JOURNAL OF VIROLOGY, Jan. 1984, p. 66-71
0022-538X/84/010066-06$02.00/0
Copyright © 1984, American Society for Microbiology

Vol. 49, No. 1

Mouse Mammary Tumor Virus: Specific Methylation Patterns of
Proviral DNA in Normal Mouse Tissues

WEI-SHAU HU, THOMAS G. FANNING, anD ROBERT D. CARDIFF*
Department of Pathology, School of Medicine, University of California, Davis, California 95616

Received 18 July 1983/Accepted 4 October 1983

The methylation state of endogenous mouse mammary tumor virus (MuMTYV) proviral DNA was
examined in normal mouse tissues. DNAs from various tissues were cleaved with the methylation-sensitive
enzymes Hhal and Hpall and analyzed by Southern blotting. Tissue-specific MuMTYV proviral DNA
methylation patterns were found in the BALB/c, C3H, C57BL, GR/A, and GR-Mtv-2~ mouse strains.
MuMTYV proviral DNA was hypomethylated in DN As from the spleens and testes of all strains examined.
The GR/A mouse strain, which was most thoroughly studied, also showed hypomethylation of MuMTV
proviral DNA in bone marrow and placental tissues. Analysis of RNAs extracted from GR/A liver,
mammary tumor, testes, placenta, and spleen tissues demonstrated that MuMTYV proviral hypomethylation

need not reflect significant proviral transcription.

The timing and extent of gene expression in eucaryotes
may be controlled, at least in some degree, by the presence
or absence of modified bases in DNA. Specifically, a number
of investigators have postulated that cytosine methylation
may play a significant role in determining which cellular
genes will be transcribed and at what times (4, 11, 26, 28). 5-
Methylcytosine may control gene transcription by one or
more mechanisms: the base may modulate protein-DNA
interaction (4, 11, 26, 28) or induce (or stabilize) localized
conformational alterations of the DNA (1). The strong
correlation between DNA hypomethylation and gene
expression which has been demonstrated in a number of
systems (4, 11, 26, 28) lends credence to the concept that 5-
methylcytosine plays an important role in transcription.
However, the correlation between DNA hypomethylation
and transcriptional activity has not been demonstrated in all
cases (15, 20, 295).

Endogenous and acquired mouse mammary tumor virus
(MuMTYV) proviral DNA is less methylated in mammary
tumors than the endogenous proviruses in mouse liver (3, 6,
10, 12, 14). Since MuMTV-specific RNA is easily detected in
mammary tumors but not in livers (33), hypomethylation of
MuMTV proviral DNA has been taken as prima facia
evidence for MuMTYV transcriptional activity (3, 6, 10, 12,
14).

Although the correlation between MuMTYV proviral hypo-
methylation and gene expression is demonstratively true in
mammary tissue, it does not appear to be valid in general.
We have found hypomethylated endogenous MuMTYV provi-
ral DNA in mouse tissues which contain little or no MuMTV
RNA. However, our data do not exclude the possibility that
hypomethylation of MuMTV DNA is a necessary prerequi-
site for proviral gene expression.

MATERIALS AND METHODS

Animals. BALB/c, C57BL, C3H, and GR/A mice were
originally obtained from the Cancer Research Laboratory,
Berkeley, Calif. or the Jackson Laboratory, Bar Harbor,
Maine. GR-Mtv-2~ mice were originally provided by Jo
Hilgers, The Netherlands Cancer Institute, Amsterdam.

Nucleic acid extraction. DNA was extracted from mouse
tissues by the proteinase K-sodium dodecyl sulfate-phenol-
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chloroform method as described previously (13). RNA was
extracted as follows. Fresh tissue was homogenized in an
ice-jacketed Waring blender in a buffer containing 10 mM
Tris-hydrochloride (pH 8), 10 mM EDTA, 40 mM NacCl, and
100 to 200 ng of proteinase K per ml. The homogenate was
passed through four layers of cheesecloth to remove large
debris, made 0.5% in sodium dodecyl sulfate, and extracted
several times with phenol-chloroform. The partially depro-
teinized sample was ethanol precipitated, dissolved in buff-
er, and again extracted with phenol-chloroform. The sample
was ethanol precipitated and dissolved in 20 mM sodium
acetate (pH 5)-10 mM MgSO,, and the nucleic acid concen-
tration was determined by measuring the optical density at
260 nm. The sample was then digested with DNase (RNase
free; Miles Laboratories, Elkhorn, Ind.) under conditions
recommended by the supplier. The digests were stopped by
freezing, and a sample was subjected to electrophoresis in a
2% agarose gel containing 1 pg of ethidium bromide per ml.
In addition to the mouse RNAs, at least one lane of the gel
contained a known amount of purified Escherichia coli
rRNA. The gel was photographed under shortwave UV
light, and each lane of the photographic negative was
scanned with a Gilford 2000 spectrophotometer (13, 14). The
densitometer scans of each lane were compared with that of
the E. coli rRNA standard to arrive at a best estimate of the
RNA concentration in each sample. Only those samples
showing no RNA degradation were used in the experiments
reported here.

Blot analysis. Cellular DNAs were digested with restric-
tion enzymes (from New England Biolabs, Boston, Mass. or
Bethesda Research Laboratories, Bethesda, Md.) and
Southern blotted as described previously (13, 14). Dot blot
(18) analysis of cellular RNAs was performed with nitrocel-
lulose filters soaked in 10x SSC (Ix SSC is 0.15 M NaCl plus
0.015 M sodium citrate) on a Dot Blot apparatus (Bethesda
Research Laboratories). All blots, unless otherwise noted,
were probed with a mixture of cloned MuMTV Pstl frag-
ments (19) that had been labeled by nick translation (27).

RESULTS

Methylation patterns of MuMTYV proviral DNA in normal
GR/A tissues. Previous studies have compared the methyl-
ation patterns of MuMTYV proviral DNA in mouse mammary
tissues with the patterns exhibited in normal nonmammary
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FIG. 1. Hypomethylated endogenous MuMTYV proviral DNA in
GR/A mouse tissues. Tissue DNAs (7 ng) were digested with thHe
enzyme Hhal, electrophoresed into 1% agarose gels, and Southern
blotted. The blots were hybridized with labeled MuMT V-specific
DNA and autoradiographed. Lane 1, female liver; lane 2, male and
female bone marrows (pooled from several animals); lane 3, female
spleen; lane 4, testes; lane 5, placenta; lane 6, fetuses (pooled from a
single litter); lane 7, mammary tumor; lane 8, female kidney. Arrows
denote the sizes of DNA fragments in kilobase pairs.

tissues (3, 6, 10, 12, 14). The normal tissue most commonly
used has been liver, although kidney, heart, spleen, and
mammary gland tissues have also been investigated. In these
studies, only tumor and spleen tissues contained hypometh-
ylated MuMTYV proviral DNA.

We surveyed a number of normal nonmammary GR/A
mouse tissues for the presence of hypomethylated endoge-
nous MuMTYV proviral DNA. Proviral DNA in GR/A spleen,
placenta, and mammary tumor tissues appeared to be signifi-
cantly hypomethylated when digested with the methylation-
sensitive restriction enzyme Hhal (Fig. 1, lanes 3, S, and 7).
Bone marrow (Fig. 1, lane 2) and testes (Fig. 1, lane 4) also
appeared to harbor hypomethylated MuMTYV proviral DNA,
although the degree of hypomethylation seemed to be less
than for spleen and placenta. The patterns exhibited by both
the fetus and kidney samples suggested that MuMTYV provi-
ral DNA was largely methylated in these tissues, although
somewhat less so than proviral DNA in GR/A liver (Fig. 1;
compare lanes 6 and 8 with 1).

In addition to the quantitative differences in MuMTV
proviral DNA methylation seen in Fig. 1, there were marked
qualitative differences. For example, the 2.6-kilobase pair
(Kb) and 6.0-Kb MuMTV proviral bands seen in Hhal-
digested spleen DNA (Fig. 1, lane 3) were not present in
Hhal-digested testes DNA (Fig. 1, lane 4). These qualitative
differences suggest that different MuMTV proviruses are
hypomethylated in a tissue-specific fashion, or that different
enzyme sites on a given provirus are hypomethylated in a
tissue-specific fashion, or both. At present, we have no way
of unambiguously differentiating between these two possibil-
ities.

Similarities among the profiles shown in Fig. 1 were also
apparent. MuMTYV proviral DNA fragments of 9 Kb were
generated by Hhal digestion of many tissue DNAs (Fig. 1,
lanes 2, 3, 5, 6, and 7). Since integrated MuMTYV proviral
DNA is 10 Kb (7), this finding would suggest that only two
restriction sites are available for cleavage within, or near,
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one or more proviral DNAs in these tissues. We have no way
of deciding, however, whether these 9-Kb fragments origi-
nated from one or more proviruses or whether both sites
were located within a provirus, as opposed to one site within
a provirus and the other in the flanking host DNA. Paren-
thetically, all bands seen in Fig. 1 (as well as those in all
subsequent figures) arose from enzymatic cleavage of inte-
grated proviral DNA since Southern blot analysis of un-
cleaved tissue DNAs failed to reveal any MuMTV-specific
bands below that of the bulk DNA, which ran at a position of
30 to 50 Kb (data not shown).

The bands seen below the 9-Kb band (Fig. 1, lanes 2 to S
and 7) suggested the presence of multiple hypomethylated
enzyme sites within MuMTV proviral DNA. We have, in
fact, demonstrated that this is the case for several of the
lower-molecular-weight bands by performing restriction
mapping experiments and by using small fragments of cloned
MuMTYV proviral DNA as probes (data not shown). Since
GR/A mice contain five nearly identical copies of MuMTV
proviral DNA (13, 17, 22), we have not been able to assign
specific fragments to specific proviruses with one exception:
the 4.2-Kb proviral fragment present in GR/A mouse testes
is missing in GR-M1v-2~ mouse testes and, thus, probably
originated from the GR-MTV-2 provirus (see below).

The tissue-specific proviral restriction patterns in Fig. 1
were generated by the restriction enzyme Hhal. To corrob-
orate this finding, we have digested GR/A tissue DNAs with
the isoschizomer pair Mspl (methylation insensitive) and
Hpall (methylation sensitive). The Mspl-Hpall digests con-
firmed the results obtained with Hhal (Fig. 2) and, in
addition, demonstrated that although specific MuMTYV pro-
viral DNA sequences were hypomethylated in spleen, tes-
tes, and tumor tissues, many other proviral DNA sequences
were methylated in these same tissues (Fig. 2; compare lane
2 with 6, 3 with 7, and 4 with 8).

Hypomethylated MuMTV proviral DNAs in spleens of
different mouse strains. DNAs derived from GR/A spleens
appeared to contain hypomethylated MuMTYV proviral DNA
(Fig. 1, lane 3; Fig. 2, lane 2). To determine whether this was
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FIG. 2. Hypomethylated endogenous MuMTYV proviral DNA in
GR/A mouse tissues. Tissue DNAs were digested with either Hpall
(lanes 1 to 4) or Mspl (lanes S to 8) and treated as described in the
legend to Fig. 1. Lanes 1 and 5, female liver; lanes 2 and 6, male
spleen; lanes 3 and 7, testes; lanes 4 and 8, mammary tumor.
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a general phenomenon, DNAs were extracted from the
spleens of BALB/c, C57BL, C3H, and GR-Mtv-2~ mice and
examined for the degree of MuMTYV proviral DNA methyl-
ation with the enzyme Hhal. In all cases, hypomethylated
proviral DNA was detected, although both quantitative and
qualitative differences were apparent among the strains (Fig.
3).

Figure 3 shows both Sacl and Hhal digests of mouse
spleen DNAs. Since Sacl is not inhibited by DNA methyl-
ation, these patterns indicate the total amount of MuMTYV-
specific DNA applied to each lane of the gel (Fig. 3, lanes 6
to 10). Taking into account the overloading of the GR-Mtv-
27 lanes (Fig. 3, lanes 4 and 9), it was apparent that spleen
DNAs from GR/A and GR-Mtv-2~ mice contained more
hypomethylated MuMTV proviral DNA than did spleen
DNAs from BALB/c, C57BL, and C3H mice (Fig. 3). Since
the GR/A strain contains more endogenous MuMTV provi-
rus than do the other strains (24), this finding was not
completely unexpected. Nevertheless, the fact that both
GR/A and GR-Mtv-2~ mice contained more lower-molecu-
lar-weight MuMTYV restriction fragments did suggest that
more Hhal enzyme sites were hypomethylated in these two
strains.

An alternative possibility was that MuMTYV proviruses in
GR/A and GR-Mtv-2~ mice have more Hhal sites per se than
do proviruses in the other strains. Although we cannot rule
out this possibility, it seems unlikely in view of the high
sequence homologies exhibited by MuMTYV proviruses (33).
Thus, enzymes with short recognition sequences (such as
Hhal and Mspl-Hhall, which cleave at four base pair
sequences) would be expected to show conservative pat-
terns; indeed, this appeared to be the case (see Fig. 2 and
Fig. 5).

Significantly, no differences (either qualitative or quantita-
tive) were detected between the GR/A mouse strain and the
congenic line GR-Mtv-2~ (Fig. 3). These two lines differ only
in the presence (GR/A) or absence (GR-Mtv-27) of the highly
oncogenic GR-MTV-2 provirus (13, 17, 22). Thus, it seems
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FIG. 3. Hypomethylated endogenous MuMTYV proviral DNA in
spleens of different mouse strains. Tissue DNAs were digested with
either Hhal (lanes 1 to 5) or Sacl (lanes 6 to 10) and treated as
described in the legend to Fig. 1. Lanes 1 and 6, female BALB/c;
lanes 2 and 7, female C57BL; lanes 3 and 8, female C3H; lanes 4 and
9, male GR-Mtv-2~; lanes 5 and 10, female GR/A.
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FIG. 4. Hypomethylated endogenous MuMTYV proviral DNA in
testes of different mouse strains. Tissue DNAs were digested with
either Hhal (lanes 1 to 4) or Sacl (lanes 5 to 8) and treated as
described in the legend to Fig. 1. Lanes 1 and S, BALB/c; lanes 2
and 6, C3H; lanes 3 and 7, GR-Mtv-27; lanes 4 and 8, GR/A. The
arrow identifies the 4.2-Kb fragment present in GR/A mice that is
missing in GR-Mtv-2~ mice.

reasonable to assume that all of the Hhal restriction frag-
ments seen in GR/A spleen samples (Fig. 1 and 2) contain
sequences from proviruses other than GR-MTV-2.

Hypomethylated MuMTYV proviral DNAs in testes of differ-
ent mouse strains. DNAs derived from the testes of male
mice belonging to-different strains contained hypomethylat-
ed MuMTYV proviral DNA (Fig. 4). When the differences in
total amounts of DNA loaded per lane were taken into
account, it appeared as though roughly equivalent amounts
of hypomethylated MuMTYV proviral DNAs were present in
the testes of BALB/c, C3H, GR-Mrv-2~, and GR/A mice
(Fig. 4).

Interestingly, the MuMTV proviral patterns exhibited
after Hhal cleavage of testes DNAs appeared to be very
similar between the different mouse strains (Fig. 4, lanes 1 to
4). To test this further, the samples were digested with the
isoschizomer pair Mspl (methylation insensitive) and Hpall
(methylation sensitive). The different strains exhibited very
similar Mspl profiles (Fig. 5, lanes 5 to 8) indicating that
Mspl restriction sites are highly conserved between the
MuMTYV proviruses in each strain.

The MuMTYV proviral patterns generated by Hpall were
also very similar (Fig. 5, lanes 1 to 4). This indicates that the
methylation patterns of MuMTYV proviruses in mouse testes
are strongly conserved among the different strains. The
patterns are less strongly conserved in mouse spleens (Fig.
3) or in the different tissues of a single individual (Fig. 1 and
2). As yet, we have no explanation for this interstrain
conservation of MuMTYV proviral DNA methylation patterns
in mouse testes.

The profiles shown in Fig. 4 demonstrate the only differ-
ence in MuMTYV proviral methylation between GR/A and
GR-M1v-2~ mice that we have encountered to date. GR/A
(Fig. 4, lane 4) and GR-Mtv-2~ (Fig. 4, lane 3) differ in a 4.2-
Kb MuMTYV proviral DNA fragment that is present in the
GR/A testes sample but absent in the GR-Mtv-2~ sample.
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FIG. 5. Hypomethylated endogenous MuMTYV proviral DNA in
testes of different mouse strains. Tissue DNAs were digested with
either Hpall (lanes 1 to 4) or Mspl (lanes 5 to 8) and treated as
described in the legend to Fig. 1. Lanes 1 and S, BALB/c; lanes 2
and 6, C3H; lanes 3 and 7. GR-M1v-27: lanes 4 and 8, GR/A.

The two mouse lines differ, in terms of MuMTYV proviruses,
only in respect to the GR-MTV-2 provirus, which is missing
in the GR-Mrv-27 line. Thus, we have provisionally assigned
the 4.2-Kb band to GR-MTV-2.

MuMTYV proviral transcription in GR/A mouse tissues. Are
hypomethylated MuMTV proviral DNAs transcriptionally
active? RNA extracted from two GR/A mammary tumors
contained significant quantities of MuMTV-specific RNA.
When compared with controls (Fig. 6, rows 1 to 3), 0.64% of
the total RNA from tumor A (Fig. 6, row 6) was found to
hybridize with an MuMTV-specific probe, whereas 2.5% of
the total RNA from tumor B (Fig. 6, row 7) hybridized with
the probe. In addition, 0.33% of the total RNA extracted
from GR/A prelactating mammary gland tissue (Fig. 6, row
16) hybridized with the MuMTV-specific probe. These re-
sults are in agreement with the observations of others that
GR/A tumors and prelactating and lactating mammary gland
tissues contain significant amounts of MuMTV RNA (33).

Little or no MuMTV RNA could be detected in the livers
of either male or female GR/A mice (Fig. 6, rows 4 and 5),
again confirming results previously obtained by other inves-
tigators (33). Similarly, little or no MuMTV RNA was
detected in GR/A male spleens, female spleens, testes,
placenta, a pool of fetuses, or in female thymus tissues (Fig.
6, rows 9 to 15 respectively).

Spleens and testes of GR/A mice contained hypomethylat-
ed MuMTYV proviruses (Fig. 1 and 4). Since these same
tissues lacked detectable quantities of MuMTV RNA (Fig.
6), we conclude that hypomethylation of MuMTYV proviral
DNA does not indicate significant transcriptional activity
per se (i.e., transcription on a par with that in tumors).

DISCUSSION

We have shown that certain normal nonmammary mouse
tissues contain hypomethylated endogenous MuMTYV provi-
ral DNA. Additionally, we have established that hypomethy-
lated proviruses in nonmammary tissues are either sparingly
transcribed or not transcribed at all. This result is at odds
with many (3, 6, 10, 12, 14, 21) but not all (15) observations
demonstrating a correlation between MuMTV DNA hypo-
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methylation and gene expression in mammary tissues and
cultured cells.

MuMTYV proviruses are present in the genomes of all
inbreed strains of mice and are also found in many feral mice
(8. 24). The viruses are known to be a causative agent in
mammary neoplasia, but no other biological functions have
been assigned to them (2). The recent discovery of healthy
feral mice lacking MuMTYV sequences would suggest that
viral genetic information is superfluous for normal mouse
development (5, 8, 9). Thus, why should apparently nones-
sential DNA sequences exhibit tissue-specific methylation
patterns? This question is especially cogent in view of the
well-established correlation between hypomethylation and
transcriptional activity (4, 11, 26, 28) and the lack of such a
correlation for MuMTV.

Based upon the results obtained in other systems, we offer
three proposals to explain our results with MuMTV provi-
ruses: (i) genes near MuMTYV proviruses are hypomethylat-
ed and transcribed, with MuMTV proviruses acting as
**hitch-hikers™"; (ii) hypomethylated MuMTYV proviral DNA
cannot be transcribed because a ‘‘critical site’” remains
methylated: or (iii) hypomethylated MuMTYV proviral DNA
cannot be transcribed because a transcriptional *‘trigger’” is
not present.

The hitch-hiker proposal assumes that MuMTV provi-
ruses are integrated near genes that are transcriptionally
active. It is known that large regions of chromatin undergo
conformational alterations around active genes (16, 34) and
that nontranscribed sequences within these active regions
contain hypomethylated DNA (30). Endogenous MuMTV
proviruses do not appear to be clustered in the mouse
genome (31). Thus, for the hitch-hiker proposal to be cor-
rect, one would need to postulate that at least one MuMTV
provirus is present near an active gene(s) in each mouse line.
This hypothesis is reasonable if, at the time of germ line
infection, MuMTYV preferentially integrated in active (ex-
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FIG. 6. MuMTV-specific RNA in GR/A mouse tissues. Tissue
RNAs were extracted and analyzed by the dot blot procedure as
described in the text. Rows 1 to 3 are purified MuMTV RNA
extracted from C3H virions produced by the MmSmt/cl cell line.
Each row has the most concentrated sample on the left (spot 1) and
proceeds with serial twofold dilutions to the right. Thus. row 1
begins with 100 ng of MuMTV RNA for spot 1 and proceeds (left to
right) to 50. 25, 12.5. and 6.3 ng: row 2 begins with (spot 1) 5 ng of
MuMTV RNA: and row 3 begins with (spot 1) 0.5 ng of MuMTV
RNA. The remaining rows begin with (spot 1) 1.2 pg of total tissue
RNA. Row 4, male liver: row 5. female liver: row 6, mammary
tumor A: row 7. mammary tumor B: row 8. E. coli rRNA: row 9.
male spleen: row 10, female spleen: row 11, testes from mouse no. 1:
row 12, testes from mouse no. 2: row 13. placenta: row 14, a pool of
fetuses: row 15. female thymus; row 16, prelactating mammary
gland.
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pressed) regions of the genome and if these regions are
expressed in a tissue-specific fashion.

The hitch-hiker proposal may explain the hypomethylated
state of endogenous proviruses in normal nonmammary
mouse tissues, but it does not explain our failure to detect
MuMTYV RNA in the same tissues. The critical site proposal
assumes that hypomethylated MuMTYV proviral DNA is not
transcribed because one or more cytosine bases remain
methylated, thus blocking a function necessary for transcrip-
tion initiation. Support for such a proposal comes from
recent work with both Adenovirus and MuMTYV where it has
been demonstrated that the methylation of a select number
of cytosines markedly affected transcription (21, 32). Cer-
tainly, our results with endogenous, nontranscribed
MuMTV proviral DNA demonstrate that although some
cytosines are not methylated, many others remain methylat-
ed (Fig. 2 and 5).

The trigger proposal assumes that although hypomethylat-
ed MuMTV proviruses are fully capable of being tran-
scribed, they are not because some component of the
transcriptional machinery is either missing or prevented
from operating. Since MuMTYV transcription is known to be
hormonally controlled (29), the trigger could be a hormone
or hormone receptor protein. If by some mechanism the
trigger were prevented from exercising its effect, MUMTV
proviral DNA would remain transcriptionally silent despite
its hypomethylated state.

We have found hypomethylated MuMTYV proviruses in
many tissues (e.g., bone marrow, thymus, and lymph nodes)
associated with the lymphatic system (Fig. 1 and unpub-
lished data). If hypomethylation is a prerequisite for
MuMTYV proviral gene expression, could it be that these
proviruses are occasionally expressed? The recent finding of
MuMTV proviral amplification in some GR/A male mouse
leukemias (23) is intriguing in this respect. Given the hypo-
methylated state of MuMTYV proviruses in GR/A lymphoid
tissue, the inadvertant transcription of these proviruses may
result in MuMTV proviral amplification, a situation not
unlike that found in mammary tumors (7, 10, 12-14, 17).
Why this should occur only in male mice is unknown, but it
may reflect a difference in the quantity or quality of various
hormones.

In summary, our current working hypothesis is that en-
dogenous MuMTYV proviral DNA is hypomethylated in some
normal nonmammary mouse tissues (e.g., spleen and testes)
due to its close physical association with active cellular
genes. These hypomethylated proviruses are not transcrip-
tionally active, however, because one or more critical cyto-
sine bases remain methylated, or a transcriptional trigger
(e.g., hormone receptor protein) is lacking, or both.
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