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We used restriction endonucleases to prepare physical maps of the mouse
mammary tumor virus (MMTV)-specific DNA endogenous to the BALB/c mouse
strain. The mapping was facilitated by the DNA transfer procedure, using
complementary DNAs specific for the whole and for the 3’ terminus of MMTV
RNA to detect fragments containing viral sequences. The strategies used for the
arrangement of fragments into physical maps included sequential digestions with
two or three enzymes; preparative isolation of EcoRI fragments containing viral
sequences; and comparisons of virus-specific fragments derived from the DNA of
several mouse strains. Most of the MMTV-related DNA in the BALB/c genome
is organized into two units (Il and III) which strongly resemble proviruses
acquired upon horizontal infection with milk-borne strains of MMTYV and other
retroviruses. These units contain approximately 6.0 X 10° M, of apparently
uninterrupted viral sequences, they bear redundant sequences totaling at least
700 to 800 base pairs at their termini, and the terminal redundancies include
sequences derived from the 3’ end of MMTV RNA. Units II and III are closely
related in that they share 12 of 14 recognition sites for endonucleases, but cellular
sequences flanking units II and III are dissimilar by this criterion. The remainder
of the MMTV-related DNA endogenous to BALB/c mice is found in a single
subgenomic unit (unit I) with a complexity of ca. 2 X 10° M,; the structure of this
unit has not been further defined. These results support the hypothesis that
endogenous proviruses have been acquired by infection of germinal tissues with
MMTV. The physical maps are also useful for identifying the MMTV genomes
endogenous to BALB/c mice in studies of the natural history of mammary

tumorigenesis.

DNA related to the genomes of retroviruses is
endogenous to normal animals from several spe-
cies (1, 34, 35), but the origin, structure, and
function of such virus-specific DNA are uncer-
tain. In particular, the organization of endoge-
nous viral DNA has not been defined because
only recently have techniques become available
to permit the physical mapping of sequences
occurring in low numbers of copies in the eucar-
yotic genome.

A few copies of DNA related to the genome of
mouse mammary tumor virus (MMTV) are
found endogenously in inbred strains of mice, in
most wild mice, and in Asian mice (9, 18, 22, 24,
36). Genetically transmitted viruses with onco-
genic activity can be recovered from some inbred
mouse strains (3, 20, 23), indicating that at least
some endogenous viral DNA must encode a
complete viral genome and be arranged as a
template suitable for transcription. In some
strains from which infectious virus has not been

recovered, most, if not all, of the genetic infor-
mation in oncogenic milk-borne viruses has been
identified in endogenous MMTV DNA by mo-
lecular hybridization (18, 22), and the endoge-
nous viral DNA is often also transcribed into
RNA (19, 37). In these cases and others, how-
ever, little is known about the organization of
endogenous MMTV DNA.

We have recently presented evidence favoring
the hypothesis that the endogenous proviruses
of MMTYV were acquired by multiple, independ-
ent, and relatively recent infections of germinal
tissues (5). Feral mice vary markedly in the
numbers of copies of MMTV DNA and the
positions of viral DNA within the host genomes,
and inbred strains of mice appear to have inher-
ited various combinations of viral DNA in a
manner suggesting that independent insertions
of viral DNA have segregated like stable genetic
markers during inbreeding.

If endogenous proviruses were, in fact, ac-
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quired by independent infections of germ lines,
they might be expected to resemble structurally
the proviruses found in cells infected by horizon-
tally transmitted retroviruses. Proviruses ac-
quired by experimental infection can be accom-
modated at many sites in cellular DNA (4, 14,
16, 26, 28, 31), but they have similar features:
they are coextensive with unintegrated viral
DNA (and therefore approximately colinear
with viral RNA); they are approximately 5 X 10°
to 6 X 10° M, in size; and they bear large terminal
redundancies composed of sequences derived
from both the 3’ and 5’ termini of viral RNA (4,
14, 16, 26, 28).

In this report, we used restriction endonucle-
ases to analyze the MMTV DNA endogenous to
one strain of inbred mice (BALB/c) from which
no infectious MMTYV has been isolated in order
to determine whether such DNA is organized in
a fashion similar to that described for proviruses
known to be introduced by infection. We over-
came the complexity of analyzing multiple units
of viral DNA in a single cell by isolating EcoRI
fragments containing viral DNA before second-
ary digestions, and we used hybridization re-
agents specific for the 3’ end of MMTV RNA to
search for terminal redundancies in the endog-
enous viral DNA. The resulting physical maps
reveal that the endogenous MMTYV DNA in this
strain is contained within three units located at
different positions in the host genome. Two of
these units closely resemble MMTYV proviruses
acquired by infection with respect to their com-
plexity and terminal redundancies; the third unit
contains only a portion of the MMTV genome.
Thus, the structure of most of the endogenous
MMTYV DNA in BALB/c mice conforms to the
hypothesis that this DNA was introduced by
infection.

MATERIALS AND METHODS

DNA extraction. The liver from a male BALB/c
mouse (Simonson Laboratories, Gilroy, Calif.) was ho-
mogenized in DNA extraction buffer (0.02 M Tris-
chloride [pH 8.1]-0.01 M EDTA-0.1 M NaCl), using
a motor-driven, Teflon-glass Dounce homogenizer.
After deproteinization with self-digested pronase and
sodium dodecyl sulfate (SDS) (1 mg/ml and 1.0%,
respectively) at 37°C for 12 h, DNA was extracted
twice with equal volumes of phenol-chloroform (2:1).
The preparation was dialyzed extensively against 5
mM Tris-chloride (pH 7.4)-0.1 mM EDTA before
analysis with restriction endonucleases.

Restriction endonuclease digestion of DNA.
EcoRI restriction endonucleases was a generous gift
from P. Greene; Pstl was purified from Providencia
stuartii by the procedure of Greene et al. (11); and
Bglll and Hpal were obtained from New England
Biolabs (Beverly, Mass.). EcoRI digestions were per-
formed in 0.1 M Tris-chloride (pH 7.4)-0.05 M NaCl-
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0.005 M MgCl,-0.05% Nonidet P-40. The reaction
buffer for Pstl included 0.006 M Tris-chloride (pH
7.2), 0.006 M MgCl,, 0.05 M NaCl, 0.006 M 2-mercap-
toethanol, and 100 ug of gelatin per ml. Hpal digestion
buffer consisted of 0.01 M Tris-chloride (pH 7.5), 0.01
M MgCl,, 0.006 M KCl, and 0.001 M dithiothreitol.
Reactions with BglII were performed in 0.006 M KCl,
0.01 M Tris-chloride (pH 7.4), 0.01 M MgCl,, and 0.001
M dithiothreitol. Reactions were monitored for com-
pleteness by adding either lambda bacteriophage DNA
(for EcoRI and BgI) or form I of plasmid pBR313
(for Pstl and Hpal) to a portion of the digestion
mixture. A 5- to 10-fold enzyme excess was used in
each reaction volume of 0.1 to 0.5 ml, and in all cases
reactions were shown to be complete by analysis of
marker DNAs by gel electrophoresis.

Gel electrophoresis, DNA transfer, and hy-
bridization. After restriction endonuclease digestion,
DNA samples were electrophoresed in 0.8% agarose
(Seakem) gels containing 0.04 M Tris-acetate (pH
8.15), 0.02 M sodium acetate, 0.018 M NaCl, and 0.002
M EDTA (12). Bromophenol blue was added as track-
ing dye, and electrophoresis was performed at 40 to 70
V for a time sufficient for the dye to migrate 12 to 18
cm. Ethidium bromide (2.5 pg/ml) was used to stain
gels after electrophoresis for visualization of marker
DNAs (HindIlI-cleaved lambda bacteriophage DNA
labeled with **P by nick translation with Escherichia
coli DNA polymerase I; 15). Preparative fractionation
of DNA was performed under similar conditions, but
the buffer did not include NaCl. A special electropho-
resis apparatus (17) was used to provide for discontin-
uous electroelution from a 0.8% agarose gel 2 cm thick
and 6 cm long. Seventy fractions were collected and
analyzed individually by gel electrophoresis and the
DNA transfer-hybridization procedure of Southern
(30).

For transfer of DNA to nitrocellulose sheets, we
used the method described by Southern (30). Briefly,
gels were treated with denaturing solution (0.5 N
NaOH-1.5 M NaCl) for 1 h and then with neutralizing
buffer (0.5 M Tris-chloride [pH 7.0]-1.5 M NaCl) for
3 to 5 h. DNA transfer was accomplished by capillary
action from the gel to the filter with 6x SSC (SSC =
0.15 M NaCl-0.015 M sodium citrate) for 24 to 48 h,
and the filter was dried at 80°C in vacuo for 2 h.

To detect virus-specific DNA by hybridization, fil-
ters were incubated with **P-labeled MMTYV comple-
mentary DNA (cDNA) synthesized by using calf thy-
mus oligomers as primers (CDNA,.p; 16) or oligodeox-
ythymidylic acid [oligo(dT)] as primer (cDNAj;) with
either sucrose gradient-purified virion RNA (10 to 20
S) or oligo(dT)-cellulose-selected MMTV RNA (10 to
20 S; 33), respectively. Specificity of viral cDNA’s was
evaluated by hybridization to filters with restriction
endonuclease-digested unintegrated MMTV DNA
(29). The annealing mixture included 3x SSC, 50%
formamide, 0.05 M HEPES buffer (N-2-hydroxyethyl-
piperazine-N’-2-ethanesulfonic acid; pH 7.0), 200 ug of
yeast RNA per ml, 50 ug of sheared and denatured
salmon sperm DNA per ml, 1 X 10° to 2 X 10° cpm of
[**P]cDNA, and Denhardt buffer (0.02% each of bovine
serum albumin, polyvinylpyrrolidone, and Ficoll; 6).
Filters were incubated for 12 h at 41°C with annealing
mix lacking cDNA and then with 1 to 2 ml of annealing
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mix with cDNA for 48 to 72 h. After incubation, filters
were washed for 1 h in 2x SSC at room temperature;
in 0.1x SSC-0.1% SDS at 50°C for 90 min; and with
multiple rinses at room temperature with 0.1xX SSC-
0.1% SDS and then 0.1x SSC only. After air drying,
the filters were exposed to Kodak RP-Royal X-Omat
film at —70°C in the presence of Dupont Cronex
Lightning Plus screens (32). Reannealing filters with
different cDNA’s after initial analysis required that
filters be placed in Seal-a-meal food container bags
with annealing mix containing 1 X 10° to 2 x 10° cpm/
ml and incubated for 30 min in a 68°C water bath
before incubation at 41°C for 48 to 72 h.

Nomenclature. To simplify identification of
BALB/c restriction endonuclease fragments contain-
ing MMTYV DNA, we have named them by letter and
enzyme in order of molecular weight, indicating the
M, x 107¢ in parentheses [e.g., EcoRI-A(10.0) is the
largest EcoRI fragment containing MMTV-specific
sequences and has an M, of 10.0 x 10°].

RESULTS

Restriction fragments of BALB/c DNA
containing MMTV-specific sequences. By
annealing virus-specific cDNA to cellular DNA,
we estimated that BALB/c mice contain ap-
proximately five to six copies of viral DNA per
diploid genome (4, 22). The extent of annealing
of virus-specific cDNA and RNA to nucleic acids
from uninfected cells indicated that most, if not
all, of the sequences in the genomes of horizon-
tally transmitted MMTV were present in the
germ lines of inbred strains. Analysis of the
kinetics and extent of annealing, however, does
not indicate whether the mass of virus-specific
DNA is organized into a few provirus-like units
or widely dispersed throughout the mouse ge-
nome in many disordered, subgenomic units.

An initial appraisal of this problem can be
obtained by digestion of cellular DNA with var-
ious restriction endonucleases, followed by iden-
tification of fragments containing MMTV-spe-
cific sequences with molecular hybridization.
Enzymes chosen for this survey were among
those previously tested for their ability to cleave
viral DNA synthesized after infection by MMTV
strains transmitted in the milk of GR or C3H
mice (see Fig. 7A): EcoRI, which recognizes a
single site in the DNA of MMTV(C3H) or
MMTV(GR); Pstl, which recognizes five sites;
Bglll, which cleaves at two sites; and Hpal,
which does not cleave such DNA (29). We made
the provisional assumption, later shown to be
correct, that such enzymes would also be useful
for generating a simple physical map of endog-
enous MMTYV DNA, although at the outset we
did not know whether the maps of endogenous
DNA would bear any relationship to the maps
of viral DNA synthesized after horizontal infec-
tion. We also assumed, based upon annealing
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experiments noted above, that cDNA’s prepared
from the RNA of milk-borne MMTV(C3H)
would detect most or all of the sequences present
within the units of endogenous MMTV DNA.
Again, the results of mapping studies shown
below support the validity of this assumption,
though minor differences would not have been
detected. The cDNA’s used represented either
the entire genome of MMTV(C3H) (cDNA,,
generated by random priming with oligomers of
calf thymus DNA) or the 200 to 300 nucleotides
at the 3’ terminus of viral RNA [cDNAg, pre-
pared by priming templates of polyadenylated
viral RNA with oligo(dT)]. cDNA3 detects se-
quences that are redundant at the ends of un-
integrated linear and integrated MMTV(C3H)
and MMTV(GR) DNA (4, 29). Occasionally,
minor bands were found on single autoradi-
ograms but were not reproducible in multiple
analyses (e.g., band at 3.4 in Fig. 4, lane C); these
were not considered in the generation of the
maps.

Digestion of BALB/c DNA with EcoRI pro-
duced five virus-specific fragments, all of which
annealed with both of the MMTV-specific
cDNA’s (Fig. 1A and 1E; Table 1; 4, 5). This
result suggested that the endogenous MMTV
DNA is not widely scattered in small units
throughout the mouse genome. It would accord
well with the estimates of copy number from
association kinetics if, for example, two proviral
elements had a single internal EcoRI site and
the third lacked an internal site. In this case,
four fragments would be generated from the first
two proviruses, and all four fragments would
anneal with cDNAj, assuming the proviruses
bore terminal redundancies that included se-
quences from the 3’ end of viral RNA; the third
proviral element would be contained within the
{ifth fragment. _

Digestion of BALB/c liver with PstI (Fig. 1B
and 1F; Table 1) yielded a larger number of
virus-specific fragments, as would have been pre-
dicted from the restriction map of horizontally
transmitted MMTV DNA. Moreover, some of
these fragments have the same molecular
weights (e.g., 1.1 X 10° and 0.9 x 10° M,) as
fragments derived from internal regions of
MMTV(C3H) and MMTV(GR), suggesting that
homologous regions might be present in endog-
enous proviruses. Hpal, on the other hand, gen-
erated fragments smaller than would have been
expected if it had failed to cleave proviruses of
standard size (ca. 5.9 X 10° M,; Fig. 1C and 1G),
implying either that the endogenous MMTV
DNA contained recognition sites for Hpal or
that some of the DNA was organized in subge-
nomic units. Bg/lI also generated a modest num-
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Fic. 1. MMTV-specific fragments obtained from
BALB/c liver DNA by digestion with various restric-
tion endonucleases. Samples (10 pg) of high-molecu-
lar-weight DNA extracted from the liver of a male
BALB/c mouse were digested with the designated
restriction endonuclease as described in Materials
and Methods. The samples were subjected to electro-
phoresis in an 0.8% agarose gel, and DNA fragments
were transferred to nitrocellulose sheets (30), hybrid-
ized with **P-labeled MMTV-specific cDNA,., (lanes
A-D) or cDNAjy (lanes E-H), and detected by auto-
radiography. A HindIII digest of lambda bacterio-
phage **P-labeled DNA (not shown) was included to
obtain the M, x 107° values indicated on the left. A
and E, EcoRI digests; B and F, Pstl digests; C and
G, Hpal digests; D and H, BglII digests.

ber of virus-specific fragments (Fig. 1D and 1H)
without any obvious relationship to the BglIl
fragments expected from proviruses acquired by
infection.

Although definitive deductions would have
been premature at this stage of the analysis, the
variations in intensity of bands and the discord-
ances between annealing with ¢cDNA; and
c¢DNA,., could clearly be helpful in ordering
fragments into a restriction map. For example,
a large fragment detected readily with cDNAy
but poorly with cDNA,.; [e.g., PstI-A(3.4) and
Pst1-D(1.2)] would probably contain mostly host
DNA linked to the end of a provirus; on the
other hand, a small fragment that annealed ex-
tremely efficiently with either cDNA [e.g., Pstl-
H(0.5)] might be derived from more than one
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unit of endogenous viral DNA.

Preparation of fractions of EcoRI-cleaved
BALB/c DNA containing separated virus-
specific fragments. Cleavage of BALB/c liver
DNA with various enzymes indicated that rela-
tively simple patterns of virus-specific fragments
could be obtained, but the patterns seemed too
complicated to permit construction of physical
maps for individual units of endogenous MMTV
DNA by direct sequential digestions. We there-
fore elected to separate on a preparative scale
some of the EcoRI fragments of virus-specific
DNA before attempting to chart more detailed
maps by secondary cleavages. The EcoRI frag-
ments were chosen because each fragment
seemed likely to provide us with a large portion
or all of an endogenous element, based upon the
tentative interpretation offered in the preceding
section. One obvious limitation of the choice of
the EcoRI fragments was the inherent difficulty
of separating EcoRI-C(5.0) and EcoRI-D(4.7).

Five milligrams of DNA from BALB/c livers
was digested with EcoRI and subjected to pre-
parative electrophoresis in a thick, short 0.8%
agarose gel, using an apparatus equipped for
timed collection of DNA fragments exiting from

TaBLE 1. Virus-specific fragments from restriction
endonuclease digests of BALB/c DNA

Detected with:

Frag-

M, x 107
ment

Enzyme

¢DNA,, cDNAy

EcoRI

Pstl

I+ +++++

Hpal

w
—
I +4+ 1 ++++1++ 1 +++++

Bglll

HEygQEPEHDQEP - IQEEUQE>EHD QW >
[
(3]

I ++++++++++++++ 1+

(3]
[e 2]
FH+H A

“ These values were obtained by comparison of the
data shown in Fig. 1 with HindIII digests of **P-labeled
lambda bacteriophage DNA electrophoresed in par-
allel lanes.
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the end of the gel (see Materials and Methods).
Seventy fractions were then analyzed by re-
peated electrophoresis, DNA transfer, and mo-
lecular hybridization for their content of virus-
specific fragments. Four pools (subsequently
called I, II, II1, and IV) were made from fractions
found to contain the EcoRI fragments previ-
ously identified in digestions of total BALB/c
liver DNA (Fig. 2). Pool I contained the EcoRI-
E(4.0) fragment, apparently uncontaminated
with other virus-specific fragments; pool II con-
tained the EcoRI-C(5.0) and EcoRI-D(4.7) frag-
ments, contaminated with a small amount of the
EcoRI-E(4.0) fragment; pool III contained the
EcoRI-B(6.0) fragment, minimally contami-
nated with smaller fragments (not visible in the
test shown in Fig. 2C); and pool IV contained

A B C DE

F1G. 2. Fractionated EcoRI fragments of MMTV-
specific DNA from BALB/c mouse liver DNA. Five
milligrams of BALB/c liver DNA was digested with
EcoRI and subjected to preparative electrophoresis
through a 0.8% agarose gel on a fractionating gel
electrophoresis apparatus (see Materials and Meth-
ods). Seventy fractions were obtained by collecting
electroeluted material at frequent intervals, and each
fraction was analyzed by gel electrophoresis, transfer
to nitocellulose sheets, and hybridization with
MMTV ¢DNA,.,. Four pools were made from multiple
fractions which contained virus-specific EcoRI frag-
ments. A sample of each pool was reanalyzed to
evaluate homogeneity. M, X 107° for each viral frag-
ment is indicated on the right and was determined
by including %*P-labeled HindIII lambda DNA in a
parallel lane (not shown). A, pool I, B, pool II; C,
pool III; D, pool 1V; E, unfractionated EcoRI-di-
gested BALB/c liver DNA.
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the EcoRI-A(10.0) fragment. The amount and
purity of these fragments were sufficient to pro-
ceed with secondary digestions. In some cases,
however, fragments apparently derived from
secondary digestion of contaminating (usually
smaller) EcoRI fragments complicated the anal-
ysis, but these could generally be identified as
contaminants without major difficulty (see, for
example, fragments of 2.8 X 10° and 2.6 x 10° M,
in Fig. 3C or the fragment of 1.4 X 10° M, in Fig.
4B).

Secondary cleavages of isolated EcoRI
fragments of MMTV DNA. Secondary diges-
tions of the DNA in the four pools of EcoRI
fragments with Pstl, Hpal, and Bg/I (Fig. 3-5;
Table 2) permitted us to make several deduc-
tions important to the construction of restriction
endonuclease maps for the MMTV DNA endog-
enous to BALB/c mice. The following guidelines
were helpful in sorting out the complex data
obtained in these experiments.

First, fragments that are novel to the sequen-
tial digestion products (i.e., not present among
products of digestion with the second enzyme
alone; Fig. 1 and Table 1) must be positioned at
an end of the EcoRI fragment used for the
secondary digestion. For example, PstI digestion
of EcoRI-C(5.0) and EcoRI-D(4.7) generated
major, novel fragments of 2.8 X 10° and 2.6 X
10° M, (Fig. 3B); the appearance of these two
fragments indicated that EcoRI sites must be
present in PstI-B(3.3) and PstI-C(3.1), as con-
firmed by the absence of these two Pstl frag-
ments in all sequential digestions with EcoRI
and Pstl (Fig. 3; also see below). Similar argu-
ments apply to the fragments of 1.4 X 10 3.0
% 10%, and 1.2 x 10® M, derived by Hpal cleavage
of DNA from pools I, II, and III, respectively,
and to the fragments of 0.8 x 10° and approxi-
mately 0.3 X 10° M, obtained by Bg/II digestion
of DNA from pools I, II, and III.

There is a significant possible exception to
this first rule, in that prior fractionation of the
EcoRI fragments may permit detection of frag-
ments that have insufficient amounts of virus-
specific sequence to be observed in digests of
unfractionated DNA. There is, for example, no
other way to explain the relatively faint bands
representing fragments of 1.5 X 10° and 1.3 x 10°
M, observed after Hpal digestion of EcoRI-
C(5.0) and EcoRI-D(4.7) (Fig. 4B). In fact, these
fragments appear to be composed largely of cel-
lular sequences (see below), making detection of
the minor virus-specific sequences difficult in
unfractionated DNA.

Second, when Pstl, Hpal, and BglII fragments
of MMTYV DNA (Table 1) are also found among
products of secondary digestions of EcoRI frag-

ENDOGENOUS MMTV DNA
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Fi6. 3. Products of Pstl digestion of separated
EcoRI fragments of BALB/c mouse liver DNA. Sam-
ples of each pool of EcoRI fragment (see Fig. 2) were
digested with Pstl, electrophoresed on 0.8% agarose
gels, and transferred to nitrocellulose sheets for hy-
bridization with either [**P]cDNA.,, (lanes A-D) or
[**P]cDNA; (lanes E-H). HindIII-digested **P-la-
beled lambda bacteriophage DNA (not shown) was
included as marker to obtain the M, X 10~° shown on
the left. A and E, pool I; B and F, pool II; C and G,
pool IIT; D and H, pool IV.

ments (Table 2), these fragments are likely to be
positioned internally in the relevant EcoRI frag-
ment. However, it is possible to generate by
these double digestions new fragments, bounded
by an EcoRI site, which fortuitously comigrate
with products of digestion with the second en-
zyme alone. For example, the Pstl-EcoRI frag-
ments of 0.5 X 10° are likely to be a mixture of
PstI-H(0.5) and the products of EcoRI digestion
of PstI-B(3.3) and PstI-C(3.1) (Fig. 3B and 3F).
This inference is substantiated in a later section
(see Fig. 8).

Third, fragments larger than 0.3 X 10° M, that
are detected principally or solely with cDNA;
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[e.g., PstI-A(3.4) or Pstl-D(1.2)] must be com-
posed mostly of cellular DNA, since cDNA,;, is
capable of detecting fragments as small as 0.3
X 10° M., which are likely to be composed mostly
or entirely of viral sequences (see Fig. 5A and
5C).

Fourth, the total molecular weight of virus-

CDNAreP
A B C

cDNAg
D.E F

e
30—

Fi16. 4. Products of Hpal digestion of separated
EcoRI fragments from BALB/c liver DNA. Hpal was
used to digest samples of pools of EcoRI fragments
derived from BALB/c liver (Fig. 2); the products were
analyzed with cDNA,., (lanes A-C) and cDNA; (lanes
D-F) as described in the legend to Fig. 1. Numbers
and arrows on the left indicate the M, X 10~° of viral
fragments as determined by inclusion of radiolabeled
HindIII fragments of lambda DNA (not shown) in a
parallel lane. A and D, pool I; B and E, pool II; C
and F, pool III.
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¢cDNA
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F16. 5. Products of Bglll digestion of separated
EcoRI fragments from BALB/c liver DNA. Samples
of the various pools of EcoRI fragments shown in
Fig. 2 were treated with BglII, subjected to electro-
Dphoresis in 0.8% agarose gels, transferred to nitrocel-
lulose sheets, and analyzed by hybridization with
either cDNA,., (lanes A-C) or cDNAy (lanes D-F). M,
X 107 indicated on the left are based on bacterio-
phage lambda DNA markers included in adjacent
lanes (not shown). A and D, pool I; B and E, pool II;
C and F, pool III. The faint band in lane C at the
position of ca. 3.2 X 10° M, was not observed in
repeated tests and has therefore not been considered
further in the construction of maps.

specific fragments derived from the secondary
digestions provides an upper limit for the
amount of viral DNA in each EcoRI fragment.
For instance, there can be no more than 2.8 x
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10° M, of viral DNA in the EcoRI-E(4.0), based
upon the sum of the fragments generated by
secondary digestion with PstI (Fig. 3A).

Using these principles and their corollaries as
guides, it was possible to draw several conclu-
sions about the viral DNA in the five EcoRI
fragments and, in some cases, to establish maps
for Pstl, Hpal, and BgIlI sites within the viral
and cellular DNA in those fragments.

First, EcoRI-A(10.0) contains less than 2.5 X
10° M, of viral sequences, and the EcoRI sites
appear to be located in cellular DNA outside the
viral DNA (Fig. 3D and 3H). Thus, this EcoRI
fragment harbors a subgenomic unit of viral
DNA which we have termed unit I. Limited
recovery of EcoRI-A(10.0) during fractionation
procedures and the unusual structure of unit I
have compromised further characterization.
However, previous data concerning the segre-

TABLE 2. Virus-specific fragments from secondary
restriction endonuclease digests of pools of EcoRI

fragments of BALB/c DNA
Pool Detected with:
of EcoRI _—
Enzyme EcoRl frag- M,x 107
frag- ments cDNA., cDNA;
ments
Pstl 1 E(4.0)° 1.2 - +
1.1 + -
0.5 + +
II D@4.7) 2.8 + -
C(5.0) 2.6 + -
0.5 + +
0.2 - +
III B(6.0) 34 - +
1.1 + -
0.5 + +
IV A(10.0) 1.0 + +
0.9 + +
Hpal I E@4.0) 14 + -
0.9 - +
0.6 + +
II D@4.7) 3.0 + +
C(5.0) 1.5 + -
1.3 + -
III B(6.0) 3.7 - +
1.2 + -
0.6 + +
Bglll I E@4.0) 1.3 + +
1.2 + -
0.3 + -
II D@4.7) 35 + +
C(5.0) 0.8 + -
III B(6.0) 25 + +
1.2 + -
0.3 + -

? These values were obtained from HindIII-digested
32P.labeled lambda bacteriophage DNA electrophore-
ses in a parallel lane.

®M, x 107° of EcoRI virus-specific fragments in
designated pool.
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gation of endogenous MMTYV proviral DNA in-
dicated that the EcoRI-A(10.0) fragment segre-
gated as an independent unit (5).

Second, each of the remaining four EcoRI
fragments contains up to 3 X 10° to 4 X 10° M,
of viral sequences, including sequences specific
to the 3’ end of MMTV RNA.

Third, the products of secondary digestions
indicate that EcoRI-B(6.0) and EcoRI-E(4.0)
are each derived from one of two units of viral
DNA (units II and III) that also yield EcoRI-
C(5.0) and EcoRI-D(4.7). As one example of
evidence for this conclusion, the fragments gen-
erated by EcoRI cleavage of Hpal-A(4.4) and
Hpal-B(4.2) must be the 3.0 X 10° M, fragments
in the Hpal digest of EcoRI-C(5.0) and EcoRI-
D(4.7) (Fig. 4B) and the 1.4 X 10° and 1.2 x 10°
M, fragments in the Hpal digests of EcoRI-
E(4.0) and EcoRI-B(6.0), respectively (Fig. 4A
and 4C). In other words, these data locate EcoRI
sites within Hpal-A(4.4) and Hpal-B(4.2). Sim-
ilar arguments can be made about the location
of EcoRI sites within PstI-B(3.3) and PstI-C(3.1)
and within BgllI-F(1.2).

Fourth, within each of the four EcoRI frag-
ments from these two units, various Hpal, Pstl,
and BglII fragments unaffected by EcoRI diges-
tion can be arranged (see Table 2 and discussion
of Fig. 7, below). The ordering was based initially
upon the relationship of fragment size and rela-
tive efficiencies of annealing with ¢cDNA,., and
cDNAj;, as discussed earlier. Since the complex-
ity of viral sequences was considerably less than
the M, of each EcoRI fragment (see second
conclusion, above) and since each EcoRI cleav-
age appeared to affect only one Pstl, BglIl, or
Hpal fragment (see third conclusion, above), we
deduced that the viral sequences were approxi-
mately contiguous at one end of each EcoRI
fragment. The proposals for overlapping sets of
Pstl, Bglll, and Hpal fragments (see Fig. 7)
were further validated by additional sequential
digestions presented in a later section.

Fifth, EcoRI-B(6.0) and EcoRI-E(4.0) appear
to be derived from closely related regions of
MMTYV proviruses as indicated by common PstI
fragments (1.1 X 10° and 0.5 X 10° M,; Fig. 3A
and 3C) and Bg/II fragments (0.6 X 10° M,; Fig.
5A and 5C).

Using genetic segregation of endogenous
viral DNA to facilitate mapping. To deter-
mine which of the four smaller EcoRI fragments
came from the same proviral elements, we ex-
ploited our recent finding that endogenous
MMTYV DNA has been segregating like stable
genetic elements during the inbreeding of con-
temporary mouse strains (5). By analysis of en-
donuclease digests of DNA from several strains
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among the progeny of a cross between a Bagg
albino (forerunner of BALB/c) and a DBA
mouse, we found that independently segregating
elements generated pairs of EcoRI fragments
[e.g., EcoRI-B(6.0) and EcoRI-D(4.7), or EcoRI-
C(5.0) and EcoRI-E(4.0)]; PstI-C(3.1) was also
found to be associated with the presence of the
former pair of EcoRI fragments. Pertinent ex-
amples of such results are illustrated in Fig. 6.
An EcoRI digest of liver DNA from a C3H/Hed
mouse (lane F) contained EcoRI-C(5.0) and
EcoRI-E(4.0), but lacked EcoRI-B(6.0) and
EcoRI-D(4.7). The Pstl digest of C3H/Hed
DNA did not contain PstI-C(3.1), which would
be expected to produce as strong a band as Pstl-
B(3.3); however, there was a less readily detected
Pstl fragment of ca. 3.1 X 10° M, derived from
an endogenous provirus unique to the C3H/Hed
mouse (lane B). These observations indicate
that EcoRI-B(6.0) and EcoRI-D(4.7) form a sin-
gle proviral unit, which we call unit II, and
EcoRI-C(5.0) and EcoRI-E(4.0) form another
proviral unit, called unit III. They also confirm
that the PstI-B(3.3) fragment is from unit I and
the PstI-C(3.1) fragment is from unit III. The

A B C D E F
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Fi1G. 6. Comparison of restriction endonuclease
patterns of MMTV-specific DNA in BALB/c and
C3H/HedJ mouse liver DNAs. A 10-pg sample of DNA
extracted from the liver of either a male BALB/c or
a male C3H/HeJ mouse was digested with Pstl,
Hpal, or EcoRI and analyzed for MMTV-specific
fragments with cDNA,., as described in the legend to
Fig. 1. M, x 10°° of significant viral fragments are
indicated to the left of each panel and were deter-
mined from HindIII-digested lambda [**P]DNA in-
cluded in parallel lanes (not shown). Pstl digests of
BALB/c (A) and C3H/HeJ (B) DNAs; Hpal digests
of BALB/c (C) and C3H/HedJ (D) DNAs; EcoRI di-
gests of BALB/c (E) and C3H/Hed (F) DNAs.
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additional Hpal site in one of these two provi-
ruses can be mapped by comparison of Hpal
digestions of DN As from these two strains (lanes
C and D). The Hpal-A(4.4) fragment is common
to both BALB/c and C3H/HeJ DNAs, indicat-
ing that the Hpal-B(4.2) fragment is derived
from unit III. [The minor fragment of approxi-
mately 4.2 X 10° M, in C3H/HedJ could represent
either a sequence unique to this strain or a
comigrating fragment from Hpal-B(4.2) in di-
gests of BALB/c DNA and derived from unit 1.}

Testing proposed physical maps of en-
dogenous MMTV DNA with additional se-
quential digestions. With the aid of the ge-
netic arguments presented in the previous sec-
tion, it is possible to organize all of the fragments
obtained by secondary Pstl, Bglll, and Hpal
digestions of EcoRI fragments B through E (Fig.
3-5) into physical maps of units II and III (Fig.
7). The only arrangement fully consonant with
the rules governing interpretation of the double-
digestion products indicates that these units con-
tain approximately 6.0 X 10° M, of apparently
continuous viral sequences, with sequences from
the 3’ end of viral RNA positioned near both
ends of both units. In the proposed terminal
redundancies, there are three sites (two PstI and
one Hpal) that have the same relationship to
each other at both ends of both units; this finding
supports the evidence for redundancies from
annealings with cDNAg, suggests that the ter-
minal redundancies in units II and III are very
similar, and shows that the size of the redundant
sequence is at least 700 to 800 bases. The ori-
entation of the maps with respect to viral RNA
was based upon the evidence (discussed below
in relation to Fig. 9) that cDNAjs detected only
the 100 to 200 nucleotides adjacent to polyade-
nylic acid at the 3’ end of viral RNA. Thus, we
placed to the right the ends of units II and III
yielding fragments that were composed largely
of cellular DNA and annealed efficiently with
cDNAg3. In these constructions, the two units
appear closely related in that they share many
restriction sites within the proposed viral se-
quences, but the sites in flanking regions of
cellular DNA are different. Thus, units II and
III differ only with respect to one additional site
for Pstl and one for Hpal in unit III, with 12
sites held in common; in flanking cellular DNA,
however, all sites except a Bg/II site to the left
of viral DNA are independently positioned in
relation to the viral DNA of units II and IIIL
(The similar positions of the BglII site may be
coincidental, but further study of the homology
of the cellular sequences flanking these provi-
ruses is warranted.)

To challenge the proposed maps, we per-
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Fi1c. 7. Physical maps of restriction endonuclease
sites on unintegrated MMTV(C3H) DNA (panel A;
29) and on two units of endogenous MMTV DNA in
the BALB/c mouse strain (panel B). Data presented
in Fig. 1 through 6 and Tables 1 and 2 are summa-
rized as linear maps of both viral and flanking cell
sequences in designated units II and III of endoge-
nous MMTV DNA. The relative orientation of unin-
tegrated MMTV DNA to viral RNA is indicated by
the RNA molecule at the top of panel A and the
relative positions of viral and cellular sequences are
indicated at the top of panel B; the boxes indicate
terminally redundant sequences which include se-
quences from the 3 end of viral RNA. The scale at
the bottom indicates M, X 107%. Specific cleavage sites
for EcoRI (R), Pstl (P), BglII (B), and Hpal (H) are
indicated for unintegrated and endogenous (units I1
and III) MMTV DNAs. Question marks indicate sites
not mapped on a specific unit of MMTV DNA.

formed additional sequential digestions with
various combinations of the four enzymes used
in this study (Fig. 8 and 9). Several features of
the maps were confirmed by these tests.

First, the data in Fig. 3 suggested, but did not
prove, that EcoRI cleaved PstI-B(3.3) and PstI-
C(3.1) from units II and III to generate frag-
ments of 0.5 X 10° M, from the right-hand side
of the EcoRI site; these fragments presumably
comigrated with PstI-H(0.5), which is derived
from the terminally repeated structure and
hence from all EcoRI fragments from units II
and III. Since the maps predict that PstI-H(0.5),
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Fi1c. 8. Virus-specific products of digestion of sep-
arated EcoRI fragments from BALB/c liver DNA
with two restriction enzymes. Pools containing EcoRI
fragments (see Fig. 2) were digested with either Pstl
(A, C, and E) or Pstl and Hpal (B, D, and F) and
analyzed as described in Fig. 1 with [**P]cDNA, ..
M, X 107 of viral fragments are indicated on the left
and determined by inclusion of HindIII-digested
lambda [®*P]DNA. DNA from pool I digested with
Pstl (A) or Pstl and Hpal (B); DNA from pool II
digested with Pstl (C) or Pstl and Hpal (D); DNA
from pool III digested with PstI (E) or Pstl and Hpal
(F).

but not the 0.5 x 10° M, fragments from the
double digestion, should be cleaved with Hpal,
the products of PstI digestion of EcoRI-E(4.0)
and EcoRI-B(6.0) were subjected to redigestion
with Hpal (Fig. 8, lanes A, B, E, and F). As
predicted, the relative intensity of the bands in
the region of 0.5 X 10° M, was diminished after
the Hpal digestion, and new fragments of 0.4 X
10° M, were generated (compare lanes A and E
with lanes B and F).
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Second, neither the 0.5 X 10° nor 0.4 X 10°
fragments in Fig. 8, lanes B and F, annealed with
cDNAjy (data not shown), indicating that Hpal
digestion removed the portion of PstI-H(0.5)
capable of reacting with this reagent. This result
supports the proposed orientation of the maps
with respect to viral RNA by demonstrating that
c¢DNAj is specific for only 100 to 200 nucleotides
at the 3’ end of viral RNA.

Third, the experiments in Fig. 8 also show, as
predicted by the maps, that PstI-E(1.1) from
unit II cleaved by Hpal to produce a fragment
of 0.95 X 10° M, (lane B); PstI-E(1.1) from unit
IIT was cleaved at an additional Hpal site to
yield a fragment of 0.6 X 10° M, (lane F). (The
new fragments of 0.1 X 10° to 0.15 X 10° M, to be
expected after digestion with EcoRI, Pstl, and
Hpal were presumably too small to be detected
with our methods.)

Fic. 9. Virus-specific products of BALB/c liver
DNA digested with two restriction endonucleases.
Ten-microgram samples of liver DNA were digested
sequentially with two restriction enzymes and ana-
lyzed with cDNA,., as described in the legend to Fig.
1. M, X 107° of viral fragments were determined from
HindlIII-digested **P-labeled lambda bacteriophage
DNA and are indicated to the left of each panel. The
enzymes used were: (A) Pstl; (B) Pstl and EcoRI; (C)
PstI and Hpal; (D) EcoRI and BglII; (E) BglII
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Fourth, the maps predict that the products of
double digestion with Pstl and EcoRI should
include two fragments from the left side of each
provirus, one of 2.8 X 10° or 2.6 X 10° M, which
is not susceptible to recleavage with Hpal and
one of 0.5 X 10° M, [PstI-H(0.5)] which bears a
site for Hpal. Since we propose that the ends of
units II and III are terminally redundant, the 0.5
X 10° M, fragments and their Hpal cleavage
products should be identical to those derived
from the right side of units II and III. All of
these predictions are clearly fulfilled, using
EcoRI fragments B and E from the right sides
of units II and III (Fig. 8, lanes A, B, E, and F)
and EcoRI fragments C and D from the left
sides (Fig. 8, lanes C and D).

Fifth, several of the results illustrated in Fig.
8 were confirmed and extended by redigestion of
Pstl fragments in unfractionated BALB/c DNA
with either EcoRI or Hpal (Fig. 9, lanes A-C).
Thus, EcoRI cleaved only PstI-B(3.3) and PstI-
C(3.1) of those PstI fragments detectable with
cDNA,.,; the products of the double digestion
were 2.8 X 10°, 2.6 x 10, and 0.5 X 10° M,. Hpal
did not cleave within PstI-B(3.3) or PstI-C(3.1),
but generated fragments of 0.95 X 10°, 0.6 % 10°,
and 0.4 X 10° M, by digestion of PstI-E(1.1) and
PstI-H(0.5).

Sixth, the maps for units II and III predict
that BglII-F(1.2) represents not one but two
fragments which are adjacent in the internal
region of both proviruses. One of the BgllI-
F(1.2) fragments from each unit should be
cleaved by EcoRI to produce fragments of 0.8
X 10° and 0.3 X 10° M,; the other BgiII-F(1.2)
fragments should remain intact. These predicted
results were observed after redigestion of BgilIl
fragments of unfractionated BALB/c DNA with
EcoRI (Fig. 9, lanes D and E). The relative
intensity of the band at 1.2 X 10° M, was de-
creased, and the appropriate new bands ap-
peared. EcoRI also cleaved Bgl/II-A(4.0); this
fragment must be derived from unit I, but the
products of the secondary digestion with EcoRI
have not been identified.

DISCUSSION

In this report, we used restriction endonucle-
ases to prepare physical maps of the MMTV-
related DNA endogenous to the genome of
BALB/c mice. The major conclusion we drew is
that most of the MMTV DNA in the BALB/c
genome is organized into two units (I and III)
which resemble the proviruses acquired after
infection with retroviruses, i.e., structures with
ca. 6.0 X 10° M, of viral DNA containing termi-
nally redundant sequences derived from the
end(s) of viral RNA. A small amount of viral
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DNA in BALB/c DNA is also present in a unit
of subgenomic size (unit I).

This study represents the first effort to deter-
mine the structure of endogenous viral DNA by
direct physical mapping procedures. The tech-
nical approach required the use of agarose gel
electrophoresis, the DNA transfer procedure
(30), and molecular hybridization with virus-spe-
cific, radiolabeled cDNA’s. These methods al-
lowed detection of the small number of virus-
specific restriction fragments without purifica-
tion of the viral DNA from the ca. 10°-fold excess
of cellular DNA. The mapping procedure in-
cluded conventional sequential digestions with
various combinations of two or three endonucle-
ases (Fig. 8 and 9). To minimize the complexity
of analyzing multiple units within a single cel-
lular genome, we also used preparative fraction-
ation (17) of the large EcoRI fragments bearing
MMTYV sequences before some of the secondary
digestions with other enzymes (Fig. 2-5). The
use of hybridization reagent specific for a few
hundred bases at the 3' end of MMTV RNA
(cDNA3) was particularly helpful, since we were
able to show that this sequence was repeated at
both ends of units II and III, as it is in proviruses
acquired by infection (4, 14, 26). Furthermore,
the low complexity of cDNAgy allowed us to
detect certain fragments that contained a small
amount of viral DNA linked to cellular DNA.
The most unconventional aspect of the mapping
procedure involved the use of mouse genetics.
We have shown elsewhere that endogenous
MMTYV proviruses have segregated like stable
genetic elements during inbreeding (5), and we
deduced that some restriction fragments must
have come from the same endogenous unit of
viral DNA by showing that the appearance of
those fragments was coordinate in digests of
DNA from various strains (Fig. 6; 5).

These strategies for physical mapping were
adequate for an unambiguous ordering of restric-
tion fragments in units II and III and their
immediately flanking cell sequences. Neverthe-
less, more detailed analysis will be necessary to
exclude the presence of small regions of DNA
unrelated to MMTV (e.g., cellular intervening
sequences) within the structures defined and to
determine the precise length and origins of se-
quences repeated at the ends of the endogenous
proviruses. In MMTV DNA introduced by in-
fection, sequences from both the 3’ and 5’ ends
of viral RNA are terminally repeated as a se-
quence of ca. 1,200 bases (29; J. E. Majors,
unpublished data). We showed here that se-
quences from the 3’ end of MMTV RNA are
present at both ends of units II and III (as based
upon annealings with cDNAgz) and that the ter-
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minal redundancies are at least 700 to 800 base
pairs in length (as based upon Pstl and Hpal
recognition sites repeated at both ends). How-
ever, we have not as yet used cDNA transcribed
from the 5 terminus of viral RNA to analyze
these redundancies, nor have we determined the
precise length of the redundant sequence. Pre-
sumably these and other refinements can now
be approached after amplification of endogenous
proviruses in procaryotic systems.

Since no endogenous MMTYV strains have
been recovered from BALB/c mice, we were
obliged to use cDNA'’s prepared from the RNA
of milk-borne MMTV. We then assumed that
these cDNA’s would detect all the restriction
fragments generated from each unit that con-
tained endogenous DNA related to the genomes
of milk-borne MMTV. Within the sensitivity of
the analysis, this assumption appears to have
been valid, since we did not find anomalous
reductions in the combined molecular weights of
virus-specific fragments, using multiple enzymes
to cleave endogenous DNA. It is possible, how-
ever, that the unit we have denoted as subge-
nomic (unit I) is a conventionally sized provirus,
only part of which is homologous to milk-borne
strains of MMTYV. The size of the other two
units (ca. 6.0 X 10° M) is not significantly differ-
ent from the size of proviruses acquired by in-
fection with milk-borne virus (ca. 5.9 X 10° M,;
29), and we were able to detect all the fragments
derived from units II and III with our hybridi-
zation reagent. These findings support our pre-
vious claims that most, if not all, of the genomic
sequences of milk-borne viruses have homologs
in the DNA of inbred mice (4, 22, 25). However,
the locations of restriction sites for Hpal, Pstl,
and BglII within the endogenous proviruses dif-
fer appreciably from the location of sites for
those enzymes within the DNA of milk-borne
strains of MMTV (4, 29), suggesting that signif-
icant differences in base sequences are distrib-
uted along the genomes. It is possible that re-
gions of greatest difference account for the evi-
dence that endogenous MMTV DNA may lack
sequences present in milk-borne viruses (7, 18);
the results presented here, however, argue
against the notion that the genomes of milk-
borne viruses carry genetic elements of signifi-
cant complexity totally unrepresented in endog-
enous proviruses.

Our finding that most endogenous MMTV
DNA is organized into structures resembling
conventional proviruses acquired by infection
offers further support for our contention that
endogenous proviruses of MMTYV were acquired
in the relatively recent past, long after speciation
by multiple, independent infections of germinal
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tissues (5). Our argument was previously based
upon a demonstration of the heterogeneity of
wild mice with respect to the number of copies
and sites of integration of endogenous MMTV
DNA. A complementary analysis of endogenous
MMTYV DNA in inbred mice suggested that the
heterogeneity of wild mice was not due to a high
frequency of deletions, transpositions, or ampli-
fication of endogenous proviral DNA, since such
DNA has segregated like stable elements during
inbreeding. Support for this hypothesis has
come from similar studies of other endogenous
viruses (2, 8a, 13) and from the demonstration
that the four endogenous MMTYV proviruses in
the A/Hed strain mouse are located on at least
three chromosomes (21). The present report
shows that most of the endogenous MMTV
DNA in BALB/c mice has the structure to be
predicted for a provirus acquired by infection,
rather than for sequences that have evolved
directly from cellular genes. Of course, the pres-
ent results, of themselves, do not indicate how
or when the proviruses might have been intro-
duced into the germ line.

The results presented here have an interme-
diate practical implication in that they provide
several markers (in the form of restriction sites)
with which to identify the MMTYV genomes en-
dogenous to BALB/c and to differentiate them
from the genomes of other strains of MMTV,
both horizontally and genetically transmitted.
We have already exploited the differences in
patterns of restriction fragments from endoge-
nous MMTV DNA and milk-borne MMTV
DNA in order to assay organs of BALB/c mice
for infection by virus ingested via foster nursing
with C3H mice (4). V. L. Morris et al. (personal
communication) have used a similar approach
to show that MMTV occasionally recovered
from tumors of BALB/c mice is not endogenous
to those mice and was presumably introduced
by inadvertent infection with virus strains trans-
mitted in the milk of females with high tumor
incidence.

We chose to perform these initial mapping
studies of endogenous MMTV DNA with
BALB/c mice for at least three reasons: (i) the
units of viral DNA appeared relatively low (4,
22); (ii) the strain is extremely susceptible to
milk-borne viruses and hence widely used to
study virus-induced mammary cancer (3, 20, 23);
and (iii) there is very limited expression of en- .
dogenous viral DNA, even in the lactating mam-
mary glands of multiparous animals or in mam-
mary tumors arising in uninfected animals (8,
19, 37). For the last reason, we supposed that
this strain might be the most likely to lack
MMTYV DNA organized into conventional pro-
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viral structures. In other mouse strains that lack
MMTYV in the milk, there is evidence for pro-
duction of infectious virus late in life (3, 20, 23)
or for synthesis of viral RNA similar in size to
the MMTYV RNA identified in infected cells (27),
thus suggesting the presence of endogenous pro-
viruses that resemble viral DNA acquired by
infection with MMTV. It would be of obvious
interest to define the factors that impair the
expression of the two apparently complete pro-
viruses endogenous to BALB/c mice (units IT
and III).
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