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SUMMARY 

We have studied the process of mammary cell transformation in vitro using a single cell 
clone (Clone 18) from a presumptive epithelial cell line, C57MG, derived from a normal 
mammary gland; a mouse mammary tumor virus (MMTVJ host-range variant (RIII}vp4; 
and the potent initiating carcinogen 7,12-dimethylbenzIa)anthracene (DMBA). After 
several serial subcultures, cells treated with virus and then with carcinogen exhibited an al- 
tered (transformed) morphology, a dramatic increase in anchorage independence, an 
increase in multinucleation after exposure to cytochalasin B, an enhanced ability to 
proliferate in low Ca 2§ (0.01 mM) medium, and tumorigenicity when inoculated sub- 
cutaneously into athymic ~nude) mice. Although some of these phenotypic alterations were 
observed also in cultures treated singly with MMTV or DMBA and in cultures exposed 
to DMBA before infection with MMTV, enhanced cytochalasin B multinucleation and 
tumorigenicity were properties observed only in mass cultures of cloned cells first infected 
with MMTV and then exposed to DMBA. This demonstrates for the first time that ex- 
posure of presumptive mammary epithelial cells to MMTV followed by DMBA, hut not to 
either agent alone or to DMBA followed by ]VEVITV, results in malignant transformation 
of these cells. 

Key  words: MMTV; DMBA; presumptive mammary epithelial cell cultures; in vitro 
transformation. 

INTRODUCTION 

Mammary carcinogenesis in mice seems to be a 
complex process involving the initiation and pro- 
gression of preneoplastic lesions and is influenced 
by a variety of agents including ionizing radia- 
tion, hormones, chemical carcinogens, and 
viruses (1-5}. Although both chemical carcino- 
gens and mouse mammary tumor viruses 
(MMTVs) are able to induce preneoplastic lesions 
in mice, the efficiency of these induction processes 
can be altered by changing the hormonal balance 
of the animals 16,7). In addition, other |actors, 
such as stress, diet, and genetics, may play a role 
in the etiology of murine mammary cancer. 

~To whom all correspondence should be addressed. 

There is now ample evidence that chemical car- 
cinogens and both DNA tumor viruses 18-11) and 
RNA tumor viruses (12-15j can act in a synergis- 
tic fashion. It has been suggested that chemical 
carcinogens exert their effects through an inter- 
action with cellular macromolecules and that such 
interactions result in an alteration of gene expres- 
sion (16,17). The widespread association of type 
C RNA tumor virus genetic activity with chemi- 
cally induced transformation (18-20) has led to 
speculation that one mechanism of transforma- 
tion by chemical carcinogens may be to act by de- 
repressing oncogenic viruses. It  has been reported 
also, however, that chemical carcinogens may 
cause transformation in the absence of detectable 
virus production (21). The synergistic mechanism 
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of transformation by viruses and chemicals re- 
mains to be elucidated in many systems. 

Although attempts have been made to study 
synergistic interactions between the potent initiat- 
ing carcinogen DMBA and MMTV in tumori- 
genesis in the intact animal (22), these studies are 
difficult to interpret on a cellular level because of 
the complex intermediate events between admin- 
istration of the carcinogen and the appearance of 
tumors, and because of the possible influence of 
host factors on the transformation process. In the 
series of experiments reported here, we have de- 
veloped a cell culture model system to study the 
interaction of the carcinogen DMBA and MMTV 
with murine mammary presumptive epithelial 
cells. We show that treatment of normal mam- 
mary presumptive epithelial cells with both 
DMBA and MMTV results in transformation of 
the cells as indicated by an increased tumori- 
genicity in athymic (nude) mice, an increased 
ability of cells to grow in semisolid medium, an in- 
crease in multinucleation after exposure to cyto- 
chalasin B, an enhanced ability to proliferate in 
low Ca z§ (0.01 mM) medium, and the appearance 
of discernable morphological changes in cell 
populations. The results indicate a possible co- 
carcinogenic interaction between DMBA and 
MMTV resulting in malignant transformation of 
the cells. 

MATERIALS AND METHODS 

Cells. The C57BL/6 mammary gland cell line, 
C57MG (23), was obtained from Dr. E. 
Lasfargues, Institute for Medical Research, 
Camden, NJ. This line was cloned at Passage 31. 
Transformation studies were conducted with a 
single cell clone, designated C57MG (Clone 18). 
Cells were grown in Eagle's minimal essential 
medium containing 10% (vol/vol) heat in- 
activated fetal bovine serum, 10/~g/ml bovine in- 
sulin, 100 U/ml penicillin, and 100 ~g/ml 
streptomycin. They were passaged at confluence 
using 0.1% trypsin containing 0.5 mM EDTA. 
Cells were periodically monitored for the presence 
of mycoplasma and found to be negative. The 
routine origin d the C57MG cell line was verified 
by karyotyping, isoenzyme analyses, and 
immunofluorescence analyses using species speci- 
fic antisera. The presumptive epithelial origin of 
the cells was demonstrated by the presence of 
desmosomes, tonofibrlls, and secretory granules 
(performed by Dr. C. M. Calborg-Bacq, Uni- 
versity of Liege, Belgium). The C57MG (Clone 
18) cells were incapable of inducing tumors when 

2 x 106 cells were inoculated subcutaneously into 
syngeneic C57B1/6 or athymic (nude) mice. 
Because the most stringent criterion presently 
available for determining if a cell culture system is 
"normal" is its inability to induce tumors when 
inoculated into a susceptible host, C57MG (Clone 
18) cells are referred to as normal. 

Virus and infection of cells. The 
MMTV(RIII)vp4 was isolated by four serial 
virus passages in feline CrFK cells as described 
previously (24). Virions obtained from 24 h col- 
lections of cell culture supernatant fluids from in- 
fected CrFK cells were concentrated by isopycnic 
gradient centrifugation in sucrose gradients as de- 
scribed previously (25). Several preparations of 
virus were pooled and filtered through a 0.45/~m 
Millipore filter, precoated with polyvinyl- 
pyrrolidone (26) to remove any contaminating 
bacteria. The amount of virus in these stock solu- 
tions was determined by group specific radio- 
immunoassays for the 52,000d major external 
giycoprotein (gp52) and the 28,000d major inter- 
nal protein (t)28) of M1VITVs as described pre- 
viously (27,28). Aliquots of virus were then stored 
over liquid nitrogen to provide a stock of virus for 
reproducible infection of cells. 

The procedure for infecting cells with MMTVs 
has been described previously in detail (29,30). 
Briefly, the procedure was as follows: cells were 
seeded in 75 cm z flasks at known cell densities 
and virus was added 24 h later in medium con- 
taining 4 pg/ml polybrene. Twenty-four or forty- 
eight hours later, the medium was changed to 
medium without polybrene. At appropriate inter- 
vals thereafter, 24 h collections of culture medium 
were assayed for the presence of progeny virus 
using a group specific radioimmunoassay for 
MMTV gp52 as described previously (27). When 
virus, carcinogen ~ virus, and virus + carcino- 
gen treated cultures were assayed at various times 
posttrcatment, no significant difference was found 
in the time of virus production (3 to 7 d) or the 
final level of released virus. 

Toxicity of DMBA. To determine the concen- 
tration of DMBA to be used in virus-chemical co- 
carcinogenesis experiments, the toxicity of various 
concentrations of DMBA for C57MG (Clone 18) 
cells was measured. Approximately 2x  106 
C57MG (Clone 18) cells were seeded in 100 mm 
cell culture plates and treated 24 h later with 
0.0005 to 5 t~g/ml DMBA in 0.1% dimethyl- 
sulfoxide (DMSO). 

After treatment for 24 h, the carcinogen con- 
raining medium was removed and the cells were 
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washed in sterile phosphate buffered saline 
(PBS). Control cultures were treated with either 
0.1% DMSO (carcinogen solvent) or with growth 
medium for 24 h. The cultures were then trypsin- 
ized and 3 x 10 z cells were plated in each of five 
100 mm cell culture plates to determine their plat- 
ing efficiency. Cultures were refed twice per week 
with fresh growth medium and stained with 
Giemsa after 10 to 14 d. The number of colonies 
was then counted. A level of 0.3 pg/ml DMBA 
was chosen for studies reported in this paper. At 
this carcinogen concentration the cloning effi- 
ciency of treated cells was reduced approximately 
20%. 

Virus and chemical treatment of cells. Trans- 
formation assays were pedormed as follows: 105 
C57MG {Clone 18} cells were seeded in 75-cm 2 
culture flasks and 24 h later were either mock in- 
fected or infected with MMTV(RIIIDvp4 at a 
multiplicity of infection (M.O.I.} of 104 parti- 
cles/cell; 48 h postinfection the cells were treated 
for 24 h with 0.1% DMSO or'0.3/~g/ml DMBA. 
Cultures were then washed twice with sterile PBS 
and refed with fresh growth medium; al- 
ternatively, cultures were first treated for 24 h 
with DMBA, followed by infection with 
MMTV(RIIIJvp4. At confluency cultures were 
passaged 1:10. The experimental protocol just de- 
scribed resulted in five groups for each clone: 
Control (mock infected and DMSO treatedD; virus 
(MMTV infected and DMSO treatedD; DMBA 
~mock infected and DMBA treated); DMBA + 
virus (DMBA treated and then MMTV infected); 
and virus A- DMBA (MMTV infected and then 
DMBA treated). 

Transformation assays. To determine the 
tumorigenic potential of cultures in vivo, cells 
were inoculated subcutaneously at a concentra- 
tion of 2 x 106 cells in 0.2 ml of serum-free 
medium. Animals were examined weekly for the 
appearance of tumors. 

The ability of cells to grow in semisolid agar 
was also determined. Cells were suspended in 
0.4% Difco bacto agar (Difco Laboratories, 
Detroit, MI) in growth medium and 5 x 10" cells 
in this suspension were overlaid onto 5 ml of 
0.8% agar in 60-ram cell culture plates. Cultures 
were incubated in a humidified incubator at 
37 ~ C in an atmosphere of 5% CO2 for 14 to 21 d. 
Colonies of diameter greater than 0.2 mm were 
counted. 

Cytochalasin B multinucleation was deter- 
mined as described by Medina et al. (31,32). Cells 
were seeded at a density of 1 x 10" cells/cm 2, and 

1 t~g/ml cytochalasin B in 0.1% DMSO was 
added 24 h later. Alter an additional 48 h cells 
were fixed, stained with Giemsa, and the number 
of nuclei in a minimum of 300 randomly selected 
cells was determined. When experiments were 
pedormed using different passage number (Pas- 
sages 10, 12, or 15) cultures, the degree of varia- 
tion between parallel cultures was ~<5%. 

The ability of C57MG (Clone 18) cells to pro- 
liferate in medium containing reduced levels of 
free extracellular calcium was determined as fol- 
lows. Medium containing 0.01 mM Ca z§ was pre- 
pared by adding the calcium chelater [ethylene 
bis(oxyethelenenitrilo)] tetraacetic acid (EGTA) 
to medium prepared without calcium and contain- 
ing 10% fetal bovine serum (FBS). The amount of 
EGTA added to complex the serum calcium was 
determined by analyzing the calcium content of 
the FBS by atomic absorption spectrophotometry 
(33). Calcium was then added to the medium 
using a stock solution of CaClz resulting in a final 
free calcium level of 0.01 mM. 

Confluent monolayers of cells were trypsinized 
and seeded at a density of 1 x 10` cells/100 mm 
petri dish in growth medium containing 0.01 mM 
Ca z§ The medium was changed twice per week 
until cell colonies were visible with the naked eye. 
Cells were then fixed, stained with Giemsa, and 
the number of colonies in each petri dish was 
determined. 

RESULTS 

Cytochalasin B multinucleation. At present 
there are few reliable in vitro assays for differ- 
entiating between normal and transformed epi- 
thelial cells (34-36). Recent studies by Medina 
and coworkers (31,32) have indicated that cyto- 
chalasin B induced multinucleation can be used to 
distinguish between normal and malignant 
murine mammary epithelial cells. As shown in 
Table 1, normal mammary gland epithelial cells 
of mouse or rat origin exhibit less than 11% multi- 
nucleation when treated with cytochalasin B. In 
contrast, a mouse mammary tumor cell llne dis- 
played greater than 52% multinucleation in the 
presence of cytochalasin B. When tested after 10 
serial subcultures (Passage 10), only virus -}- 
DMBA treated C57MG (Clone 18) cells scored as 
positive for the transformed phenotype, i.e. 
greater than 30% muhinucleation (31,32) 
(Table 1}. Similar results were found also when 
the five groups of C57MG (Clone 18) cells were 
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TABLE 1 

CYTOCHALASIN B TREATMENT OF NORMAL AND TRANSFORMED CELLS 

61 

Cell Line a Origin Cells With >2 Nuclei b 

% 
C57MG Normal mouse mammary gland 11 
ACI-MG Normal ACI rat mammary gland 3 
W/L-MG Normal Wistar-Lewis rat mammary gland 4 
Mm5mt/c, Murine (C3H) mammary tumor cell line 52 

C57MG tClone 18) cells e 
Control Treated with 0.1% DMSO 15 
Virus Infected with MMTV 18 
DMBA Treated with 0.3 #g/ml DMBA 15 
DMBA + virus Treated with 0.3/~g/ml DMBA and subsequently infected with MMTV 22 
Virus + DMBA Infected with MMTV and subsequently treated with 0.3/~g/ml DMBA 35 

a The sources of the cells were as follows: ACI-MG and W/L-MG, established by Dr. D. K. Howard; Mm5mt/c,,  
Dr. D. Fine, Frederick Cancer Research Center, Frederick, Md. 

b Cultures with 30% or more of the cells having greater than two nuclei are considered transformed. 
c Cultures were assayed at Passage 10 posttreatment. 

tested af ter  15 {Table 2) or 18 passages {data not  
shown).  

Proliferation in low calcium medium. Recent  
studies have  demons t r a t ed  the  impor tance  of Ca  2+ 
in regula t ing  the  prol i ferat ion of no rma l  f ibroblas t  
and  epithelial  cells {37-40). N o r m a l  cells f rom a 
variety of species are unab le  to sustain growth 

when  the  extracel lular  Ca  2. level is less than  
0.02 m3//, whereas  theh" chemical  or viral  t rans-  
formed counterpar t s  proliferate even when  the  
level of extracel lular  Ca  2§ is as low as 0.001 m M  
(39-42).  As shown in Tab le  2, D M B A ,  D M B A  + 
virus,  and  virus + D M B A  trea ted  C 5 7 M G  
{Clone 18) cells were capable  of prol i ferat ing in 

TABLE 2 

COMPARISON OF MARKERS OF TRANSFORMATION IN VIRUS, CHEMICAL 
AND COMBINATION TREATED C 5 7 M G  {CLONE 18) CELLS 

Growth in Cytochalasin B Growth 
Cell Type Morphology a Low Ca ~* Medium b Muhinucleation c in Agar d Nude Mice e 

% % % 
Control N 3 17 0.07_+0.05 0/4 
MMTV N 2 21 0.06-+0.03 0/4 
DMBA T 6 20 0.55-+0.18 0/4 
DMBA + MMTV T 5 21 0.4 -+0.09 0/4 
MMTV -4- DMBA T 8 35 1.1 _+0.08 4/4 

Subclones of MMTV + DMBA 
treated Clone 18 cells f 

MMTV + DMBA, Subclone 1 N 
MMTV + DMBA, Subclone 3 T 
MMTV + DMBA, Subclone 4 T 

1 18 0.48_+0.01 5/5g 
7 32 0.26_+0.02 5/5 
4 14 0.01+0.0 5/5 

a N ----- Normal {contact inhibited and well defined borders); T = transformed lrandom orientation and the ap- 
pearance of numerous long, thin pseudopodia). This represents the predominant morphology of cells. 

b Cultures were tested at Passage 15; control, MMTV and M M T V +  DMBA ~Subclone 1) produced small colonies 
<25 cells in 0.01 mM Ca 2+. 

e Cultures containing t>30% cells containing greater than two nuclei per cell were considered transformed. 
Cultures were tested at Passage 15. 

a Growth in soft agar was determined as described in Materials and Methods. 
e Tweffth passage cells were inoculated subcutaneously in female BALB/c athymic (nude} mice at a concentration 

of 2 x 10 ~ cells in 0.2 ml of serum-free medium. Animals were observed for the appearance of tumors for a period of 
12 to 14 wk. 

I Single cell clones {subclones) were isolated from 1st passage cultures infected with MMTV and treated for 24 h 
with 0.3/~g/ml DMBA 48 h postinfection. 

g Small tumors appeared 12 wk after inoculation of cells, but regressed 3 wk later. 
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0.01 m M  Ca z§ containing medium (large colonies, 
>3% cloning efficiency). This was not the case, 
however, with control or virus treated Clone 18 
cells, which exhibited only marginal growth in 
low Ca 2§ medium (small colonies, <3% cloning 
efficiency). All of the Clone 18 cultures that grew 
in low Ca 2. medium also displayed a predomi- 
nant ly t ransformed morphology (Fig. 1, 
Table 2). 

Growth in semisolid agar. An in vitro property 
that is often found to correlate with in vivo 

tumorigenicity of transformed fibroblast and 
some transformed epithelial cells is anchorage 
independence, i.e. the ability d cells to grow 
when suspended in agar, agarose, or methylcellu- 
lose (35,43). In the present study, DMSO treated 
C57MG {Clone 18) cells formed macroscopic 
colonies in agar with a frequency of less than 
0.0]%, when seeded in agar, whereas virus + 
DMBA treated cells exhibited a greater than ]00- 
fold enhancement in anchorage independence 
(Table 2). A smaller increase in cloning efficiency 

FIG. 1. Photomicrographs of stained C57MG (Clone 18) cells and virus, carcinogen, and virus -k 
carcinogen treated Clone 18 cells. Approximate x90. Control and treated cultures were passaged 18 
times before photographing..4, control (0.171o DMSO). B, MMTV infected. C, DMBA (0.3 pg/ml) 
treated. D, MMTV infected and subsequently treated with 0.3 pg/mi DMBA. 
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in agar was observed in DMBA, and in DMBA 
+ virus treated Clone 18 cells. In contrast, cells 
infected with MMTV formed colonies in agar 
with the same low efficiency as control cells. 

Tumorigenicity in nude mice. I t  is now gener- 
ally agreed that the carcinogenic process often 
proceeds through several stages in its develop- 
ment (35,43,44) and that  a later step in this pro- 
cess is the appearance of the malignant pheno- 
type. The ultimate test for transformation is still 
the ability of cells to grow as tumors when injected 
into syngeneic or athymic (nude) mice. Only virus 
+ DMBA treated C57MG (Clone 18) cells in- 
duced tumors at the site of inoculation in nude 
mice (Table 2). A similar trend has been observed 
in another single cell clone of C57MG cells, Clone 
2 (Table 3). With both Clones 18 and 2, tumori- 
genicity was not observed until the MMTV + 
DMBA treated cells had been passaged serially in 
culture for a minimum of five times {Tables 2 and 
3). Heterogeneity within the treated mass cul- 
tures is to be expected and was demonstrated by 
subcloning the virus + DMBA treated Clone 18 
cells and analyzing the properties of these clones 
(Table 2). Only subclone three of the virus + 
DMBA treated Clone 18 cells was positive in all 
five of the tests, whereas Subclone 1 was normal 
by the five criteria and Subclone 4 was positive in 
three of the five tests (Table 2). A similar hetero- 
geneity was observed in subclones of virus, 
DMBA, and DMBA + virus treated Clone 18 
cultures (unpublished data). By analyzing a series 
of subclones from the various groups of treated 
C57MG (Clone 18) cells it should be possible to 

TABLE 3 

TUMORIGENICITY OF C57MG (CLONE 2) MAMMARY 
GLAND CELLS IN ATHYMIC {NUDE) MICE a 

Number of Animals With 
Tumors/Total Number Animals 

Passage Level Virus + 
Mter Treatment Control Virus DMBA DMBA 

1 0/20 0/20 0/20 0/20 
3 0/8 0/8 0/8 0/8 
5 1/16 1/16 0/16 6/16 
7 0/8 0/8 0/8 3/8 

Passages 5to7 1/24 1/24 0/24 9/24 
a Clone 2 cells were isolated from the C57MG cell 

line. Cells were treated with various combinations of 
DMBA (1 pg/ml) and MMTV. At every 2nd passage 
after treatment, cells were inoculated into athymic 
{nude) mlde. Cells were inoculated subcutaneously at a 
concentration of 2 x 10' cells in 0.2 ml of serum-free 
medium. The animals were observed for the appearance 
of tumors for a period of 12 to 14 wk. 

determine which in vitro phenotype directly corre- 
lates with in vivo tumorigenicity. 

D ISCUSSION 

The data presented in this paper indicate that a 
clonal population of mammary derived presump- 
tive epithelial C57MO {Clone 18) cells can be con- 
vetted to a malignant phenotype after combined 
treatment with MMTV followed by a carcinogen. 
In contrast, treatment of these cells with the virus 
or carcinogen alone, or the carcinogen followed by 
the virus, does not result in malignant trans- 
formation. A similar temporal relationship has 
been observed in transformation of rat and mouse 
embryo cells by the combination of murine leu- 
kemia  virus  and var ious  carc inogens  
(12,14,45,46). Transformation was only observed 
when cultures were first infected with the murine 
leukemia virus and then exposed at a later time to 
the carcinogen (12,14,45,46}. Although the 
mechanism by which the combined viral-chemical 
treatment results in transformation is not known, 
it is tempting to try to relate these observations to 
what is presently known about multiple inter- 
actions in mouse skin carcinogenesis {47). Studies 
on mouse skin have demonstrated two distinct 
phases, one termed "init iation" and the other 
"promotion." Initiators are not tumorigenic when 
applied singly, but when followed with a promot- 
ing agent multiple skin neoplasms develop {47). 
Using this model, MMTV would be functioning 
as a weak initiating agent. I t  is worth noting, 
therefore, that of the four experimental groups 
cultures infected with MMTV resemble most 
closely the phenotype of the DMSO controls. The 
subsequent stage in transformation of the ap- 
propriate target cell results when the activated 
metabolite of DMBA interacts with a specific 
subset of infected cells. 

The delay in the onset of expression of tumori- 
genicity might result because the original culture 
is heterogeneous and, therefore, requires several 
passages to allow for selective outgrowth of 
tumorigenic cells. Heterogeneity in the treated 
cultures is expected inasmuch as it is extremely 
unlikely that every cell infected with MMTV also 
interacted with the carcinogen, resulting in 
transformation. 

The lack of immediate expression of the com- 
plete transformed phenotype, i.e. tumorigenicity, 
after infection with MMTV and subsequent treat- 
ment with DMBA, might also result because a 
subset of transformed cells must undergo further 
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progressive changes before acquiring the malig- 
nant phenotype (43,48,49L In the case of 
benzo(a)pyrene treated Syrian hamster cells, 
transformation involves a series of progressive 
alterations that occur in a well-defined temporal 
sequence. Morphological transformation is ob- 
served by 8 d posttreatment and fibrinolytic ac- 
tivity is expressed by 14 d posttreatment, whereas 
anchorage independence and tumorigenicity are 
not manifested until 6 or more weeks after ex- 
posure to the carcinogen (48,50). Progressive 
alterations in expression of the transformed 
phenotype after repeated subculture have been 
observed also in Type 5 adenovirus transformed 
rat embryo IRE) cells (11,49,51 ), herpes simplex 
virus Type 2 transformed RE cells (52), feline 
sarcoma virus transformed human diploid fibro- 
blasts (53L and murine sarcoma virus trans- 
formed murine fibroblasts (51L The altered 
morphology and ability of DMBA and DMBA + 
virus treated Clone 18 cultures to grow in low Ca z§ 
medium, but not multinucleate in the presence of 
cytochalasin B or induce tumors in nude mice, 
may indicate that these ceils have acquired early 
markers of transformation (Table 2). By subclon- 
ing the original treated cultures it should be pos- 
sible to generate a series of cell strains that exhibit 
only a partial expression of the transformed 
phenotype. These cells will prove useful in defin- 
ing the temporal sequence of phenotypic altera- 
tions involved in progression of transformation in 
mammary epithelial cells. The presently de- 
scribed transformation system, in conjunction 
with currently available techniques for probing 
gene structure and function, may now help in de- 
fining, on a molecular level, the roles of multiple 
agents (viruses, chemical carcinogens, hormones, 
tumor promoters, growth factors, and others) in 
the initiation and promotion of mammary 
carcinogenesis. 
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