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To understand the molecular mechanisms by which the endogenous murine
mammary tumor virus (MuMTYV) proviruses are expressed and produce late-
occurring mammary tumors in C3Hf mice, we analyzed, by the use of restriction
enzymes and the Southern transfer procedure, genomic DNA from normal organs
of mammary tumor-bearing and tumor-free mice and from 12 late-occurring C3Hf
mammary tumors. We found, by using the restriction enzymes EcoRI and
Hindlll, that in addition to the preexisting endogenous MuMTYV proviruses, new
MuMTV-specific proviral DNA was integrated into new sites in the host genome
in all 12 of the tumors that we examined. Ps:I digests of C3Hf tumor DNA
revealed that the new proviral DNA found in C3Hf tumors was of endogenous
origin. Moreover, the respective sizes of at least one of the new DNA fragments
generated by EcoRI or HindlIII digestion were the same in at least 50% of the
C3Hf tumors analyzed, suggesting that the integration site of this new proviral
DNA could be at the same location in the host genome of these tumors. Our
results may imply that mammary tumorigenesis in C3Hf mice results from
activation of cellular oncogenes by an MuMTYV proviral DNA promoter. Specific
hypomethylation of MuMTYV proviral DNA was detected in the mammary tumors
and spleens of C3Hf tumor-bearing mice. Our results indicated that most, if not
all, of the hypomethylated MuMTYV proviral DNA sequences were derived from
the endogenous MuMTYV provirus located at the MTV-1 locus, a locus responsible
for the production of MuMTV antigens and increased incidence of mammary
carcinoma in C3Hf mice. In spleens of non-tumor-bearing mice of ages 3, 6,9, and
12 months, there was progressive hypomethylation of proviral DNA with increas-
ing age, suggesting a possible correlation between demethylation of MuMTV
proviral DNA in the spleens of C3Hf mice and the expression of endogenous
MuMTV.

The murine mammary tumor virus (MuMTYV)
is known to be the milk-borne etiological agent
of spontaneous murine mammary adenocarcino-
mas in several strains of mice. C3H mice ex-
press high titers of MuMTYV in their milk, and
approximately 90% of C3H offspring nursed on
C3H mothers develop mammary tumors be-
tween the ages of 7 and 10 months (2, 27, 31, 35).
Foster nursing of C3H offspring on strains of
mice with a low incidence of mammary tumors,
whose milk does not contain MuMTYV, results in
a much lower incidence (22 to 52%) and later
development (18 to 24 months) of mammary
tumors (1, 2). These late-occurring mammary
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tumors which develop independently of exoge-
nous MuMTYV infection are thought to result
from activation of endogenous MuMTV. The
endogenous MuMTYV is expressed in C3Hf mice
as age and parity number increase, and high
titers of endogenous MuMTV have been found
in milk of high-parity C3Hf mice and also in late-
occurring mammary tumors (27).

Work by van Nie and Verstraeten (41) has
established that a single dominant gene, MTV-1,
located on mouse chromosome 7, is responsible
for the expression of MuMTYV viral antigens in
the milk of C3Hf mice and for the increased
incidence of mammary tumor development. All
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inbred strains of mice contain endogenous
MuMTV proviruses (6); the Heston strain of
C3Hf mouse contains three endogenous
MuMTYV proviruses (6), one of which is located
at the MTV-1 locus (26, 40). The molecular
mechanism(s) by which endogenous proviruses
are expressed and produce tumors in C3Hf mice
is unknown at present.

In mammary tumors induced by exogenous
MuMTYV, mechanisms such as hypomethylation
and reintegration of MuMTV proviral DNA
have been hypothesized. The finding that in
these MuMTV-induced early mammary tumors
one or more new MuMTYV proviruses are pre-
sent in addition to endogenous MuMTYV provir-
uses has led to the suggestion that integration of
MuMTY proviral DNA at new and specific sites
in genomic DNA may be a necessary step for the
development of early mammary tumors (5, 12,
15). Furthermore, the newly amplified and ac-
tively transcribing viral DNA in these tumors
has been shown to be hypomethylated, whereas
the nonactive endogenous proviral DNA has
been shown to be methylated (4, 13). Prelimi-
nary evidence obtained by Cohen and Varmus
(7) suggests that the integration of new MuMTV
proviral DNA may be involved in the develop-
ment of late-occurring mammary tumors in
C3Hf mice.

Our goal in this study was to determine (i)
whether new MuMTYV proviral DNA integration
is present in all C3Hf late-occurring mammary
tumors; (ii) whether such putative reintegration
is at specific locations in genomic DNA; and (iii)
whether the level of methylation of endogenous
MuMTY proviruses differs in normal organs and
mammary tumors of C3Hf mice. By using re-
striction endonucleases and the Southern trans-
fer technique (38), we analyzed the MuMTV-
specific endogenous proviral DNA from normal
organs of tumor-bearing and non-tumor-bearing
C3Hf/He mice and from 12 late-occurring C3Hf
mammary tumors. We found new MuMTYV pro-
viral DNA integrated in all 12 tumors that we
studied, and moreover, in at least 50% of these
tumors the integration of this new proviral DNA
appears to be at the same site. Specific hypo-
methylation of MuMTYV proviral DNA was de-
tected in all 12 tumors examined. Furthermore,
we also observed that the DNA from spleens of
both tumor-bearing and non-tumor-bearing
C3Hf mice was also hypomethylated. The
MuMTV-specific DNA from the spleens of non-
tumor-bearing mice was found to be progres-
sively hypomethylated with increasing age.

MATERIALS AND METHODS

Mice. C3H and C3Hf mice were obtained from the
breeding colonies which we maintain at the Institute
for Medical Research, Camden, New Jersey.
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DNA extraction. Tissue was minced into homogeni-
zation buffer (0.3 M sucrose, 10 mM NaCl, 1.5 mM
MgAc,, 10 mM Tris [pH 8.0], 1 mM dithiothreitol,
0.1% Nonidet P-40) and homogenized with a motor-
driven Teflon-glass Dounce homogenizer. Nuclei were
sedimented at 1,500 rpm in a Sorvall centrifuge and
then washed two to three times with homogenization
buffer. Nuclei were resuspended in TNE (0.1 M NaCl,
0.01 M Tris [pH 7.5], 0.001 M EDTA) and deprotein-
ized with self-digested pronase and sodium dodecyl
sulfate (SDS) (1 mg/ml and 1%, respectively) at 37°C
for at least 12 h. DNA was extracted with equal
volumes of phenol-chloroform and dialyzed extensive-
ly against 5.0 mM Tris-hydrochloride (pH 7.4)-0.1 mM
ETDA. DNA concentration was determined by optical
density.

Digestion of DNA with restriction endonucleases.
Restriction endonucleases EcoRl, HindlIl, Pstl,
Hpall, and Mspl were purchased from Bethesda Re-
search Labs, Rockville, Md., and Boehringer Mann-
heim, St. Laurent, Quebec, Canada. The digestion
mixtures used for these enzymes were those suggested
by the supplier. To ensure complete digestion of the
DNA, a 5- to 10-fold excess of enzyme was used.
Phage lambda DN A and phage ®X174 replicative form
DNA were used to monitor the extent of cleavage.

Gel electrophoresis and DNA transfer. DNA samples
digested with restriction endonucleases were electro-
phoresed in 1% agarose (Seakem) gels containing 0.05
M Tris-acetate (pH 8.0), 0.02 M sodium acetate, 0.018
M NaCl, and 0.002 M EDTA (19). Lambda DNA
cleaved with HindIII or ®X174 replicative form DNA
cleaved with Haelll were used as molecular weight
references and were visualized under UV light after
ethidium bromide staining. Gels were prepared for
transfer to nitrocellulose filters by using a previously
described minor modification (11) of the methods
described by Southern (38).

Preparation of DNA probes for hybridization. (i)
¢DNA,,, probe. A 32P-labeled cDNA representative
(cDNA,;) probe was synthesized as previously de-
scribed (11) in a reaction catalyzed by avian myelo-
blastosis virus DNA polymerase, with oligomers of
calf thymus DNA as primers (14). The MuMTV RNA
used in the reactions was prepared from MuMTV C3H
virions which were obtained from the Frederick Can-
cer Research Center, Frederick, Md., through the
Research Resources, Biological Carcinogenesis
Branch, National Cancer Institute, Bethesda, Md.

(ii) Cloned LTR-specific probe. A 32P-labeled long
terminal repeat (LTR)-specific probe was prepared by
nick translation (34) of an 0.9 x 10%-dalton PstI DNA
fragment specific to the LTR region of the MuMTV
genome. The cloned LTR-DNA was kindly provided
by J. Majors and H. Varmus of the University of
California, San Francisco.

Hybridization conditions. (i) cDNA,,, probe. Nitro-
cellulose filters were treated for a minimum of 6 h at
41°C in hybridization buffer containing 50% forma-
mide, 5xX Denhardt buffer (0.02% each of bovine
serum albumin, polyvinylpyrrolidone, and Ficoll) (8),
0.1% SDS, 200 pg of single-stranded sheared salmon
sperm DNA per ml, 3x SSC (1x SSC - 0.15 M NaCl
plus 0.015 M sodium citrate), and 200 pg of mouse
liver RNA per ml. The hybridization buffer was then
removed, and fresh hybridization buffer which con-
tained approximately 2.0 x 10° cpm of [>2P]dCTP-
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incorporated cDNA,., was added. Hybridization was
done at 41°C for 48 h. Filters were washed extensively
at 68°C in 2x SSPE (1x SSPE, 0.15 M NacCl plus 0.01
M Na,PO, plus 0.001 M trisodium EDTA [pH7.0])
containing 1% SDS and then at 55°C in 0.2x SSPE
containing 0.1% SDS to remove non-specifically ad-
sorbed radioactivity. The filters were wrapped in
plastic wrap and exposed to Kodak RP-Royal X-Omat
film at —70°C in the presence of a Dupont Cronex
Lightning Plus intensifying screen (39).

(ii) Nick-translated cloned LTR probes. Nitrocellu-
lose filters were kept at 68°C for 15 min to remove the
previously hybridized 3?P-labeled ¢cDNA,., probe.
These washed unlabeled nitrocellulose filters were
then prehybridized at 68°C for 4 h in hybridization
buffer containing 50 p.g of sheared salmon sperm DNA
per ml, 4x SSC, 0.01 M EDTA, 0.05% bovine serum
albumin, 0.05% Ficoll, and 0.05% polyvinylpyrroli-
done. This hybridization buffer was removed, and
fresh hybridization buffer which contained 2.5 x 10¢
cpm of 32P-labeled nick-translated LTR probe was
added. Nitrocellulose filters were hybridized at 68°C
for approximately 18 h, washed extensively as de-
scribed above to remove non-specifically adsorbed
radioactivity, and exposed to film at —70°C.

RESULTS

Presence of newly integrated MuMTYV proviral
DNA in C3Hf mammary tumors. The restriction
enzymes EcoRI and HindIII each cleave once
within the full-length C3H MuMTYV genome (5,
36). When these enzymes are used to cleave an
integrated C3H genome, two DNA fragments
are generated which are composed of both viral
and cellular sequences. The size of these EcoRI-
and HindIll-generated DNA fragments depends
on the location of the nearby EcoRI or HindIII
sites in the cellular DNA. Similarly sized EcoRI
and similarly sized HindIII fragments generated
from the genomic DNA of different tumors and
containing MuMTV proviral DNA sequences
suggest integration of MuMTYV proviral DNA at
the same location in the DNA of these different
tumors.

Figure 1 shows the MuMTV-specific DNA
fragments that were generated after EcoRI di-
gestions of genomic DNA from 12 C3Hf mam-
mary tumors of 12 individual mice (lanes B to M)
and from C3Hf livers of 2 tumor-bearing mice
(lanes A and N). Six individual digests were
done for each sample, and, although the results
from the six digests were always consistent, the
clarity of the gels varied. Only the clearest (best)
digest for each tumor is shown in Fig. 1. The
three endogenous MuMTYV proviruses, designat-
ed as units I, II, and V (6), and an endogenous
5.8-kilobase (kb) EcoRI-generated subgenomic
MuMTYV DNA fragment (40), all characteristic
of the C3H/He strain of mice, are present in both
liver and tumor DNA. In addition to the preex-
isting endogenous MuMTYV proviruses, new
MuMTV-specific proviral DNA was detected in
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11 of the 12 C3Hf mammary tumors after EcoRI
digestion.

Digests of tumor DNA shown in Fig. 1, lanes
C, E, and G to K, revealed the presence of a new
EcoRI fragment with an approximate size of 13.0
kb (upper arrow). A second new EcoRI fragment
with an approximate size of 5.0 kb (lower arrow)
was seen in seven tumor digests (lanes B, Eto I,
and K). The remaining digests, with the excep-
tion of that in lane M, revealed that new EcoRI
proviral DNA fragments were integrated at vari-
ous locations, i.e., new proviral DNA is seen in
lane D between the 6.7- and 8.5-kb endogenous
fragments and in lane L above the 8.5-kb frag-
ment. The intensity of the newly acquired pro-
viruses that were detected in the tumors of C3Hf
mice by hydribization to a 3*P-labeled MuMTV-
specific cDNA,, probe was always less than the
intensity of the preexisting endogenous proviral
DNA.

Figure 2 (lanes B to M) shows the MuMTYV-
specific DNA fragments that were generated
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FIG. 1. EcoRI restriction pattern of MuMTV-spe-
cific proviral DNA in genomic DNA isolated from
livers (lanes A and N) and tumors (lanes B to M) of
C3Hf mice. The cellular DNA (approximately 5 pg)
was digested to completion with the restriction en-
zyme EcoRI, subjected to electrophoresis in a 1.0%
agarose gel, transferred to nitrocellulose filters, hy-
bridized to a 3?P-labeled MuMTV cDNA,,, probe, and
autoradiographed as described in the text. The molec-
ular weights were determined for the gel shown in this
figure and all the other figures from known molecular
weights of marker DNA fragments obtained by
HindlIII digestion of lambda DNA and Haelll diges-
tion of ®X174 RF DNA electrophoresed in the same
gel and detected by ethidium bromide staining. The
molecular weights of the EcoRI fragments of C3Hf
endogenous proviruses are given on the left. The
Roman numerals I, II, and V on the right represent the
three endogenous proviruses found in C3Hf mice. The
two larger arrows indicate the two common sizes of
new proviral DNA present in C3Hf tumors after EcoRI
digestion. The smaller arrows indicate the similarly
sized EcoRI fragments of new proviral DNA.
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FIG. 2. HindIII digestion pattern of MuMTV-spe-
cific proviral DNA in genomic DNA isolated from
livers (lanes A and N) and tumors (lanes B to M) of
C3Hf mice. The cellular DNA was digested to comple-
tion with the restriction enzyme HindIII and analyzed
as described in the legend to Fig. 1. The molecular
weights given are for HindIII fragments of endogenous
proviral DNA found in all organs of the C3Hf mouse.
The two larger arrows indicate the two common sizes
of new proviral DNA present in C3Hf tumors after
HindIII digestion. The smaller arrows indicate the
similarly sized HindIIl fragments of new proviral
DNA.

after HindIII digestion of genomic DNA from 12
* C3Hf late-occurring mammary tumors from 12
individual mice and 2 C3Hf livers (lanes A and
N) from 2 tumor-bearing mice. The tumors and
livers digested with HindIIl were the same as
those digested with EcoRI. Six prominent
MuMTV-specific DNA bands (23.0, 18.6, 9.7,
4.8,4.5, and 4.2 kb) and one less prominent band
(7.2 kb) were always seen in HindIII digests of
liver from these mice and were considered to be
MuMTV-specific proviral DNA endogenous to
C3Hf mice. We cannot at present explain why
the 7.2-kb band is so much less intense than the
other six endogenous proviral DNA bands. In
addition to the MuMTV-specific proviral DNA
present endogenously, one can detect new
MuMTV-specific proviral DNA in all 12 C3Hf
mammary tumors after HindIII digestion.
Digests of tumor DNA shown in Fig. 2, lanes
D to I and K, revealed the presence of a new
HindIIl fragment with an approximate size of
14.0 kb (upper arrow). A second new HindIII
fragment ranging in size from 6.0 to 6.5 kb
(lower arrow) was seen in nine tumor digests, as
shown in lanes D to K and M. One of these nine
tumors, which contains a new HindIIl DNA
fragment of 6.5 kb (Fig. 2, lane M), did not
appear to contain new MuMT V-specific proviral
DNA after EcoRI digestion (Fig. 1, lane M).
Other new Hindlll-generated proviral DNA
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fragments of approximate sizes 5.3 and 7.6, 5.7,
7.0,5.5and 8.9, 5.3, 5.5, and 5.9 and 6.9 kb can
be seen in lanes K, H, I, C, E, D, B, and L,
respectively. The intensity of the bands of newly
acquired proviruses that were detected in the
tumors of C3Hf mice after HindIII digestion and
hybridization to a 3*P-labeled MuMT V-specific
c¢DNA,,, probe was often less than the intensity
of the six prominent bands of preexisting endog-
enous proviral DNA.

A comparison of the EcoRI and HindIIl di-
gests revealed that after EcoRI digestion, five
C3Hf tumors (Fig. 1, lanes E, G, H, I, and K)
each contained two new DNA fragments of
approximately 13.0 and 5.0 kb; after HindIII
digestion, these same tumors (Fig. 2, lanes E, G,
H, I, and K) also contained at least two DNA
fragments with an approximate size of 14.0 and
6.1 to 6.5 kb, respectively. The two DNA frag-
ments generated by EcoRI and HindIII digestion
may represent the presence of one new provirus
in these tumors. Thus, data from both EcoRI
and HindlIII digests of genomic DNA of C3Hf
tumors hybridized to a MuMTV-specific
c¢DNA,., probe indicated that new MuMTV-
specific proviral DNA was present in all C3Hf
mammary tumors studied and that the newly
integrated proviral DNA might be present at
integration sites common to several C3Hf mam-
mary tumors.

Endogenous origin of new proviral DNA of
C3Hf mammary tumors. DNA fragments gener-
ated from the internal regions of MuMTYV pro-
viruses by Pstl digestion can be used to distin-
guish endogenous proviruses from those
introduced by exogenous infection in certain
inbred strains of mice (5, 11), one of which is the
C3H/He strain. The PstI-generated 3.9- and 1.1-
kb DNA fragments are characteristic of the
proviral DNA of the exogenous milk-borne
strain of C3H MuMTYV (5). Therefore, we used
the restriction enzyme Pstl to determine wheth-
er the MuMTYV proviral DNA inserted at new
locations in the DNA of 12 C3Hf mammary
tumors was of endogenous or exogenous origin.
Figure 3 depicts the Ps:I digests of genomic
DNA obtained from C3H and C3Hf mammary
tumors, livers, and spleens. In the C3H mouse,
the MuMTV-specific 3.9- and 1.1-kb Ps/I frag-
ments characteristic of exogenous infection are
clearly seen in the mammary tumor, but not in
the liver or spleen. C3Hf mice did not contain
the 3.9- or 1.1-kb DNA fragments in their late-
occurring tumors or in their livers or spleens.
Therefore, the new MuMTV-specific proviral
DNA which we have detected in C3Hf mamma-
ry tumors must represent endogenous MuMTV.

Presence of hypomethylated endogenous
MuMTV proviral DNA sequences in mammary
tumors of C3Hf mice. Newly integrated exoge-
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FIG. 3. Pst restriction pattern of MuMTV-specific
proviral DNA isolated from (A) C3H mammary tumor,
(B) C3H liver, (C) C3H spleen, (D) C3Hf mammary
tumor, (E) C3Hf liver, and (F) C3Hf spleen. The
cellular DNA (approximately 5 pg) was digested to
completion with PstI and analyzed as described in the
legend to Fig. 1.

nous MuMTYV proviral DNA is hypomethylated
in early mouse mammary tumors, but endoge-
nous proviral DNA remains extensively methyl-
ated in both mammary tumors and uninfected
normal organs such as liver (4, 13). To determine
whether hypomethylated endogenous MuMTV
proviral DNA exists in late-occurring C3Hf
mammary tumors and not in normal organs, we
used the restriction enzyme isoschizomers Mspl
(which cleaves at the sequence 5'CCGG regard-
less of the methylation state of the internal
cytosine residue) (42) and Hpall (which does not
cleave at the sequence 5'CCGG if the internal
cytosine is methylated) (24) to analyze the ex-
tent of methylation of MUMTYV proviral DNA in
C3Hf mammary tumors, livers, and spleens. The
results are shown in Fig. 4. Mspl digestion of the
DNA from all three tissues generated eight vi-
rus-specific fragments, which range in size from
1.3 to 6.8 kb. From the results of the Hpall
digestion, it is clear that all viral DNA fragments
in C3Hf liver are extensively methylated, where-
as Hpall digestions of C3Hf tumor DNA gener-
ate four virus-specific bands of 4.5, 3.3, 1.9, and
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1.3 kb, indicating that the proviral DNA in C3Hf
mammary tumors is hypomethylated.

The endogenous MuMTYV proviruses present
in the CBA/C3H family of inbred mice, of which
the C3H/He strain is a member, have been
designated as specific units based on restriction
enzyme analysis (6). These proviral DNA units
vary in number among the various inbred mouse
strains of this family, and one can determine the
proviral unit(s) from which a Hpall and/or Mspl
DNA fragment is derived by comparing Mspl
digests of genomic DNA from the various inbred
strains that differ in specific proviral units. By
comparing published Mspl digests (4) of liver
DNA from three of these strains to an Mspl
digest of C3H/He liver DNA, we have deter-
mined that the 4.5-kb DNA fragment could be
derived only from the MuMTV proviral DNA
unit V and that the 3.3-, 1.9-, and 1.3-kb frag-
ments could be derived from MuMTYV unit V or

Hpa u
Msp1
Hpan
Msp1
Hpa 1
Mspi

l |

LIVER TUMOR SPLEEN

FIG. 4. Hpall and Mspl restriction patterns of
MuMTV-specific proviral DNA in genomic DNA iso-
lated from the liver, mammary tumor, and spleen of a
C3Hf mouse. The mammary tumor in this figure is the
tumor seen in lane G of Fig. 1 and 2. The cellular DNA
(approximately 5 ug) was digested to completion with
either Hpall or Mspl and analyzed as described in the
legend to Fig. 1. Molecular weights denote the
MuMTV-specific DNA fragments derived from Mspl
digestion. The arrows identify the MuMTV-specific
DNA fragments present after Hpall digestion.
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Unit II or both. The presence of these four DNA
fragments (one of which, the 4.5-kb fragment, is
specific only to unit V) in Hpall digests of C3Hf
tumor DNA (Fig. 4) strongly suggests that unit
V, located at the MTV-1 locus, is hypomethylat-
ed in its entirety in C3Hf tumors. However, we
cannot rule out the possibility that specific se-
quences of unit II are also hypomethylated.

The LTR region of MuMTYV contains a hor-
mone-responsive promoter for transcription of
viral genes (22). We considered the possibility
that, if only specific regions of units Il and V
were being hypomethylated, these regions might
contain LTR sequences and the MuMTYV pro-
moter and would therefore play a role in the
transcription of nearby cellular oncogenes (3).
We also recognized that if unit V was hypometh-
ylated in its entirety, then two hypomethylated
fragments should contain LTR-specific se-
quences. Hybridization of an Hpall digest of
C3Hf tumor DNA to a 32P-labeled, nick-translat-
ed cloned probe specific to the LTR region of
MuMTYV (Fig. 5) revealed that the two hypo-
methylated fragments of 4.5 kb (specific to unit
V) and 3.3 kb (which may be derived from either
unit II or V) contain MuMTV LTR-specific
sequences. Hybridization of the MuMTV LTR-
specific probe to Mspl digests (Fig. 5) revealed
that DNA fragments of 5.8, 2.4, and 1.6 kb also
contain LTR-specific sequences which are not
hypomethylated in C3Hf tumors. Furthermore,
both liver and lung of C3Hf tumor-bearing mice
contained no hypomethylated MuMTV DNA
fragments.

Age-dependent hypomethylation of MuMTV
proviral DNA in the spleens of C3Hf mice. In our
initial experiments, we used DNA extracted
from spleens of C3Hf tumor-bearing mice as a
control in restriction enzyme digestions. These
initial experiments, however, yielded the unex-
pected finding that, after hybridization to an
MuMTV-specific cDNA,, probe, Hpall digests
of C3Hf spleen DNA of tumor-bearing animals
resulted in the same hypomethylated DNA frag-
ments (4.5, 3.3, 1.9, and 1.3 kb) as that of DNA
from C3Hf tumors (Fig. 4). The intensity of the
bands representing the hypomethylated frag-
ments from the spleen was often less than that
from tumors. Hybridization of Hpall digests of
spleen DNA to 32P-labeled MuMTV LTR-spe-
cific probe revealed the same two hypomethylat-
ed fragments of 4.5 and 3.3 kb that were detect-
ed with this probe in C3Hf tumor DNA.

In view of this unexpected finding, we deter-
mined whether hypomethylation occurs in
spleens and other organs of non-tumor-bearing
C3Hf mice. Hpall digests of DNA from liver
and mammary glands of 3-, 6-, 9-, and 12-month-
old C3Hf mice (Fig. 6 and 7) revealed extensive
methylation of MuMTV proviral DNA. Al-
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FIG. 5. Hpall and Mspl restriction patterns of
LTR-specific MuMTYV proviral DNA in genomic DNA
isolated from lung, spleen, liver, and mammary tumor
of a C3Hf mouse. The cellular DNA (approximately 5
ng) was digested to completion with Hpall or Mspl
and analyzed as described in the legend to Fig. 1,
except that hybridization was to a 32P-labeled cloned
probe specific to the LTR region of MuMTV. Molecu-
lar weights denote the MuMTV-specific DNA frag-
ments which are present after Mspl digestion of C3Hf
tumor DNA and which contain LTR-specific se-
quences.

though Hpall digests of spleen DNA from C3Hf
non-tumor-bearing mice revealed that a large
percentage of MUMTYV proviral DNA is methyl-
ated, we were able to detect the presence of a
hypomethylated 3.3-kb fragment in 3-, 6-, and 9-
month-old mice, whereas in 12-month-old mice,
the 1.9- and 1.3-kb fragments were also hypo-
methylated.

DISCUSSION

C3Hf mice which develop mammary tumors
at a lower incidence and later in life than C3H
mice do so independently of infection by exoge-
nous milk-borne MuMTV. High-parity C3Hf
mice do, however, contain high titers of endoge-
nous MuMTYV in their milk and mammary tu-
mors. Our studies have determined that, in
addition to the preexisting endogenous MuMTV
proviruses, new MuMTV-specific proviral DNA
was integrated into new sites in the host genome
in all 12 C3Hf tumors that we analyzed. More-
over, when the respective sizes of two of the
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FIG. 6. Hpall and Mspl restriction pattern of
MuMTV-specific proviral DNA in genomic DNA iso-
lated from livers, spleens, and mammary glands (MG)
of 3- and 6-month-old non-tumor-bearing C3Hf mice.
The cellular DNA was digested to completion with
Hpall or Mspl and analyzed as described in the legend
to Fig. 1. Molecular weights denote the MuMTV-
specific DNA fragments derived from Mspl digestion.
The arrows identify the MuMTV-specific DNA frag-
ments present after Hpall digestion.

new DNA fragments resulting from EcoRI or
HindlII digestion of different tumors were com-
pared, the size of at least one new proviral DNA
fragment appeared to be the same in at least half
of the C3Hf tumors examined, suggesting that
this newly acquired proviral DNA may be inte-
grated at the same site in the cellular genome of
these different tumors. Because no transforming
gene has been detected in the genome of either
exogenous or endogenous MuMTYV, our results
suggest that the mode of tumor induction by
MuMTYV may depend on activation of cellular
oncogenes by a proviral DNA promoter, as is
the case in bursal lymphoma induction by avian
leukosis virus (18, 32, 33). Recently, it has been
shown that exogenous C3H MuMTV proviral
DNA is integrated in similar sites in a number of
different C3H early mammary tumors (R. Nusse
and H. Varmus, personal communication).
More definitive studies, such as the isolation of
specific RNA transcripts containing both viral
and cellular sequences, are necessary to estab-
lish the role of newly integrated endogenous
MuMTYV in the induction of mammary tumors in
C3Hf mice.

If integration of new proviral DNA is neces-
sary for C3Hf mammary tumor development,
and if this integration results from endogenous
MuMTYV infection, then the late appearance of
C3Hf mammary tumors in C3Hf mice could be
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explained by the time needed for enough virus to
be produced for infection and proviral DNA
reintegration.

The intensities of the bands representing the
newly acquired proviruses that were detected in
many of the C3Hf tumors examined with an
MuMTYV-specific cDNA,, probe were found to
be less than the intensity of the preexisting
endogenous proviral DNA, indicating that fewer
copies of newly integrated proviral DNA per
tumor mass were present than there are copies
of each preexisting endogenous provirus. Work
from many laboratories (21, 25, 37, 43) has
shown that a sizeable population of non-tumori-
genic cells is present in mammary tumors. Re-
cent work by Maclnnes et al. (23) and Morris et
al. (29) has also shown that tumor cells within
the same mammary tumor mass may be hetero-
geneous with respect to the integration of
MuMTYV proviral DNA sequences and that the
integration site of proviral DNA is more impor-
tant with respect to tumorigenic potential than
the number of integrated proviral DNA copies,
since many non-tumorigenic cells also contain
new proviral DNA integrations. New proviral
DNA fragments not detectable in DNA from
original tumor cells were detected in tumors
caused when the original tumors cells were
injected into mice, suggesting selection of tu-
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FIG. 7. Hpall and Mspl restriction pattern of
MuMT V-specific proviral DNA in genomic DNA iso-
lated from livers, spleens, and mammary glands (MG)
of 9- and 12-month-old non-tumor-bearing C3Hf mice.
The cellular DNA (approximately 5 pg) was digested
to completion with Hpall or Mspl and analyzed as
described in the legend to Fig. 1. Molecular weights
are given for the MuMTV-specific DNA fragments
derived from Mspl digestion. The arrows identify the
MuMTV-specific DNA fragments present after Hpall
digestion.
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morigenic cells in tumor development (29). The
probability of detecting certain new proviral
DNA fragments therefore depends on the per-
centage of cells in the tumor which contain these
specific new integrations. Thus, detection of
new proviral DNA is made more difficult than it
would be if each cell of the tumor mass con-
tained the same copy number of newly integrat-
ed proviral DNA as it did of preexisting endoge-
nous proviruses. The lower intensity of the
bands representing the newly acquired provi-
ruses relative to those bands representing preex-
isting endogenous proviruses may be a result of
mixed, but limited, populations of cells within
the tumors and may therefore explain why we
are unable to detect common integration sites
for new proviral DNA in all of the C3Hf tumors
that we analyzed. Also, proviral DNA fragments
would not be detected by the methods used in
our study if the newly inserted DNA has EcoRI
or HindlIII fragments which are the same size as
those of the already existing endogenous provi-
ruses. Therefore, it is difficult as yet to deter-
mine exactly how many new proviruses are
present in C3Hf mammary tumor DNA.

Our study of the extent of methylation of
endogenous proviral DNA in various organs of
the C3Hf mouse has revealed that endogenous
MuMTYV proviral DNA is hypomethylated in
both mammary tumors and spleens of tumor-
bearing C3Hf mice and that in both tissues the
same proviral DNA sequences are hypomethyl-
ated. No new hypomethylated DNA fragments
(i.e., those not present in Mspl digests of C3Hf
liver DNA) which would represent junction frag-
ments of newly integrated proviral DNA and
host cell DNA were detected in mammary tumor
digests. This may be a result of the number of
cells in each tumor mass which contain newly
integrated proviral DNA, as previously dis-
cussed for EcoRI and HindIII digests.

Livers of both C3Hf tumor-bearing and nor-
mal mice remain extensively methylated. By
determining the endogenous proviral unit(s)
from which each hypomethylated DNA frag-
ment could be derived, we found that proviral
unit V (MTV-1) could be hypomethylated in
every one of its Hpall sites. Two of the hypo-
methylated fragments (4.5 and 3.3 kb) hybridize
to the LTR-specific probe and therefore could
represent both the 5’ and 3’ sides of the provi-
rus. Also, two fragments of 1.9 and 1.3 kb
hybridize only to the cDNA,., probe and are
internal to the genome. The total size of these
hypomethylated fragments is 11 kb, suggesting
that some cellular sequences are attached to one
or both end fragments. As discussed previously,
the MTV-1 locus has been shown by a series of
backcrosses of C3Hf mice to the virus-negative
BALB/c strain to be the single dominant gene of
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C3Hf mice responsible for the expression of
endogenous MuMTYV viral antigens and an in-
creased risk of mammary carcinoma.

Hypomethylation of MuMTYV proviral DNA
in spleens of non-tumor-bearing mice of 3, 6, 9,
and 12 months progressed with age; however,
we did not detect hypomethylation of proviral
DNA sequences in C3Hf mammary glands in
mice of identical ages. This result is somewhat
unexpected, since, by the age of 12 months and
earlier, viral antigens can be detected in the
mammary glands of all C3Hf mice. It is possible
that the viral antigens expressed in C3Hf milk up
to at least 12 months of age are a result of
infection by endogenous MuMTYV, which results
in the integration of hypomethylated endoge-
nous proviral DNA. Detection of the hypometh-
ylated fragments of this new proviral DNA may
not be possible by our methods if the percentage
of infected cells in a mammary gland population
is less than 10% (5) and/or if the number of
copies of newly integrated proviral DNA in the
normal infected mammary gland cells is very
low (4, 5, 13). Similarly, the viral antigens pro-
duced by the mammary gland cells may result
from hypomethylation of existing endogenous
proviral DNA in less than 10% of the cell
population and therefore could not be detected
by the methods employed in this study. From
our results, it appears that specific hypomethyl-
ation of existing endogenous proviral DNA is
occurring in a large enough number of spleen
cells in non-tumor-bearing mice to allow detec-
tion.

Splenic tissue and lymphocytes have often
been implicated as playing a role in MuMTV
infection. Dux and Miihlbock (9, 10) have dem-
onstrated, with mammectomized mice, that
MuMTYV replicates in organs other than the
mammary gland and can be transferred from
mammectomized mice by spleen cells to recipi-
ent mice, in which mammary tumors will then
develop. Hilgers et al. (20) reported the presence
of MuMTYV viral antigens in the spleens of C3Hf
mice; others have reported that lymphocytes
carry cell-bound MuMTYV activity (16, 17, 28,
30). However, no mature MuMTV particles
have been detected as yet in lymphoid tissue.

We cannot at present determine the source of
MuMTV endogenous virus which infects the
mammary glands of C3Hf mice. Our results
indicate that the MTV-1 locus, which is respon-
sible for viral antigen production and increased
mammary carcinoma in C3Hf mice, is hypo-
methylated in both C3Hf mouse mammary tu-
mors and spleens. The possibility exists that
hypomethylation of proviral DNA and subse-
quent endogenous virus production is occurring
in C3Hf mammary glands, and these mature
virus particles reinfect the same C3Hf mammary
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glands. Alternatively, the hypomethylated
MuMTYV proviral DNA observed in spleens ear-
ly in the lifetime of C3Hf mice, and which
becomes progressively demethylated as the
mouse ages, may produce a low level of endoge-
nous MuMTV which infects the mammary
glands of C3Hf mice. Whatever the source of the
endogenous C3Hf MuMTV, the C3Hf mammary
tumor contains new MuMTYV proviral DNA in-
serted into host genome locations that may be
common to many C3Hf tumors. Our results are
consistent with a promoter insertion mechanism
for mammary tumor induction; that is, the viral
promoter of the newly inserted provirus allows
the transcription of a nearby cellular oncogene
which is involved in mammary tumorigenesis in
C3Hf mice.

ACKNOWLEDGMENTS

Thanks are due to S. L. Marcus, P. Szabo, and J. Racevskis
for helpful discussions and to A. J. McClelland for editorial
assistance.

This work was supported by Public Health Service grants
CA-17129 and CA-16599 from the National Institutes of
Health.

LITERATURE CITED

1. Andervont, H. B. 1940. The influence of foster nursing
upon the incidence of spontaneous mammary cancer in
resistant and susceptible mice. J. Natl. Cancer Inst.
1:147-153.

2. Bentvelzen, P. 1974. Host-virus interactions in murine
mammary carcinogenesis. Biochim. Biophys. Acta
355:236-259.

3. Brezmik, T., and J. C. Cohen. 1982. Altered methylation of
endogenous viral promoter sequences during mammary
carcinogenesis. Nature (London) 295:255-257.

4. Cohen, J. C. 1980. Methylation of milk-borne and geneti-
cally transmitted mouse mammary tumor virus proviral
DNA. Cell 19:653-662.

5. Cohen, J. C., P. R. Shank, V. L. Morris, R. Cardiff, and
H. E. Varmus. 1979. Integration of the DNA of mouse
mammary tumor virus in virus-infected normal and neo-
plastic tissue of the mouse. Cell 16:333-345.

6. Cohen, J. C., and H. E. Varmus. 1979. Endogenous
mammary tumor virus DNA varies among wild mice and
segregates during inbreeding. Nature (London) 278:418-
423.

7. Cohen, J. C., and H. E. Varmus. 1980. Proviruses of
mouse mammary tumor virus in normal and neoplastic
tissues from GR and C3Hf mouse strains. J. Virol. 35:298-
305.

8. Denhardt, D. T. 1966. A membrane-filter technique for the
detection of complementary DNA. Biochem. Biophys.
Res. Commun. 23:641-646.

9. Dux, A., and O. Miihlbock. 1964. The mammary tumor
agent in completely mammectomized mice. Proc. Soc.
Exp. Biol. Med. 115:433-435.

10. Dux, A., and O. Miihlbock. 1968. Propagation of the
mammary tumor agent (Bittner virus) in the absence of
mammary glands of mice. J. Natl. Cancer Inst. 40:1309—
1312.

11. Etkind, P. R., P. Szabo, and N. H. Sarkar. 1981. Restric-
tion endonuclease mapping of the proviral DNA of the
exogenous RIII murine mammary tumor virus. J. Virol.
41:855-867.

12. Fanning, T. G., J. P. Puma, and R. D. Cardiff. 1980.
Selective amplification of mouse mammary tumor virus in
mammary tumors of GR mice. J. Virol. 36:109-114.

13.

14.
15.

16.

17.

18.

19.

J. VIROL.

Fanning, T. G., A. B. Vassos, and R. D. Cardiff. 1982.
Methylation and amplification of mouse mammary tumor
virus DNA in normal, premalignant, and malignant cells
of GR/A mice. J. Virol. 41:1007-1013.

Goulian, M. 1968. Incorporation of oligonucleotides into
DNA. Proc. Natl. Acad. Sci. U.S.A. 61:284-291.
Groner, B., and N. E. Hynes. 1980. Number and location
of mouse mammary tumor virus proviral DNA in mouse
DNA of normal tissue and of mammary tumors. J. Virol.
33:1013-1025.

Hageman, P. C., and J. Calafat. 1972. Some remarks on
cell-bound MTV activity, p. 453-460. In J. Mouriquand
(ed.), Fundamental research on mammary tumors.
INSERM, Paris.

Hageman, P. C., J. Calafat, and J. H. Daams. 1972. The
mouse mammary tumor viruses, p. 283-300. /n P. Emme-
lot and P. Bentvelzen (ed.), RNA viruses and host
genome in oncogenesis. North-Holland, Amsterdam.
Hayward, W. S., B. G. Neel, and S. M. Astrin. 1981.
Activation of a cellular onc gene by promotor insertion in
ALV-induced lymphoid leukosis. Nature (London)
290:475-480.

Helling, R. B., H. M. Goodman, and H. W. Boyer. 1974.
Analysis of endonuclease EcoRI fragments of DNA from
lambdoid bacteriophages and other viruses by agarose gel

. electrophoresis. J. Virol. 14:1235-1244.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

Hilgers, J., R. C. Nowinski, G. Geering, and W. Hardy.
1972. Detection of avian and mammalian oncogenic RNA
viruses (oncornaviruses) by immunofluorescence. Cancer
Res. 32:98-106.

Hosick, H. L., L. W. Anderson, J. C. Angello, and K. G.
Danielson. 1981. Properties which distinguish tumorigenic
mammary cells: a cell line approach, p. 393-412. In C. M.
McGrath, M. Brennan, and M. A. Rich (ed.), The cell
biology of breast cancer. Academic Press, Inc., New
York.

Lee, F., R. Mulligan, P. Berg, and G. Ringold. 1981.
Glucocorticoids regulate expression of dihydrofolate re-
ductase cDNA in mouse mammary tumor virus chimaeric
plasmids. Nature (London) 294:228-232.

Maclnnes, J. 1., E. C. M. Lee Chan, D. H. Percy, and
V. L. Morris. 1981. Mammary tumors from GR mice
contain more than one population of mouse mammary
tumor virus infected cells. Virology 113:119-129.

Mann, M., and H. O. Smith. 1977. Specificity of Hpa II
and Hae III methylases. Nucleic Acids Res. 4:4211-4221.
McGrath, C. M., L. Maloney, and H. D. Soule. 1981. An
inquiry into the relevance of contact related transforma-
tion markers to tumorigenic growth of mammary epithelial
cells, p. 373-391. In C. M. McGrath, M. J. Brennan, and
M. A. Rich (ed.), The cell biology of breast cancer.
Academic Press, Inc., New York.

Michalides, R., R. van Nie, and R. Nusse, 1981. Mammary
tumor induction loci in GR and DBAF mice contain one
provirus of the mouse mammary tumor virus. Cell 23:165-
173.

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. 29:347-415.

Moore, D. H., N. H. Sarkar, and J. Charney. 1970.
Bioactivity and virions in the blood of mice with mamma-
ry tumor virus. J. Natl. Cancer Inst. 44:965-973.

Morris, V. L., D. A. Gray, R. L. Jones, E. C. M. Lee
Chan, and C. M. McGrath. 1982. Mouse mammary tumor
virus DNA sequences in tumorigenic and nontumorigenic
cells from a mammary adenocarcinoma. Virology
118:117-127.

Nandi, S., C. Helmick, and S. Haslam. 1974. Hemic cell-
associated mammary tumor virus activity in BALB/cfC3H
mice. J. Natl. Cancer Inst. 52:1277-1283.

Nandi, S., and C. M. McGrath. 1973. Mammary neoplasia
in mice. Adv. Cancer Res. 17:353—414.

Neel, B. G., W. S. Hayward, H. L. Robinson, J. Fang, and
S. M. Astrin. 1981. Avian leukosis virus-induced tumors
have common proviral integration sites and synthesize



VoL. 45, 1983

33.

34.

35.

36.

37.

discrete new RNAs: oncogenesis by promoter insertion.
Cell 23:323-334.

Payne, G. S., J. M. Bishop, and H. E. Varmus. 1982.
Multiple arrangements of viral DNA and an activated host
oncogene in bursal lymphomas. Nature (London)
295:209-214.

Rigby, R. W., M. Dieckmann, C. Rhodes, and P. Berg.
1977. Labelling deoxyribonucleic acid to high specific
activity in vitro by nick translation with DNA polymerase
I. J. Mol. Biol. 113:237-251.

Sarkar, N. H., and D. H. Moore. 1973. Viral transmission
in breast cancer, p. 15-27. In P. Rentchnick (ed.), Recent
results in cancer research, vol. 42. Springer-Verlag, New
York.

Shank, P. R., J. C. Cohen, H. E. Varmus, K. R. Yamamo-
to, and G. M. Ringold. 1978. Mapping of linear and
circular forms of mouse mammary tumor virus DNA with
restriction endonucleases: evidence for a large specific
deletion occurring at high frequency during circulariza-
tion. Proc. Natl. Acad. Sci. U.S.A. 75:2112-2116.

Soule, H. D., T. Maloney, and C. M. McGrath. 1981.
Phenotypic variance among cells isolated from spontane-

MuMTV ENDOGENOUS PROVIRAL DNA

38.

39.

41.

42.

43.

123

ous mouse mammary tumors in primary suspension cul-
ture. Cancer Res. 41:1154-1164.

Southern, E. M. 1975. Detection of specific sequences
among DNA fragments separated by gel electrophoresis.
J. Mol. Biol. 38:503-517.

Swanstrom, R., and P. R. Shank. 1978. X-ray intensifying
screens greatly enhance the detection by autoradiography
of the radioactive isotopes P and '*I. Anal. Biochem.
86:184-192.

. Traina, V. L., B. A. Taylor, and J. C. Cohen. 1981.

Genetic mapping of endogenous mouse mammary tumor
viruses: locus characterization, segregation, and chromo-
somal distribution. J. Virol. 40:735-744.

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.

Waalwijk, C., and R. A. Flavell. 1978. Msp I, an isoschi-
zomer of Hpa II which cleaves both unmethylated and
methylated Hpa II sites. Nucleic Acids Res. 5:3231-3236.
Whylie, C., P. K. Nakane, and G. B. Pierce. 1972. Degree of
differentiation in non-proliferating cells of mammary car-
cinoma. Differentiation 1:11-20.



