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The possible interaction of environmental factors with the endogenous mouse
mammary tumor virus (MMTYV) genome in the development of mammary tumors
in the low-tumor-incidence BALB/c mouse strain was examined. Tumors were
induced in virgin female animals by treatment with chemical carcinogen 7,12-
dimethylbenz[aJanthracene or urethan, with or without prolonged hormonal
stimulation, or by X-irradiation. Concomitant hormonal stimulation resulted in
increased tumor incidences compared with those induced by chemical carcinogen
treatment alone. The frequency of tumor induction by irradiation alone or in
combination with urethan or prolactin stimulation was very low. MMTV expres-
sion in the mammary tumors was assayed by nucleic acid hybridization and by
immunohistochemical staining. Depending upon the treatment group, 0 to 89% of
the tumors contained detectable levels of MMTV RNA (=0.0005% of the total
cellular RNA). Tumors which contained detectable viral transcripts exhibited
only low levels of MMTV RNA, which did not appear to represent the accumu-
lation of RNA sequences homologous to the entire MMTYV genome; synthesis of
MMTYV structural proteins was detected in only one tumor. Viral RNA-positive
tumors were generally associated with a longer latent period. MMTV RNA
expression occurred in tumors classified histologically as adenoacanthomas, as
well as in mammary adenocarcinomas, although the cell types in the adenoacan-
thomas expressing viral RNA were not identified. It does not appear that
expression of the endogenous MMTYV genome is required for maintenance of all
mammary tumors in BALB/c mice, although partial genome expression unde-
tectable by the methods employed cannot be ruled out. Linear regression analyses
were performed. The mean time to tumor appearance and the percentage of
tumors which were MMTV RNA positive were found to vary linearly as a
function of the total dose of 7,12-dimethylbenz{a]lanthracene administered. The
percentage of tumors which were MMTV RNA positive was also shown to be
linearly related to the mean time to tumor appearance. These relationships
provide a basis for predictions in the BALB/c system related to these parameters.

BALB/c mice exhibit a low incidence of spon-
taneous mammary cancer. However, mammary
tumors can be induced in the strain by exposure
to various agents, including milk-transmitted
(exogenous) mouse mammary tumor virus
(MMTYV), chemical carcinogens, hormones, and
X-irradiation (1, 19). Endogenous MMTYV se-
quences, related to those of the exogenous virus,
are carried in the BALB/c genome (12, 17, 23).
Low levels of MMTV RNA have been detected
in BALB/c lactating mammary glands, preneo-
plastic lesions, and mammary tumors induced
by various factors (7, 8, 10, 12, 21, 22, 24, 29).

The role of endogenous MMTYV in mammary
tumorigenesis in BALB/c animals has not been
established. Although it has previously been

postulated that MMTYV is involved in the for-
mation of all mammary tumors in mice (2),
recent studies have suggested that viral genome
expression is not required for the maintenance
of all mammary tumors (10, 15).

The present study was designed to examine
the expression of endogenous MMTV in mam-
mary tumors induced in BALB/c mice by var-
ious combinations of chemical, hormonal, and
physical agents. Treatments were modified so
that the effect of the tumor latency period on
virus expression could also be analyzed. The
results confirmed our previous observations that
not all mammary tumors in BALB/c mice con-
tain detectable levels of MMTV RNA. It was
observed that virus expression was more com-
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mon in tumors which arose after a longer latent
period and that only a portion of the viral ge-
nome was expressed in those tumors.

MATERIALS AND METHODS

Viruses and antisera. (C3H)MMTV and (RIII)
MMTYV, as well as Moloney murine leukemia virus,
were obtained from the Biological Carcinogenesis
Branch, Division of Cancer Cause and Prevention,
National Cancer Institute, as was avian myeloblastosis
virus RNA-dependent DNA polymerase. Rabbit anti-
sera directed against (C3H)MMTYV [a-(C3H)MMTV]
were kindly provided by Robert Cardiff, Larry Arthur,
and the Biological Carcinogenesis Branch, Division of
Cancer Cause and Prevention, National Cancer Insti-
tute; rabbit antiserum against (C3Hf)MMTV [a-
(C3Hf)MMTV] was provided by Larry Arthur.

Mice. The BALB/cCrgl/Med mice were bred and
maintained in a closed colony in the Department of
Cell Biology, Baylor College of Medicine. Mice in this
colony have a low mammary tumor incidence (<1%)
in both virgins and retired breeders (21). Experimental
animals were housed four to six per cage in a temper-
ature- and light-cycle- (14 h light, 10 h dark) controlled
room, fed Wayne Lab Blox, and given water ad libitum.

Carcinogen treatments. 7,12-Dimethylbenz[a]-
anthracene (DMBA) was obtained from Calbiochem
(Los Angeles, Calif.), dissolved in cottonseed oil (1.0
mg/0.2 ml), and administered intragastrically weekly
(1 mg/week), starting with virgin animals 8 weeks of
age. The total dosages administered are indicated in
the text and table footnotes. Urethan (J. T. Baker
Chemical Co., Phillipsburg, N.J.) was dissolved in
water (100 mg/ml) and administered intraperitoneally
once a week (20 mg) for 10 weeks when virgin mice
were between 8 and 17 weeks of age.

When prolonged hormonal stimulation was re-
quired, a single pituitary isograft was placed under the
left kidney capsule, and it remained in place until the
animal was sacrificed. Grafts were implanted when
virgin animals were 6 weeks of age unless indicated
otherwise in the text.

Tissue processing. Mice were examined biweekly
for the development of tumors. The tumors were
excised when approximately 0.5 to 1.0 cm in diameter,
a segment from each tumor was removed for histolog-
ical analysis, and the remainder was frozen on dry ice
and stored at —70°C until utilized for RNA extraction.
The tumor portions reserved for histology were fixed
in Tellyesniczky fluid, embedded in Paraplast, and
sectioned 4 to 5 um thick. After staining with hema-
toxylin and eosin, sections were examined and tumor
types were classified by the method of Dunn (9). A
tumor was designated an adenoacanthoma if 25% or
more of the cells exhibited evidence of keratinization
at the light microscope level (13, 18). The remaining
cells of the glandular elements resembled those seen
in adenocarcinomas.

Acetone-insoluble powders were prepared from
mouse livers, BALB/c mouse lactating mammary
glands, and fetal bovine serum (GIBCO Laboratories,
Grand Island, N.Y.). The tissue was homogenized in 2
volumes of cold distilled water for 1 min by using a
Waring blender, 4 volumes of cold acetone were added,
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the mixture was incubated on ice for 10 min, and the
insoluble material was collected by centrifugation. The
precipitate was suspended in saline, homogenized as
described above, and recentrifuged. The saline washes
were repeated until the supernatant remained clear.
The sediment was then suspended in 4 volumes of cold
acetone, homogenized, and incubated overnight at
4°C. The sediment was collected by filtration, using a
Buchner funnel; each thin layer of sediment was
washed repeatedly with acetone until whitish in ap-
pearance. The washed sediment was dried at 37°C,
ground to a fine powder with a mortar and pestle, and
stored at room temperature.

Immunohistochemical staining. Indirect immu-
nological staining, developed by Sternberger (27), em-
ploying a peroxidase-antiperoxidase reagent was used
to detect MMTYV antigens in tissue sections. Details
of the staining procedures, including modifications to
reduce nonspecific reactivity, have been reported pre-
viously by us (14). All slides were read as unknowns
by two or three investigators, using either a Zeiss KF2
or an Olympus BH microscope.

To establish the specificity of reactivity of these
various MMTYV antisera, a series of absorptions was
performed. Absorption with virus consisted of mixing
an equal volume of diluted antiserum with undiluted
virus suspension followed by incubation for 30 min at
37°C. The virus was then removed by centrifugation
(15 min, 30,000 lb/in%; Beckman Airfuge). A similar
protocol was followed for absorption with acetone-
insoluble powders. Ten milligrams of acetone powder
was used for each 100 pl of antiserum absorbed. The
powder was first wet with Tris-buffered saline, sus-
pended in antiserum, and incubated for 30 min at 37°C
with frequent agitation. The powder was then re-
moved by centrifugation, using either an Eppendorf
table centrifuge (5 min) or a Sorvall RC-2B unit (15
min, 15,000 rpm).

Two of the antisera reacted with sections of lactat-
ing BALB/c mammary gland (negative for MMTV
expression; 22); this reactivity (presumably against
casein and other normal mammary cell proteins) was
abolished by absorption with acetone-insoluble mouse
lactating mammary gland powder (Table 1). Absorp-
tions with mouse liver powder or mucin (Sigma Chem-
ical Co., St. Louis, Mo.) were not successful at abolish-
ing this contaminating reactivity. Subsequently, all
antisera were routinely absorbed with mouse lactating
mammary gland powder before use. Reactivities di-
rected against viral proteins (in a BALB/cfC3H tu-
mor) were removed by absorption with (CSHYMMTV
but not by absorption with heterologous viruses, sim-
ian virus 40 and Moloney murine leukemia virus.

Nucleic acid hybridization. Viral RNA levels in
tumors were quantitated by the titration hybridization
method (30), using previously described procedures (7,
10, 21, 26). S1 nuclease-resistant DNA-RNA hybrids
were assayed by adsorption to DEAE-cellulose filters
(11) (all tumors induced by DMBA) or by trichloro-
acetic acid precipitation (all other tumors). A repre-
sentative MMTV complementary DNA probe was
synthesized by avian myeloblastosis virus RNA-de-
pendent DNA polymerase , using heat-denatured, so-
dium acetate-extracted total MMTV RNA as the tem-
plate and calf thymus DNA fragments as the random
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TABLE 1. Specificity of reactivity of MMTV antisera established by absorption experiments
Reactivity by PAP test®
Lactating
Antiserum*® Absorption antigen® BALB/c Virus-positive
mam- BALB/cfC3H
mary tumor
gland
a-(C3HIMMTV (R.C.) None 0 ++
LMGP 0 +
MLP 0 +
Mucin 0 +
MulLV ND ++
(C3HMMTV ND 0
a-(C3BHMMTV (L.A)) None 0 ++
LMGP ND ++
(C3H)MMTV ND 0
a-(CBHH)MMTYV (L.A)) None + ++
LMGP 0 ++
MLP + ++
Mucin + ++
MuLV + LMGP ND ++
(C3H)MMTV + LMGP ND +
(C3HHOMMTV ND 0
(RIIMMTV (milk) + LMGP ND +
a-(C3HMMTV (N.C.L) None + ++
LMGP 0 +
MLP ++ ++
Mucin ++ ++
FBSP ND ++
SV40 ND ++
MuLV ND ++
(C3HMMTV + +
(C3BHYMMTV
(NP-40 disrupted) ND +
(RIII)MMTV (milk) 0 0
(RII)MMTYV supernatant? 0 +
(C3BH)MMTV +
(RIII)MMTYV supernatant 0 0

® Rabbit antisera directed against (C3HYMMTYV were kindly provided by Robert Cardiff (R.C.), Larry Arthur
(L.A.), and the Biological Carcinogenesis Branch, Division of Cancer Cause and Prevention, National Cancer
Institute (N.C.1.); antiserum against (C3Hf)MMTYV was provided by Larry Arthur (L.A.).

® Absorption antigen abbreviations: LMGP, lactating mammary gland powder; MLP, mouse liver powder;
FBSP, fetal bovine serum powder; SV40, simian virus 40; MuLV, Moloney murine leukemia virus. The
(C3H)MMTYV, (RII)MMTYV, and Moloney murine leukemia virus concentrates were obtained from the
Biological Carcinogenesis Branch, National Cancer Institute; (C3H)MMTV was kindly provided by Larry
Arthur. The RIII virus was obtained from milk; the other viruses were prepared from cells in tissue culture. NP-
40, Nonidet P-40.

¢ Arbitrary scale to grade extent of peroxidase-antiperoxidase (PAP) reaction: 0, none; +, trace; +, good;
++, very strong. ND, Not done.

4 (RIII)MMTYV supernatant was obtained by removal of virus from the preparation by centrifugation for 15
to 20 min in a Beckman Airfuge.

primer. The results of assays for MMTV RNA in the
different tumor groups were not correlated with per-
oxidase-antiperoxidase determinations of MMTYV an-
tigen expression until the completion of the study.

RESULTS

Mammary tumorigenesis in BALB/c
mice treated with chemical carcinogens,

hormonal stimulation, or irradiation. The
standard dose of DMBA used to induce mam-
mary tumors in mice in the Baylor Mouse Col-
ony is 6 mg. This dose resulted in a tumor
incidence of 29%, with a mean latent period
before tumor appearance of 5.5 months (Table
2). To induce tumors with longer latent periods,
mice were treated with lower doses of DMBA
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TaBLE 2. Effect of dose of carcinogen and of pituitary isografts on DMBA-induced mammary
carcinogenesis in BALB/c mice

Dose of . Mean age of mice dying
DMB::\ Pituitary isograft® N‘:]’Q?i?i:;gf/ % Tumors L;[):?a:::? ?nf:)‘,";:g?))- without mammary tu-
(mg) mors (mo, range)

2 None 15/59 25.0 9.6 (3.0-14.5) 14.7 (7.0-17.0)

4 None 20/57 35.0 7.2 (3.0-11.25) 10.9 (6.0-16.5)

67 None 36/125 29.0 5.5 (3.0-9.5) 9.1 (6.0-13.5)

6? 4 weeks 29/38 76.3 3.2 (2.7-4.0) 4.0

67 14 weeks 17/40 42.5 6.4 (3.0-9.5) 8.8 (7.0-12.0)

2 Chemical carcinogen was administered weekly starting at 8 weeks of age at 1 mg per injection for 2, 4, or 6

weeks.

® Pituitary glands were implanted under the kidney capsule at either 4 or 14 weeks of host age.
¢ Time refers to months after the initial administration of DMBA.
9 Data included for comparison purposes from other studies (10; S. Dusing-Swartz, J. S. Butel, D. Medina,

and S. H. Socher, submitted for publication).

(2 or 4 mg per animal) (Table 2). The mean
times of mammary tumor appearance and of
host survival were inversely proportional to the
total dose of DMBA administered. Because of
the longer survival times, a significant number
of mammary tumors which developed late in the
DMBA-treated mice were available for analysis
of MMTV RNA and protein expression.

Mammotropic hormonal stimulation is known
to increase mammary tumor incidence in the
BALB/c system (19). The effect of prolonged
hormonal stimulation in concert with DMBA
was examined by implanting pituitary glands
under the kidney capsule of some of the animals
treated with 6 mg of DMBA. Continuous prolac-
tin stimulation enhanced DMBA-induced mam-
mary tumorigenesis in BALB/c animals, with an
increase in tumor incidence from 29 to 76%
(Table 2). If the pituitary isograft was not im-
planted until after the total dose of DMBA had
been administered (14 weeks), the hormonal en-
hancement of tumor incidence was markedly
reduced (from 76% to 42%) even though the
animals were examined for 12 months.

To investigate the effect of X-irradiation on
mammary tumor incidence and MMTYV expres-
sion in BALB/c mice, animals were exposed to
225 roentgens of whole body, unfractionated ir-
radiation. Some irradiated animals were subse-
quently treated with DMBA, urethan, or pitui-
tary isografts (Table 3). The percentage of ani-
mals developing tumors induced by these com-
binations was low (0 to 9%). The combination of
irradiation plus DMBA was fatal; since all ani-
mals died by 6 months of age owing to a variety
of disease states, this group is excluded from the
table. The only mice to develop a significant
incidence of mammary tumors were those ex-
posed to a combination of urethan and a pitui-
tary isograft (42%). A number of mammary ad-
enocarcinomas from these various treatment
groups were examined for the expression of
MMTYV RNA and viral protein.

TABLE 3. Mammary tumorigenesis in irradiated or
urethan-treated BALB/c female mice

Mean Mean
time £
of tu- 286
No. of mor mice
Treatment group tl:‘r:o;?/ ?;:Irus ap- i{;‘ﬁg
mice pear- - out tu-
ance” mors
(mo, (mo)
range)
Irradiation® 0/80 0 0 10.0
Urethan® 1/42 25 9.0 12.0
Pituitary isograft? 2/70 30 100 12.0
Irradiation + pituitary 7/76 9.0 7.0 10.0
isograft
Irradiation + urethan 5/65 8.0 4.5 10.0
Urethan + pituitary is-  24/56  42.0 8.2 12.0

ograft

“ Time refers to months after initial treatment with carcin-
ogen or pituitary isograft.

® Mice were exposed to 225 roentgens of whole-body, un-
fractionated irradiation.

¢ Mice were administered 20 mg of urethan intraperitone-
ally once a week for 10 weeks when the mice were between 8
and 17 weeks of age (total dose, 200 mg).

9 Mice received a single pituitary isograft under the left
kidney capsule at 6 weeks of age which remained in place until
the animals were sacrificed.

MMTYV expression in tumors induced by
different environmental factors. We have
previously reported the results of assays for
MMTYV expression in mammary tumors induced
in BALB/c mice by treatment with 6 mg of
DMBA (10). Mammary tumors which arose dur-
ing the 54-week period after treatment with low
doses of DMBA (Table 2) were assayed for the
presence of MMTV RNA sequences {Table 4).
Of the nine tumors assayed that arose in
BALB/c animals treated with 2 mg of DMBA,
one did not contain detectable levels of MMTV
RNA (<0.0005% of the total cellular RNA),
whereas the level of MMTYV RNA in the other
eight tumors ranged from 0.0005 to 0.0036% of
the total RNA. Twelve tumors induced in
BALB/c mice treated with 4 mg of DMBA were
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TABLE 4. MMTYV expression in mammary tumors
induced in BALB/c mice by low doses of DMBA
Dose of Time of tumor . MMTV RNA (% total MMTV antigen”
DMBA® (mg) ~ biopsy® (wk) ‘Tumor histology* RNA) a-(CSHIMMTV  o-(C3HOMMTV

2 13 AAC <0.0005 ND ND
14 MAC 0.0008 - -
33 MAC 0.0009 - -
38 MAC 0.0022 - -
46 MAC 0.0011 - -
50 MAC 0.0036 - -
51 MAC 0.0009 ND ND
51 MAC 0.0011 - -
54 MAC 0.0005 - -

4 15 AAC 0.0009 ND ND
15 MAC <0.0005 - -
19 MAC 0.0023 - -
21 MAC <0.0005 ND ND
26 MAC 0.0011 - -
28 MAC 0.0008 ND ND
33 MAC <0.0005 ND ND
36 MAC <0.0005 ND ND
36 MAC 0.0080 - +
36 MAC <0.0005 ND ND
36 MAC 0.0007 - -
40 MAC 0.0031 - -

? DMBA was administered intragastrically to virgin mice, as indicated in the text and in footnote a of Table

2, beginning at 8 weeks of age.

® Weeks after initial administration of DMBA when tumor was biopsied (1 to 2 weeks after tumor was first

palpated).

¢ AAC, Adenoacanthoma; MAC, mammary adenocarcinoma.
4 MMTYV antigens were detected by immunochistochemical (peroxidase-antiperoxidase) tests, using antisera
described in footnote a of Table 1. Similar results were obtained with all three antisera directed against

(C3HYMMTYV. ND, Not done.

assayed; low levels of MMTV RNA (0.0005 to
0.0080%) were detected in seven of the tumors,
whereas five contained less than 0.0005%
MMTYV RNA (Table 4). The extent of hybridi-
zation did not exceed 25% in 17 of the 21 tumors
tested in these two groups (Fig. 1); this may be
a reflection of partial transcription of the
MMTYV genome. In the remaining four tumors,
higher maximum levels of hybridization were
detected (i.e., 45, 47, 82, and 93% in tumors
containing 0.0009, 0.0011, 0.0080, and 0.0036%
MMTV RNA, respectively) (Fig. 1). Interest-
ingly, those four tumors which accumulated
RNA homologous to a greater proportion of the
MMTYV genome developed after long latent pe-
riods (36 to 51 weeks after DMBA administra-
tion). In fact, three of the four tumors were
induced by a low dose of DMBA (2 mg) and had
latent periods of 50 to 51 weeks.

The synthesis of virus-specific proteins was
monitored in 13 of the same DMBA-induced
tumors by the peroxidase-antiperoxidase test
(Table 4). We were unable [with one exception,
using the a-(C3Hf)MMT'YV serum] to detect any
MMTYV proteins in the BALB/c tumors, al-
though the same technique in our previous study

(10) had readily detected MMTYV antigens in
BALB/cfC3H tumors. It is noteworthy that the
BALB/c tumor positive for MMTV proteins
contained viral RNA which hybridized to a level
82% of that obtained with the MMTV RNA
control.

Mammary tumors which were induced in
BALB/c mice by whole-body irradiation, in
combination with urethan, DMBA, or prolonged
hormonal stimulation, were similarly analyzed
for the presence of viral RNA and antigens
(Table 5). Although only a small number of
tumors were assayed for virus expression in each
of the treatment groups owing to the low tumor
incidence, negligible or very low levels of MMTV
RNA (i.e., <0.0020%) were detected. Virus-spe-
cific proteins were not detected in any of the 17
tumors examined (Table 5). These data suggest
that BALB/c mammary tumors induced by a
variety of environmental factors, in addition to
DMBA, can be maintained without detectable
expression of the endogenous MMTYV genome.

Analysis of effect of DMBA dosage and
time of tumor appearance on MMTV
expression in BALB/c mammary tumors.
The data accumulated from these studies were
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F16. 1. Representative hybridization curves obtained with MMTV complementary DNA (¢cDNA) and RNA
extracts from tumors induced by 2 mg of DMBA in virgin BALB/c mice. Hybridization of MMTV comple-
mentary DNA with purified MMTV RNA (@), n = 10", and with BALB/c tumor extracts containing <0.0005%
MMTV RNA (O), 0.0011% MMTV RNA (W, 0), and 0.0036% MMTV RNA (), n = 107",

TABLE 5. MMTYV expression in mammary tumors induced in BALB/c mice by irradiation or urethan
treatment®

Time of MMTYV antigen
tumor Tumor his- MMTV

Treatment grou . RNA (% to-
group b(‘:’v';"‘;y tology  "LIRNA)  a-(CSHMMTV a-(C3HOMMTV
Irradiation + urethan 14 MAC <0.0005 - -
14 MAC 0.0017 - -
23 MAC <0.0005 - -
25 MAC <0.0005 - -
Irradiation + DMBA 14 MAC <0.0005 - -
16 MAC <0.0005 ND ND
Irradiation + pituitary isograft 22 MAC 0.0018 - -
24 AAC 0.0007 ND ND
34 MAC 0.0006 - -
34 MAC 0.0006 - -
34 AAC <0.0005 ND ND
36 MAC 0.0010 ND ND
Urethan + pituitary isograft 22 AAC 0.0006 ND ND
28 MAC 0.0008 - -
32 MAC - ND - -
34 MAC ND - -
35 MAC ND - -
36 MAC ND - -
38 MAC <0.0005 - -
38 MAC ND - -
43 MAC ND - -
43 MAC <0.0005 - -
46 MAC 0.0010 ND ND

¢ Tumors induced as described in the footnotes of Table 3. Other details and abbreviations are given in the
footnotes of Tables 1 and 4.
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analyzed to ascertain the effect of carcinogen
treatment regimens on virus expression in mam-
mary tumors induced in BALB/c mice. For
these analyses, RNA levels of =0.0005% were
used as positive indexes of MMTYV expression.

Tumors induced with the lower doses of
DMBA (Table 6, groups 2 and 3) more fre-
quently contained detectable levels of MMTV
RNA than did tumors induced by the standard
high dose of DMBA (Table 6, group 1) (58%
versus 89% versus 31%). The number of tumors
negative for MMTV RNA decreased in direct
proportion to decreasing DMBA dosage (69%
versus 42% versus 11%). The differences in the
percentages of MMTV-positive tumors between
the groups receiving the low and high doses of
DMBA were statistically significant (group 3
versus group 1, P = 0.01; groups 2 and 3 versus
group 1, P = 0.02; Fisher’s exact test [two-
tailed]).

To further examine the observation that de-
creased levels of carcinogen resulted in increased
expression of the endogenous viral genome in
the tumors, the relationships among tumor type,
tumor latency period, and virus expression were
analyzed (Table 7). We found that 29% (2/7) of
the adenoacanthomas contained viral RNA,
compared with 53% (16/30) of the adenocarci-
nomas, demonstrating that MMTV expression
is not restricted to mammary adenocarcinomas.
It must be remembered, however, that there are
many glandular elements in the adenoacantho-
mas which resemble those in mammary adeno-
carcinomas. We were not able to localize viral
expression to a given cell type in the adenoacan-
thomas since none was positive in the peroxi-
dase-antiperoxidase test; it may well have oc-
curred in the glandular elements. Virus expres-
sion was more frequent in tumors which ap-
peared after a long latent period (<30 weeks).
The percentage of adenocarcinomas positive for
MMTV RNA (=0.0005%) increased from 31%

TABLE 6. Effect of DMBA dose on the expression of
MMTYV in mammary tumors induced in BALB/c mice

No. of tumors with

Dose of

o« Total no. MMTV RNA®
Group Df'{B;‘ of tumors —_—
mg <0.0005% =0.0005%
1 6 16 11 (69)° 5 (31)
2 4 12 5 (42) 7 (58)
3 2 9 1(11) 8 (89)

@ Carcinogen administered as detailed in footnote a
of Table 2.

® MMTYV RNA levels calculated as the percentage
of total cellular RNA. The MMTV RNA levels in
tumors in group 1 were reported previously by us (10).

¢ Number in parentheses represents percentage of
tumors in that group.
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TABLE 7. Relationship between tumor
histopathology or tumor latency and MMTV
expression in mammary tumors induced in BALB/c

mice by DMBA
No. tumors with
Total a
Histopathology or latency  no. of MMTV RNA'
tumoTs  0.0005% =0.0005%
Tumor histopathology
MAC® 30 14 (47)° 16 (53)
AAC 7 5(71) 2 (29)
Tumor latency period?
(weeks)
<30 13 9 (69) 4 (31)
>30 17 5(29) 12 (71)

*MMTV RNA level expressed as percentage of
total cellular RNA.

® MAC, Mammary adenocarcinoma; AAC, adenoa-
canthoma. Tumors were classified histologically as
described previously (13, 18). The adenoacanthomas
contained glandular elements similar to those in ade-
nocarcinomas. Since the viral RNA-positive adeno- -
canthomas were negative for viral antigen expression,
it was not possible to localize the expression of MMTV
RNA to either the epidermoid (keratinized) or glan-
dular elements of the tumors.

¢ Number in parentheses represents percentage of
tumors in that group.

?These data include only the adenocarcinomas
since that class of tumor developed randomly through-
out the course of the experiments, whereas the major-
ity of adenoacanthomas developed by 30 weeks after
initial treatment (13; Medina et al., in press).

(4/13) to 71% (12/17) with an increase in the
length of the tumor latency period. This differ-
ence approached, but did not achieve, statistical
significance (P = 0.06).

The correlations between (i) the total dose of
DMBA and the mean time to tumor appearance
(Fig. 2A), (ii) the total dose of DMBA and the
percentage of tumors which were MMTV RNA
positive (Fig. 2B), and (iii) the mean time to
tumor appearance and the percentage of MMTV
RNA-positive tumors (Fig. 2C) were plotted.
The data from Tables 2 and 6 were plotted, and
the lines were constructed by the methods of
least squares. The correlations in each case were
highly significant (r = 0.99, P < 0.001). The
equations derived from these plots allow certain
predictions to be made (see below).

DISCUSSION

The etiology of mammary tumors in inbred
strains of mice is very complex, involving factors
of genetics, viruses, hormones, chemicals, and
irradiation. Low-tumor-incidence strains, such
as BALB/c, do not carry an exogenous, milk-
transmitted MMTV. However, a few copies of
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F16. 2. Linear regression analyses. (A) Effects of
total dose of DMBA (milligrams) on mean time to
tumor appearance (months); r = 0.995. (B) Effects of
total dose of DMBA (milligrams) on percentage of
tumors MMTV RNA positive; r = 0.999. (C) Relation-
ship between mean time to tumor appearance
(months) and percentage of tumors MMTV RNA pos-
itive; r = 0.998. r = Pearson product-moment corre-
lation coefficient (26a).

an endogenous MMTV genome are present in
all cells in the mice in a proviral form (3, 5, 12,
17, 23). The endogenous sequences can be distin-
guished from sequences introduced by infection
with exogenous MMTYV by using restriction en-
donucleases (4). Physical maps constructed by
Cohen et al. (3) revealed that the endogenous
MMTYV DNA in BALB/c mice is separated into
three units located at different positions in the
mouse genome, with two of the units (II and III)
closely resembling complete proviruses acquired
by infection and one unit (I) representing only
a portion of the MMTYV genome.

Both spontaneous tumors in BALB/c mice
and those induced by hormonal, chemical, or
physical agents fail to show an increase in the
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number of MMTV DNA copies per cell, as is
observed in mammary tumors induced by exog-
enous MMTV (4, 12, 15, 16) BALB/c tumors
also do not contain the unique “tumor-associ-
ated” MMTYV sequences found in early-appear-
ing mammary tumors in hxgh-tumor-mcldence
mouse strains infected with exogenous virus (6).
However, this question needs to be reexamined
using restriction enzyme analysis of the tumors.

The study reported here addressed the possi-
ble interaction of environmental factors with the
endogenous MMTV genome in the development
of mammary tumors in BALB/c mice. We ob-
served that not all tumors induced by DMBA
contained detectable levels of MMTV RNA.
Neither was viral RNA transcription apparent
in all tumors induced by X-irradiation together
with chemical carcinogen treatment or hor-
monal stimulation. Those tumors which did con-
tain detectable amounts of viral transcripts con-
tained them in only low levels. These results
confirm our earlier observations on DMBA-in-
duced tumors in BALB/c animals (10) and are
in general agreement with those described by
Michalides et al. (15).

The most obvious conclusion that one might
be tempted to draw from these results is that
the endogenous MMTYV is not involved in mam-
mary tumorigenesis in BALB/c mice. However,
the experimental approaches employed do not
permit such a generalization. Clearly, mature
MMTYV virions are not produced in detectable
quantities in BALB/c tumors; transcription
which does occur rarely represents sequences
homologous to the entire exogenous (C3H)
MMTYV genome, confirming our own (7, 8, 10,
21) and others’ (15, 16) observations. However,
specific integrated viral DNA sequences (e.g., a
viral promotor) might be altering the expression
of closely associated cellular genes, thereby mod-
ifying the growth behavior of the cells. There is
also the possibility that a complementary DNA
probe made from exogenous viral RNA does not
contain sequences homologous to all endogenous
virus sequences; transcription in tumors of such
nonrepresented sequences would, of course, go
undetected. Although Cohen et al. (3) demon-
strated appreciable differences in the locations
of restriction sites within the genomes of endog-
enous and exogenous MMTYV, those authors
concluded that the complementary DNA probe
made from milk-borne MMTYV was also to detect
all restriction fragments generated from the en-
dogenous virus. It would be very informative to
know which regions of the endogenous genome
are represented in the partial transcripts de-
tected in some BALB/c tumors and which of
the “units” described by Cohen et al. (3) are
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being transcribed. Dudley et al. (8) noted a
preferential expression of MMTV polyadenyl-
ate-adjacent sequences in several continuous
BALB/c tumor cell lines. Perhaps the subge-
nomic unit I is derived from the 3’ end of the
MMTYV genome and is expressed while the two
complete units II and III are silent.

It was striking that, with a single exception,
no MMTV-specific structural proteins were de-
tected by peroxidase-antiperoxidase immuno-
logical staining tests in the virus RNA-possible
BALB/c tumors. With the same reagents, virus
antigens were readily detectable in many
BALB/cfC3H tumors containing comparable
levels of viral RNA (10). Michalides et al. (15)
obtained similar results in their analysis of
BALB/c mammary tumors. Several interpreta-
tions of these data are possible. The MMTV
RNA detected in the BALB/c tumors may be
nonfunctional and not translated in the cells.
The existence and nature of such a putative
translational block in the tumor cells remain
speculative at this time. Alternatively, the RNA
may represent noncoding sequences contained
in the endogenous viral genome, perhaps pos-
sessing regulatory capacities. Finally, the gene
product(s) may be synthesized which does not
cross-react antigenically with the structural pro-
teins of C3H and C3Hf MMTVs; the antisera
currently available are directed against those
proteins. A putative transforming or regulatory
virus-coded protein would fall into this category.
Further research is required to distinguish
among these possibilities. It might be noted that
noncoordinate expression of MMTV proteins
p28 and gp52 in BALB/c and Swiss albino mice
has been described (28), so there are no theoret-
ical grounds precluding partial genome expres-
sion at the protein level.

An important association was elucidated in
this study between detectable MMTYV transcrip-
tion and late appearance of mammary tumors in
BALB/c animals. No definitive explanation for
this association can be provided at this time.
However, one possible suggestion is that differ-
ent cell types are being affected by the carcino-
gens. Variability in virus expression might be a
reflection of different cell types being trans-
formed initially and proliferating with different
rates of growth. Other studies (25; D. Medina, S.
H. Socher, G. H. Smith, S. Dusing-Swartz, L. O.
Arthur, and J. S. Butel, in P. Furmanski and M.
Rich, ed., Biological Carcinogenesis, in press)
have led to the speculation that chemical carcin-
ogens and exogenous MMTV may be affecting
different cell populations in the murine mam-
mary gland. A profound need exists for markers
to reliably distinguish among various cell types
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in the intact mammary gland and to identify the
origin of the malignant cells recovered from
mammary tumors. It is also possible that the
appearance of MMTV RNA in the late-appear-
ing tumors is merely the result of relaxation of
gene repression reported to occur with increased
host age. Increased expression of globin and
endogenous murine leukemia virus RNA has
been detected in the brains and livers of old
mice (21).

The data plots in Fig. 2 illustrate the highly
significant linear relationships detected in this
study between the total dose of DMBA admin-
istered, the mean time to tumor appearance, and
the percentage of tumors positive for MMTV
RNA. The equations were derived by the least-
squares method, and correlation coefficients
were calculated by Pearson’s product-moment
method (26a). The equations allow predictions
to be made which will be useful in designing
future experiments studying mammary tumori-
genesis in BALB/c mice. For example, it can be
predicted that a total dose of 3 mg DMBA would
induce tumors with a mean latent period of 8.4
months and that 74% of the tumors would ex-
press detectable levels of MMTV RNA.

This study has not provided any convincing
evidence for a role of endogenous MMTV
expression in the maintenance of mammary tu-
mors in BALB/c mice. However, given the limi-
tations of technology and understanding of the
system, a role of the viral genome in the forma-
tion of at least some tumors has not been ex-
cluded. It should be noted that the current study
did not address the possible importance of tran-
sient MMTYV expression during tumor induction.
The study has served to raise new questions and
define new avenues for future investigation in
the complex area of mammary tumorigenesis
and has validated the BALB/c mouse strain as
being amenable to manipulation of the multiple
etiological components of the system.

ACKNOWLEDGMENTS

We thank Frances Miller, Frances Shepherd, Denise Wil-
liams, and Timothy Holody for excellent technical assistance
and David Y. Graham and Jeffrey Sackman for helpful sug-
gestions in data analyses.

This research was supported in part by Public Health
Service contract NO1-CP-81006 within the Virus Cancer Pro-
gram of the National Cancer Institute.

LITERATURE CITED

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

2. Bentvelzen, P., J. H. Daams, P. Hageman, J. Calafat,
and A. Timmermans. 1972. Interactions between viral
and genetic factors in the origin of mammary tumor in
mice. Natl. Cancer Inst. Monogr. 48:1089-1094.



580

3.

10.

11.

12.

13.

14.

15.

16.

BUTEL ET AL.

Cohen, J. C,, J. E. Majors, and H. E. Varmus. 1979.
Organization of mouse mammary tumor virus-specific
DNA endogenous to BALB/c mice. J. Virol. 32:483-
496.

. 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 neoplastic tissues of the mouse. Cell 16:333-
345.

. 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.

. Drohan, W., and J. Schlom. 1979. Diversity of mam-

mary tumor viral genes within the genus Mus, the
species Mus musculus, and the strain C3H. J. Virol. 31:
53-62.

. Dudley, J. P., J. S. Butel, S. H. Socher, and J. M.

Rosen. 1978. Detection of mouse mammary tumor
virus RNA in BALB/c tumor cell lines of nonviral
etiologies. J. Virol. 28:743-752.

. Dudley, J. P., J. M. Rosen, and J. S. Butel. 1978.

Differential expression of poly(A)-adjacent sequences
of mammary tumor virus RNA in murine mammary
cells. Proc. Natl. Acad. Sci. U.S.A. 75:5797-5801.

. Dunn, T. B. 1959. Morphology of mammary tumors in

mice, p. 38-84. In F. Homburger (ed.), Physiopathology
of cancer. Hoeber-Harper, New York.

Dusing-Swartz, S., D. Medina, J. S. Butel, and S. H.
Socher. 1979. Mouse mammary tumor virus genome
expression in chemical carcinogen-induced mammary
tumors in low- and high-tumor-incidence mouse strains.
Proc. Natl. Acad. Sci. U.S.A. 79:5360-5364.

Maxwell, I. H,, J. Van Ness, and W. E. Hahn. 1978.
Assay of DNA-RNA hybrids by S, nuclease digestion
and adsorption to DEAE-cellulose filters. Nucleic Acids
Res. 5:2033-2038.

McGrath, C. M., E. J. Marineau, and B. A. Voyles.
1978. Changes in MuMTV DNA and RNA levels in
Balb/c mammary epithelial cells during malignant
transformation by exogenous MuMTV and by hor-
mones. Virology 87:339-353.

Medina, D. 1974. Mammary tumorigenesis in chemical
carcinogen-treated mice. I. Incidence in BALB/c and
C57BI mice. J. Natl. Cancer Inst. 53:213-221.

Medina, D., J. S. Butel, S. H. Socher, and F. L. Miller.
1980. Mammary tumorigenesis in 7,12-dimethylbenzan-
thracene-treated C57BL X DBA/2f F, mice. Cancer
Res. 40:368-373.

Michalides, R., L. Van Deemter, R. Nusse, and P.
Hageman. 1979. Induction of mouse mammary tumor
virus RNA in mammary tumors of BALB/c mice
treated with urethane, X-irradiation, and hormones. J.
Virol. 31:63-72.

Michalides, R., L. Van Deemter, R. Nusse, G. Ropcke,
and L. Boot. 1978. Involvement of mouse mammary
tumor virus in spontaneous and hormone-induced
mammary tumors in low-mammary-tumor mouse
strains. J. Virol. 27:551-559.

J. VIROL.

17. Morris, V. L., E. Mederios, G. M. Ringold, J. M.
Bishop, and H. E. Varmus. 1977. Comparison of
mouse mammary tumor virus-specific DNA in inbred,
wild and Asian mice, and in tumors and normal organs
from inbred mice. J. Mol. Biol. 114:73-91.

18. Murphy, E. 1966. Characteristic tumors, p. 521-562. In
G. D. Snell (ed.), Biology of the laboratory mouse.
McGraw-Hill Book Co., New York.

19. Nandi, S., and C. M. McGrath. 1973. Mammary neopla-
sia in mice. Adv. Cancer Res. 17:353-414.

20. Ono, T., and R. G. Cutler. 1978. Age-dependent relaxa-
tion of gene repression: increase of endogenous murine
leukemia virus-related and globin-related RNA in brain
and liver of mice. Proc. Natl. Acad. Sci. U.S.A. 75:4431-
4435.

21. Pauley, R. J., D. Medina, and S. H. Socher. 1979.
Murine mammary tumor virus expression during mam-
mary tumorigenesis in BALB/c mice. J. Virol. 29:483-
493.

22. Pauley, R. J., J. M. Rosen, and S. H. Socher. 1978.
Mammary tumor virus and casein gene transcription
during mammary development. Nature (London) 275:
455-457.

23. Schlom, J., D. Colcher, W. Drohan, R. Kettmann, R.
Michalides, G. Vlahakis, and J. Young. 1977. Dif-
ferences in mouse mammary tumor viruses: relationship
to early and late occurring mammary tumors. Cancer
Res. 39:2727-2733.

24. Schlom, J., R. Michalides, D. Kufe, R. Helmann, S.
Spiegelman, P. Bentvelzen, and P. Hageman. 1973.
A comparative study of the biologic and molecular basis
of murine mammary carcinoma: a model for human
breast cancer. J. Natl. Cancer Inst. §1:541-551.

25. Smith, G. H.,, L. A. Arthur, and D. Medina. 1980.
Evidence of separate pathways for viral and chemical
carcinogenesis in C3H/StWi mouse mammary glands.
Int. J. Cancer 26:373-379.

26. Smith, G. H., R. J. Pauley, S. H. Socher, and D.
Medina. 1978. Chemical carcinogenesis in C3H/StWi
mice, a worthwhile experimental model for breast can-
cer. Cancer Res. 38:4504-4509.

26a.Sokol, R. R., and F. J. Rohlf. 1969. Biometry. W. H.
Freeman & Co., San Francisco.

27. Sternberger, L. A. 1979. Inmunocytochemistry, 2nd ed.,
p- 104-169. John Wiley & Sons, Inc., New York.

28. Teramoto, Y. A., D. Medina, C. McGrath, and J.
Schlom. 1980. Noncoordinate expression of murine
mammary tumor virus gene products. Virology 107:
345-353.

29. Varmus, H. E., N. Quintrell, E. Mederios, J. M.
Bishop, R. C. Nowinski, and N. H. Sarkar. 1973.
Transcription of mouse mammary tumor virus genes in
tissues from high and low tumor incidence mouse
strains. J. Mol. Biol. 79:663-679.

30. Young, B. D., P. R. Harrison, R. S. Gilmour, G. D.
Birnie, A. Hell, S. Humphries, and J. Paul. 1974.
Kinetic studies of gene frequency. II. Complexity of
globin complementary DNA in its hybridization char-
acteristics. J. Mol. Biol. 84:555-568.



