pro-
lactin and estradiol (27) and is propagated in BALB/c
mice by serial transplantation (26). The D1 tissue line
originally had a low rate of spontaneous tumor produc-
tion, but it has recently undergone a radical change in
tumor potential and now has a 50% spontaneous tumor
incidence at 6 months after transplantation (2). How-
ever, the D1 line still does not produce virus or viral
antigens (2). The Z5d and Z5c, nodule outgrowth lines
were developed from HAN occurring in BALB/cfC3H
mice (3). These lines have a 15 and 44% spontaneous
tumor rate, respectively, and produce viral RNA and
antigens.

Lactating mammary glands were obtained from 6- to
8-month-old pregnant BALB/c mice.

RNA purification. Whole cell RNA was purified
from mammary tissues by either the guanidine hydro-
chloride extraction procedure of Deely et al. (9), with
modifications, or by a phenol extraction procedure
outlined below. Tissues weighing from 0.4 to 2 g were
frozen in liquid nitrogen and pulverized to a granular
powder. The granules were dissolved in 10 volumes of
8 M guanidine hydrochloride-20 mM sodium acetate
(pH 5.0), and the mixture was homogenized by a
Brinkmann polytron for 20 s at full speed. After three
successive ethanol precipitations from guanidine, the
RNA was dissolved in a minimum volume of 0.1 M
sodium acetate-20 mM EDTA (pH 7.0) and precipitat-
ed by the addition of 1.45 volumes of 5 M sodium
acetate (pH 5.0). This procedure was repeated twice,
after which the pellet was dissolved in sterile distilled
water and heated at 65°C for 2 min. The RNA was
ethanol precipitated twice from distilled water and
then stored under ethanol at —20°C until used.

RNA from hyperplastic outgrowths and tumors
weighing less than 0.5 g were isolated and purified by
phenol extraction. Water-saturated phenol was mixed
with an equal volume of buffer composed of 0.1 M
Tris-hydrochloride (pH 9.0), 1 mM EDTA, and 0.5%
sodium dodecyl sulfate (SDS). This mixture was added
to pulverized tissue in a ratio of 10 ml/0.1 g of tissue.
The mixture was immediately homogenized as above.
The phases were separated by centrifugation, and the
phenol was extracted with an equal volume of the Tris-
EDTA-SDS buffer. The aqueous phases, including the
white interface, were pooled and extracted with phe-
nol until the white interface disappeared. This usually
required two to four extractions, after which the clear
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aqueous phase was extracted with phenol-chloroform-
isoamyl alcohol (24:24:1) and finally with chloroform-
isoamyl alcohol (24:1). The aqueous phase was then
made 0.1 M in sodium acetate (pH 5.0), and the nucleic
acids were precipitated by addition of 2 volumes of
ethanol. The precipitate was dissolved in 1.7 ml of
sterile distilled water, and 2 volumes of 5 M sodium
acetate (pH 5.0) was added. The RNA was precipitat-
ed for S to 6 h at 4°C and was collected by centrifuga-
tion at 30,000 rpm for 30 min in a type 50 rotor. The
pellet was dissolved in water, ethanol precipitated,
and stored at —20°C until used.

Oligodeoxythymidylic acid-cellulose chromatogra-
phy. The RNA precipitate was collected and dissolved
in 0.1 M LiCl-10 mM Tris-hydrochloride-2 mM
EDTA-0.1% SDS (pH 7.2) and then heated to 55°C for
2 min. The solution was quick chilled and then passed
over an oligodeoxythymidylic acid-cellulose column
(Bethesda Research Laboratories), preequilibrated in
the same buffer, at a ratio of 1 mg of RNA to 50 mg of
oligodeoxythymidylic acid. The flow-through was col-
lected and passed back over the column two more
times before the column was washed with 20 volumes
of buffer. The bound RNA was eluted with 10 mM
Tris-hydrochloride-2 mM EDTA-0.1% SDS, and the
RNA concentration was determined. The sodium ace-
tate concentration was made 0.25 M at pH 5.0, and 20
png of tRNA was added before ethanol precipitation.
The precipitated RNA was collected and dissolved in
the column elution buffer at a concentration of 1 mg/ml
with respect to cellular RNA and then stored at
—196°C until used.

Blot hybridizations. RNA was denatured in formal-
dehyde as described elsewhere (16a) or by glyoxal as
described by McMaster and Carmichael (25), and
electrophoresed through 1% agarose and then trans-
ferred to nitrocellulose paper and hybridized by the
procedure of Thomas (38). Hybridizations were car-
ried out in 50% formamide, 5x SSC (1x SSCis 0.15M
NaCl plus 0.015 M sodium citrate), 25 mM sodium
phosphate (pH 6.8), 0.5% SDS, 250 pg of sonicated
and denatured salmon sperm DNA per ml, and 2%
each of bovine serum albumin, polyvinylpyrrolidone,
and Ficoll. Probes with an average specific activity of
10® cpm/pg were prepared by nick translation and
added to the hybridization mixture at 10° cpm/ml. The
reactions were sealed in a plastic bag and hybridized
for 40 h at 42°C. Filters were then washed by the
method of Thomas (38) and autoradiographed on Ko-
dak XR-1 film with DuPont Cronex intensifying
screens at —70°C.

Subgenomic MMTV DNA fragments. Gene frag-
ments of MMTYV have been subcloned in pBR322 from
the original EcoRI partial digest library in the phage
vector Charon 4A (12). MMTV-specific fragments
were purified from these plasmids by cutting with the
appropriate restriction enzymes followed by agarose
gel electrophoresis and electroelution of the viral
fragments or by N,N’-bisacrylylcystamine-acrylamide
(Bio-Rad Laboratories) electrophoresis as described
previously (18). Eluted fragments were purified by
DEAE-cellulose chromatography and concentrated by
ethanol precipitation. The DNA fragments used as
probes in this report are represented schematically in
Fig. 1. The 220-base-pair (bp) fragment, used as a
leader probe, extends from 30 bp inside US to approxi-
mately 15 bp inside the gag gene (L. Johnson, unpub-
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FIG. 1. Schematic diagram of the linear MMTV
provirus and subgenomic fragments of MMTYV used as
probes. The EcoRlI site is near the center of the linear
MMTYV genome. Restriction sites to the left of EcoRI
are from the unit V provirus (L. Johnson, unpublished
data), and sites to the right are from the C3H exoge-
nous virus. The restriction sites define the termini for
the DNA fragments below them. The cross-hatched
fragments were nick translated and used in the blot
hybridization analysis. The open bar fragments were
end labeled and used in the S1 nuclease experiments.
The asterisk indicates the location of the 32P label. The
dashed region of the 3,390-bp probe indicates a portion
of pBR322 sequences present in the probe. The num-
bers below the bars are the sizes of the fragments in
base pairs. The location of the restriction sites in the
LTR, numbering base pairs from the right virus-host
junction, are as follows: Clal, 993; Aval, 1,292; BgllI,
1,367. Other information concerning these DNA frag-
ments is given in the text.

lished data). The 2,200-bp fragment, used as an env
gene probe, encompasses env and a small portion of
pol. The 1,330-bp LTR probe was subcloned as de-
scribed previously (13).

Labeled probes and DNA sequencing. DNA frag-
ments were uniformly 3?P labeled by nick translation
(30), modified as described previously (19). 3P end-
labeled probes and DNA sequencing were accom-
plished by the procedure of Maxam and Gilbert (22).

S1 nuclease mapping of transcripts. The procedure of
Berk and Sharp (4), with modifications as described
previously (19), was used to map RNA splice acceptor
sites.

RESULTS

MMTYV transcripts detected in mammary tu-
mor tissue. Initial examination of virus-induced
tumors showed the presence of four viral RNA
species. An 8.9-kb mRNA representing the full-
length genome and a 3.6-kb mRNA representing
the spliced envelope message were readily ap-
parent in the majority of virus-induced tumors in
all high-tumor-incidence strains of mice (Fig. 2).
In addition, there were two minor species of
MMTV-specific RNA that occurred infrequently
in tumors and at low concentrations relative to
the genomic and env mRNA species. These
species migrated at 2.5 and 1.0 kb and hybrid-
ized most efficiently with the env probe (Fig. 2;
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lanes 1, 2, 3, 4, and 7 for the 2.5-kb transcript;
lanes 1, 2, and 4 for the 1.0-kb transcript). LTR
and leader sequences were also detectable in the
2.5-kb RNA, but not the 1.0-kb species (data not
shown). The 1.0-kb transcript was synthesized
at levels so low that it was not possible to
determine unambiguously. that the LTR and
leader sequences were absent from the mole-
cule. The 2.5- and 1.0-kb species may possibly
be partial env gene transcripts, but their com-
plete structure and function are presently unde-
termined.

MMTYV RNA was also produced in mammary
tumors induced by hormones and chemicals (6,
16, 23, 24, 28, 29, 33) in the absence of infectious
virus. In BALB/c tumors induced by carcino-
gens, we (2, 6, 16) and others (28) have observed
low levels of RNA expression with an absence
of viral antigen synthesis. These observations
raised the possibility that some previously un-
characterized gene product was being ex-
pressed. Therefore, we examined a series of
such tumors to characterize the viral transcripts
being produced. The results showed that a novel
transcript of 1.6 kb was synthesized in several
DMBA-induced BALB/c mammary tumors (Fig.
3A and Table 1). This transcript displayed strong
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FIG. 2. Northern blot analysis of RNA from mouse
mammary tumors. RNA was purified by guanidine
hydrochloride extraction (see text). Approximately 5 g
of polyadenylic acid-selected tumor RNA was dena-
tured by glyoxal, electrophoresed through 1% agarose,
blotted, and hybridized with the 2,200-bp env fragment
(Fig. 1). Lanes: 1, transplanted tumor originating in
virus-infected D2 tissue; 2, 3, and 4, C3H/HeN tu-
mors; 5, 7, 8, and 9, transplanted BALB/cV tumors; 6,
BALB/cfcV tumor.
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TABLE 1. Distribution of the 1.6-kb RNA in
mammary tissues from various strains of mice

Mouse strain EX08¢nous Type of mammary Presence of

virus® tissue tested”?  1.6-kb RNA®
BALB/cCrl - LMG* 4/4
HOG (D1) 5/5¢
Tumor (D1) 3/8"
Tumor (DMBA) 710
BALB/cV + Tumor 02
BALB/cfC3H + HOG (2) 03
Tumor 0/5
Tumor (DMBA) on
C3H/HeN + Tumor 0/10
GR/A + Tumor 011
RIII + Tumor 0n

4 —, Absence of exogenous virus; +, presence of
exogenous virus.

® ““Tumor’’ designates mammary tumors which ap-
peared spontaneously in breeding females. ‘‘“Tumor
(DMBA)"”’ indicates that the mouse was administered
the chemical carcinogen DMBA. The origins of the D1
and Z HOG lines are detailed in Materials and Meth-
ods.

¢ The fraction represents the number of specimens
positive for the 1.6-kb RNA species over the number
of specimens tested.

4 LMG, Lactating mammary gland.

¢ D1 tissue maintained separately by R.D.C. and
D.M. gave the same results.

£ One tumor that contained the 1.6-kb transcript was
from a mouse that had been given a pituitary isograft at
the time of transplantation of the D1 HOG.

hybridization to the leader (Fig. 3A, lane 1) and
LTR (lane 3) probes and relatively weak hybrid-
ization to the env probe (lane 2). The molecule
therefore contained 5’ leader sequences juxta-
posed to the 3’ end of the genome. The weak
hybridization to the env probe indicated that
only a small portion of the env sequences were
present in the RNA, consistent with the juncture
between the 5’ and 3’ information residing close
to the Bgl/II site that defines the right terminus of
the env probe (see below).

MMTYV transcripts detected in mammary pre-
neoplastic tissue. Normal mouse breast tissue
proceeds to a tumor through a well-defined
preneoplastic state called an HAN (26). HAN
are morphologically distinct foci of proliferating
tissue in the normal mammary gland that can be
excised and transplanted into the breast fat pad
of a syngeneic recipient in which the resident
mammary ducts have been removed. Serial
transplantation of the HAN results in the estab-
lishment of a quasi-stable tissue line called a
hyperplastic outgrowth (HOG). BALB/c mice
have a negligible incidence of spontaneous
breast tumors and a correspondingly negligible
incidence of spontaneous HAN. However,
HAN may be induced by chemical carcinogens
or prolonged hormonal stimulation (26). A well-
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characterized HOG, D1, was developed from an
HAN induced in BALB/c by a combination of
prolactin and estradiol (27). Other HOG lines
have been established from HAN arising in
BALB/cfC3H mice (3) and are referred to as Z
lines. We examined D1 and two Z lines, Z5c,
and Z5d, for viral RNA transcription. The re-
sults obtained (Fig. 3B) show that D1 tissue
contains a 1.6-kb transcript similar to that de-
scribed above. This RNA was found to hybrid-
ize with the LTR and leader probes in a pattern
similar to that of the DMBA-induced tumor,
except that in this case hybridization to the env
probe was not detectable (Fig. 3B, lane 2). The
inability to detect hybridization with the env
probe was probably due to the relatively low
amount of transcript expressed in the D1 tissue
(data not shown).

In contrast to the results obtained with the D1
tissue, HOG lines developed from virus-produc-
ing BALB/cfC3H mice contained the usual viral
messages of 8.9 and 3.8 kb, plus a smaller 1.2-kb
transcript (Fig. 4A and B, lanes 1 and 2). The
1.2-kb RNA species was detected by the LTR
probe (Fig. 4A), but did not hybridize with either
the leader probe (Fig. 4B) or the env probe (data
not shown).

Mapping of potential splice acceptor. The in-
formation present in the 1.6-kb transcript sug-
gested that it resulted from splicing the MMTV
leader to a position upstream from the 3’ LTR.

A1 2 3 81
8.9 - 5
7
8.9
3.8 - - -
38 =

FIG. 3. Blot analysis of RNA from BALB/c mam-
mary tissue. A, RNA from a DMBA-induced tumor.
B, RNA from D1 HOG. RNA was purified from the
DMBA-induced tumor by the guanidine hydrochloride
technique and from the D1 tissue by phenol extraction
(see text). Approximately 3 g of polyadenylated RNA
per lane was denatured in formaldehyde, electropho-
resed, blotted, and hybridized to MMTV DNA from
the 220-bp transcriptional leader (lane 1), the 2,200-bp
env fragment (lane 2), or the 1,330-bp LTR fragment
(lane 3).
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FIG. 4. Northern blot analysis of RNA from

BALB/c HOGs. RNA from HOGs was treated as
described in the legend to Fig. 3. A, Hybridization to
the 1,328-bp LTR probe. B, Hybridization to the 220-
bp leader probe. The HOG lines tested were as fol-
lows: lane 1, Z5d; lane 2, Z5¢,; lane 3, D1 transplanted
into a BALB/cfC3H mouse; lane 4, D1 transplanted
into a BALB/c mouse.

Since the major species of MMTV-specific RNA
in the D1 and DMBA-induced tumor tissues was
the 1.6-kb transcript, it was possible to map the
location of the putative splice acceptor at the 3’
end of the viral genome by using the S1 mapping
technique of Berk and Sharp (4). The three
probes used in these experiments were the 5’
¥end-labeled DNA fragments shown in Fig. 1.
With the end-labeled probe defined by the Clal
sites, a 420-base fragment was protected from S1
digestion by RNA from both the D1 HOG and
the DMBA-induced tumor (Fig. 5, lanes 1 and
2). With the 3,390-bp Aval probe, a protected
fragment of 110 bases was obtained in the S1
experiment (Fig. 5, lane 3). These results indi-
cated the upstream terminus of the 3’ informa-
tion was 70 to 100 bases from the beginning of
the LTR. The S1 data therefore confirmed the
prediction from the blot hybridization data that a
relatively small amount of the env probe se-
quence was represented in the transcript.

To map more precisely the location of the
potential splice boundary, a sequencing ladder,
constructed from the 1,720-bp Bg/II probe, was
used as a sizing marker for the S1-resistant Bg/II
fragment-RNA hybrid. The S1 nuclease diges-
tion product of the tumor RNA-Bg/Il probe
hybrid gave a constellation of bands ranging
from 75 to 80 bases from the beginning of the
LTR (Fig. 6, lanes 2 and 3), in close agreement
with the results obtained with the Clal and Aval
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probes. The sequence in Fig. 6 was transposed
to its plus strand complement in Fig. 7 to clarify
the genetic relationships in this region of the
genome. At a position 75 bases upstream from
the LTR there was an octanucleotide that agreed
closely with the consensus sequence for a splice
acceptor, YNYYYNCAG, where Y is a pyrimi-
dine and N is any nucleotide (36). The smallest
S1 fragment migrated at a position 1.5 bases
smaller than the predicted acceptor nucleotide, a
thymidine residue. The 1.5-base lag of the S1
product was presumably due to the difference in
the terminal nucleotide structure between the
chemically hydrolyzed DNA of the sequence
ladder and the S1-treated probe (37).
Distribution of the 1.6-kb RNA in mammary
tissue. The presence of information from both
the 5’ end and 3’ end of the viral genome in the
1.6-kb transcript, the location of the left termi-
nus of the 3’ information upstream from the
initiation codon beginning the pLTR reading
frame, and the coincidence of a consensus splice

T 2 3
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FIG. 5. S1 nuclease analysis of RNA from BALB/c
mammary tissue. Approximately 100 pg of unfraction-
ated RNA was hybridized to the end-labeled probes
(Fig. 1). The hybrids were processed as described in
the text and then electrophoresed through 5% poly-
acrylamide. RNA was from the D1 hyperplastic out-
growth (lane 1) and the DMBA-induced BALB/c tu-
mor (lanes 2 and 3). The probes used were the 1,380-bp
Clal fragment (lanes 1 and 2) and the 3,390-bp Aval
fragment (lane 3).
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FIG. 6. Precise localization of the 1.6-kb RNA splice acceptor. Approximately 50 g of polyadenylic acid-
selected RNA from the DMBA-induced BALB/c tumor was hybridized to the 1,720-bp Bgl/II fragment, digested
by S1 nuclease as described in the text, and electrophoresed on a 12% sequencing gel. Before electrophoresis a
sample of the hybridization reaction was trichloroacetic acid precipitated and counted. Lanes: 1, 2,000 cpm of a
hybridization to RNA from the cell line HTC; 2 and 3, 1,000 and 250 cpm, respectively, of the hybridization to
the DMBA-induced tumor RNA. The S1 digestion products are run in parallel with the sequencing ladder
generated by hydrolytic cleavage of the probe. The minus strand sequence read from the ladder is indicated
below the ladder. The numbering represents the distance in base pairs from the 3’ end of the LTR. The
underlined bases correspond to the complement of the consensus splice acceptor, and the arrow points to the
nucleotide which accepts the spliced leader. The dashed line shows the proximity of the smallest major S1-
generated fragment to the splice acceptor.

acceptor sequence in the DNA strongly suggest-
ed that the transcript was an mRNA for the
pLTR protein. We examined a variety of nor-
mal, preneoplastic, and malignant breast tissues,
but detected this transcript only in the absence
of exogenous MMTYV infection (Table 1). It was
detected consistently in lactating mammary
gland (data not shown) and the D1 HOG line, in
7 of 10 DMBA-induced tumors in BALB/c mice,
and in 3 of 8 tumors arising spontaneously from
D1 tissue. The 1.6-kb transcript was not detect-
ed in mammary tumors obtained from virus-
infected BALB/cfC3H, BALB/cV, C3H, GR, or
RIII mice. We have not investigated MMTV
transcription in the lactating mammary glands or
preneoplastic tissue from any strain other than
BALB/c.

DISCUSSION

In an attempt to detect the expression of the
pLTR gene we analyzed MMTV-specific RNA
in chemically, hormonally, or virus-induced pre-
neoplastic and neoplastic mouse breast tissue.
Expression of MMTYV antigens or RNA (or both)
is known to accompany transformation of mu-
rine mammary cells by these agents (6, 16, 23,
24, 28, 33). In virus-induced tumors a series of
subgenomic mRNA species migrating at 3.8, 2.5,
and 1.0 kb arose that hybridized strongly with
the env gene probe (Fig. 2). The 3.8-kb tran-
script is known to be translated into the gp52 and
gp36 envelope proteins (11, 15, 34, 35), but the
function of the smaller env transcripts is un-
known. The 2.5-kb transcript has been identified

-— =0
=3
» g
a @
A. 1
H
1
]
i
1
— -
— - -
-— - -
—
—
—
— -
-— -
-— -
—_—
» = n ; . o » » 10
C.  TTCCCCATTGTITTCCAGTGCCTTGCGAAGAGCCTTGACCAAGTGCAGTCAG ATCTTAACGTGCTTCTTTTAAAAAAGAAA
Bgl i

FIG. 7. Schematic representation of the LTR transcript. A, Integrated MMTV provirus. The wavy lines
indicate host DNA, and the stippling indicates the location of the open reading frame. B, Structure of the 1.6-kb
RNA derived by the data in this paper. The open boxes represent sequences in the final spliced RNA, and the
straight line represents sequences removed by splicing. C, DNA sequence of the splice acceptor region. The
numbering of the bases is the same as in Fig. 6. The underlined sequence is the splice acceptor consensus. The
stippling delineates the LTR. The stars highlight the translation initiation codon for pLTR.
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previously only in mammary tumor cell lines,
where it was observed to be expressed transient-
ly for up to 8 h after dexamethasone induction of
viral RNA synthesis (31; Wheeler, unpublished
data). The 2.5-kb RNA contained viral leader
sequences and, therefore, is presumably tran-
scribed under the control of a normal viral
promoter. In contrast, viral leader sequences
were not detectable in the 1.0-kb RNA, so it is
possible that this transcript utilizes another pro-
moter. It remains to be determined whether
these species are transcribed from defective
proviruses containing deletions in the env gene
or are products of alternative processing path-
ways of env mRNA.

In addition, a molecule of 1.2 kb was observed
in three preneoplastic tissues with exogenous
virus involvement. This molecule contained
LTR sequences, but no viral leader sequences
were detectable (Fig. 4A), and it has not been
analyzed further.

A novel MMTV-specific transcript of 1.6 kb
appeared regularly in BALB/c lactating mamma-
ry glands and mammary neoplasms of nonviral
etiology (Table 1). This transcript had character-
istics expected of an mRNA for the LTR gene
product: it was a polyadenylic acid-containing
molecule, sequences from the 5’ transcriptional
leader were adjoined to the U3 region of the
genome (Fig. 3, 5, and 6), and the boundary of
the 3’ information occurred at a consensus splice
acceptor sequence (Fig. 6 and 7), arguing that a
splicing mechanism accounted for the ligation of
these sequences. These data constitute the first
evidence that the pLTR gene is expressed and
support our earlier hypothesis (6, 16) that partial
MMTYV genome transcription in BALB/c mam-
mary tumors could reflect the expression of a
previously uncharacterized MMTV gene prod-
uct.

Since the 1.6-kb transcript was present in
BALB/c tissues which do not contain a milk-
borne (exogenous) virus, the molecule must
have been transcribed from an endogenous tem-
plate. BALB/c mice contain three copies of
endogenous provirus, called units I, II and III
(8). Units II and III are complete copies of the
viral genome at the level of resolution afforded
by Southern blot analysis, whereas unit I is a
defective provirus containing a maximum of 3.2
kb of 3’ viral information (7). There is one report
that in tumors arising from DI HOGs the unit I
provirus is selectively hypomethylated (5), sug-
gesting that this template is available for tran-
scription. When subgenomic MMTYV probes are
employed, the unit I provirus hybridizes effi-
ciently only with leader and LTR-containing
sequences (D. Wheeler, unpublished data), thus
provoking the speculation that unit I is a reverse
transcript of the 1.6-kb RNA. We are currently
investigating the structure of the LTRs present
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in these three units in BALB/c tissue to deter-
mine which is the active template for transcrip-
tion of the 1.6-kb message.

The conservation of the open reading frame in
the LTR among various MMTYV strains strongly
argues that the pLTR gene is functional in the
parasitic life cycle of the exogenous virus. The
difficulty in detecting the pLTR transcript in
tumors and preneoplastic tissues induced by
virus infection was therefore somewhat perplex-
ing. However, there are at least two plausible
explanations. First, the gene may be expressed
only at levels too low to be readily detectable by
the blot hybridization assay. In preliminary ex-
periments, S1 mapping of virus-specific RNA
from 34i cells, a line derived from a virus-
induced tumor in a C3H mouse, revealed the
same splice junction as seen in the DMBA
tumor, but the level of the RNA containing this
splice was approximately 1% of that detected
with the DMBA-induced tumor RNA reported
here. The pLTR transcript could not be detected
by blot hybridization in RNA from this line.

Second, the pLTR gene might be expressed at
a specific stage in the life cycle of the exogenous
virus. The possibility that the LTR message is
transiently expressed during hormone induction
of viral RNA transcription has been investigated
by assaying the relative concentrations of viral
messages at different times after the addition of
hormone to MMTV-infected cell cultures. The
LTR transcript was not discernible before or at
any time up to 48 h after induction of transcrip-
tion by dexamethasone in 34i cells, MMTV-
infected HTC cells (D. Wheeler, unpublished
data), cultured GR mouse mammary tumor
cells, or MMTV-infected XC cells (31). Never-
theless, temporal expression of pLTR could be
coupled to other variables in the hormonal mi-
lieu of the differentiating breast tissue during the
life of the mouse.

The results reported here clearly identify an
RNA species uniquely encoding the putative
MMTV LTR gene in lactating, preneoplastic,
and neoplastic mammary tissues of BALB/c
mice. Further investigation is necessary to de-
termine the factors regulating the expression of
this new MMTYV gene and its biological function.
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