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SUMMARY 

A human breast tumor cell line BT-474 derived from an invasive ductal carcinoma was 
experimentally infected in vitro with a mouse mammary tumor virus from the RI I I  strain 
(RII I -MuMTVk The virus that replicated in the human ceils was characterized as a 
mouse virus by immunofluorescence, electron microscopy and the presence of a specific 
RNA-directed DNA polymerase. The cells themselves were human as per the karyotype 
and isoenzyme migration patterns. It  is concluded that human cells are susceptible to the 
mouse mammary tumor virus and can, eventually, support its replication. 
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INTRODUCTION 

Ever since the initial discovery in 1936 il} of a 
viral agent involved in mouse mammary carcino- 
genesis, a tremendous effort has been aimed at the 
demonstration of a similar agent in human breast 
tumors. The impressive amount of suggestive 
evidence accumulated over the past 10 years, 
however, is not sufficient to substantiate this 
concept. Even though rare viral particles morpho- 
logically identical to that of the mouse ~2,3) and a 
possible RNA-directed DNA polymerase {4,5~ 
have been detected in the milk of women, no valid 
correlation between their presence and the neo- 
plastic state was ever established (6,71. Sero- 
logical cross-reactions between human and mouse 
tumors have been the object of many tantalizing 
observations (8-10). For the moment it seems that 
such cross-reactions might result from the pres- 
ence, at the surface of some human tumor cells, of 
a protein component sharing a few physical 
properties with a major glycoprotein of MuMTV 
i l l ) .  

Whether this component is the expression of a 
small part of the MuMTV genome integrated into 
the cell's genetic material for several generations, 
or an entirely different product unrelated to the 

'To whom requests for reprints should be addressed 
at: Institute for Medical Research, Copewood Street, 
Camden, New Jersey 08103. 

virus, is not known. However, despite an acute 
awareness of viral possibilities and increased 
scrutiny of human material in several labora- 
tories, no virus particle comparable to that of the 
mouse has ever been observed budding from the 
surface of human breast tumor cells. Out of the 
117 solid breast carcinomas that we processed, 52 
have grown in tissue culture for periods of 4 to 6 
months, but none has shown evidence of virus 
budding by electron microscopy. By using isola- 
tion procedures described elsewhere in detail ~12), 
well characterized epithelial cell lines were 
derived from some of these breast specimens (13); 
because of a relatively fast growth rate, one of the 
cell lines, BT-474, was specifically selected to test 
the susceptibility of human cells to infection by 
RIII -MuMTV. 

Experimental infection of cells by the mouse 
mammary tumor virus in tissue culture is a recent 
advance initiated in our laboratory (14,15). With 
the use of similar techniques we have obtained 
evidence that BT-474 cells are a compatible host 
for the mouse mammary tumor virus. A descrip- 
tion of this evidence and speculations about its 
possible meaning for the human disease, there- 
fore, are presented. 

MATERIALS AND METHODS 

Cells. The BT-474 ceils were derived 2 years 
ago from an invasive ductal breast carcinoma in a 
white 60-year-old patient (13). The ceils used in 
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this study were taken from a frozen stock stored in 
liquid nitrogen and tested at the time of freezing 
for eventual mycoplasma contaminations. To de- 
tect the presence of mycoplasma, scraped cells 
and their supernate were distributed in aliquot 
portions into tubes containing brain-heart 
infusion broth or spread out on top of an agar me- 
dium. After a proper time of incubation in aerobic 
and anaerobic conditions, following the tech- 
niques described by McGarrity (16), no myco- 
plasma were found. Morphologically these cells 
are epithelial; the presence of tight junctions, gap 
junctions, desmosomes, tonofibrils and abun- 
dance of microvilli at the cell membrane (13) are 
all well accepted characteristics of their epithelial 
nature. They grow uniformly, doubling their 
population in 72 hr in a complete culture medium 
composed of 10% fetal bovine serum tFBS) in 
RPMI-1640 tFlow Laboratories, Bethesda, 
Marylandj and supplemented with 0.23 IU per ml 
insulin (Schwarz/Mann, Orangeburg, New 
York). To facilitate the detection of accidental 
bacterial infections, antibiotics are not used. 
Morphologically, the chromosomes of the BT-474 
cell line are human; their modal number was esti- 
mated at 55 and Giemsa banding did not reveal 
the presence of HeLa markers. 

Inoculation of 4 x 106 cells into nude mice ini- 
tiated tumors and therefore confirmed their neo- 
plastic nature ~13L Inoculation of BT-474 ceils 
with RI I I -MuMTV was done by procedures al- 
ready described (14). Briefly, cultures en- 
zymatically dissociated t0.05% EDTA-trypsin; 
GIBCO, Grand Island, New York~ to yield single 
cell suspensions were resuspended in viral and 
nonviral inoculum at the rate of 106 cells per ml. 
The viral inoculum itself was prepared from a 4- 
ml volume of fresh milk collected and pooled from 
RII I  nursing mice. After skimming, the virus was 
pelleted by high-speed centrifugation and purified 
through a 25% Ficoll gradient tPharmacia, 
Uppsala, Sweden). After 1-hr centrifugation at 
32,000 rpm in a Spinco 50.1 rotor, the band that 
formed at the 1.052 g per ml density level was re- 
moved and reconstituted to the original 4-ml 
volume in Hanks'-Eagle medium IFlow Labora- 
tories, McLean, Virginia). Polybrene (Aldrich 
Chemical Co., Milwaukee, Wisconsin) was added 
in sufficient quantity to provide a final concentra- 
tion of 4 #g per ml. The nonviral inoculum was 
made of Hanks'-Eagle medium containing com- 
parable amounts of Ficoll and polybrene; both 
were sterilized by filtration through a 0.45-#m 
Millipore membrane. 

The cells suspended in their respective inocula 
were incubated for 1 hr at 37 ~ C in a water bath 
after which each ml of the suspension was diluted 
5-fold in complete culture medium and dis- 
tributed into 25-cm 2 culture flasks (Falcon, 
Oxnard, California). 

At 24 hr, and 4 and 8 days after inoculation, the 
medium was withdrawn, and the cells were ex- 
tensively washed in Hanks'-Eagle solution and 
refed with fresh complete medium. On day 10 the 
cells were tested for the presence of MuMTV by 
membrane immunofluorescence tIFL Forty-eight 
hr before the test, the culture medium was sup- 
plemented with 10-SM dexamethasone (Sigma 
Chemical Co., St. Louis, MissouriL a synthetic 
steroid noted to enhance virus production (17). 
The indirect method of immunofluorescence pre- 
viously described (18} was used. Antisera were 

FIG. 1. BT-474 Cells showing positive membrane 
immunofluorescence after exposure to RIII-MuMTV 
antiserum. The photograph was taken 1 year after initial 
inoculation, x1020. 

F1G. 2. BT-474 Control cells exposed to the same 
RIII-MuMTV antiserum. The cells had been exposed to 
a sham inoculum without virus; no fluorescence is ob- 
served, x1020. 
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TABLE 1 

IMMUNOFLUORESCENCE OF H U M A N  BREAST T U M O R  CELLS INOCULATED W I T H  RIII MuMTV 
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a Sera used for the reactions: MuMTV. Virions, anti-mouse mammary tumor virions; Gp55, anti-glycoprotein 55 
of the RIII-MTV. 

b MLV, Mouse leukemia virus; RLV, Rauscher leukemia virus; GLV, Gross leukemia virus. 
c NRS, Normal rabbit serum. 
d NGS, Normal goat serum. 

prepared in the goat against whole virions puri- 
fied from RI I I  milk and against gp55, a specific 
viral membrane protein extracted from RI I I  
virions; their titer estimated by Ouchterloney 
immunodiffusion was 1:40 and 1:60, respectively. 
Two other antisera prepared in rabbits against 
Gross and Rauscher leukemia viruses were ob- 
tained from NIH Resource Center; both reacted 
with a mouse testicular cell line (GTT) character- 
ized as a high leukemia virus producer by eliciting 
membrane fluorescence in 95% to 100% of the 
cells. Normal goat and normal rabbit sera, ab- 
sorbed with human embryonic cells, also were 
used. Labeling was done with corresponding 
fluorescein conjugates of commercial source 
(GIBCO, Grand Island, New York). All sera 
were used at a 1:10 dilution in Hanks' saline. 

Six months after inoculation, the infected cells 
and their controls were prepared for electron 
microscopy according to the routine procedures of 
our laboratory (18). Briefly, the cells were 
scraped, fixed in 2.5% glutaraldehyde, postfixed 
in 1% osmium tetroxide, dehydrated and em- 
bedded in Epon-araldite. Thin sections obtained 
with a diamond knife were sequentially stained 
with uranylacetate and lead citrate and examined 
in a JEOL-JEM electron microscope. 

One year after inoculation, assays to detect an 
RNA-directed DNA polymerase tRDDP) were 
conducted on 100X concentrates of culture super- 
mates using synthetic template/primers: oligo 
(dG}-poly~rCL 

RESULTS 

Morphology. After inoculation with RII I -  
MuMTV, experimental and control cultures as- 

sumed the same morphology as the BT-474 stock 
cells; furthermore, no perceptible differences in 
the rate of growth or metabolism of the cultures 
permitted at this time to distinguish the infected 
cells from the sham-inoculated controls. 

Immunofluorescence (IF). Evidence of virus in- 
fection was first observed 10 days after inocula- 
tion. As shown in Fig. 1, single cell suspensions 
from nuMTV-infected cultures presented, after 
exposure to the specific antiserum, a number of 
cells with a bright continuous fluorescence of their 
outer membrane. These were not seen in suspen- 
sions from control cultures (Fig. 2). The specific- 
ity of the reaction was further confirmed by the 
experiments summarized in Table 1 ; infected ceils 
did not react with antisera against Gross or 
Rauscher leukemia viruses nor with normal goat 
or rabbit sera. Cell suspensions from stock and 
control cultures remained negative in all cases. 
About 5% to 8% of the infected cell population 
was positive 10 days after inoculation. By main- 
taining dexamethasone in the culture medium the 
number of positive cells increased to 60% and 
then remained constant. These results were quali- 
tative; there was in particular a 4- to 6-fold differ- 
ence between the percentage of positive cells 
tested with whole MuMTV antiserum and the 
percentage of positive cells tested with anti-gp55 
serum. The absence of fluorescence in prepa- 
rations of noninfected cells gave conclusive evi- 
dence of the specificity and reliability of the 
reaction. 

Electron microscopy (EM). The epithelial fea- 
tures of the cells, such as the presence of desmo- 
somes, tight junctions, microvilli, tonofibrils and 
large indented nuclei, were found comparable to 
those of BT-474 stock cells. However, for the first 
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FIG. 3. Electron micrograph of a BT-474 cell margin showing budding of an immature virus particle 
(arrowL • 

FIG. 4. Arrows point to more virus particles budding from an infected BT-474 cell. x31,800. 

FIG. 5. Higher magnification of a B particle produced at the tip of a microvillus, x51,660. 
FiG. 6. Cluster of introcytoplasmic A particles in a BT-474 cell. x18,700. 
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TABLE 2 

RDDP ASSAYS OF CONCENTRATES OF 

TISSUE CULTURE SUPERNATES 

pmol ['H]dGMP 
Template/Primer Cation Incorp./30 mhl a 

MuMTV-infected 
oligo(dG) �9 poly(rCm} Mn++ 1.23 
oligot dG )" poly~ rC ) Mg++ 2.54 
oligo(dG)" polytrC) Mn++ 0.12 
oligo~dG) Mg++ 0.01 
oligo~dG) Mn++ 0.01 

Uninfected control 
oligo(dG)" polytrCm) Mn++ 0.01 
oligo(dG)" poly(rC) Mg++ O.O1 
oligo(dG)" poly~rC) Mn++ 0.01 
a Expressed as trichloroacetic-acid-precipitable 

counts. The method of assay was described previously 
~5), and all results were corrected for label trapping 
and/or endogenous enzymatic activity. 

time, small amounts of viral particles were ob- 
served budding from the surface membrane of the 
inoculated cells tFigs. 3-5). Even though the 
characteristic spikes that are a hallmark of the ex- 
ternal coat of MuMTV were not clearly defined, 
the fact that the viral nucleoids were completely 
formed before the time of budding (Figs. 4,5) 
identified them as B rather than C particles; this 
conclusion was clearly supported by the IF 
results. Furthermore, clusters of intracytoplasmic 
A particles also were observed in many cells {Fig. 
6). These structures, described as possible pre- 
cursors of B particles (19), were numerous in the 
infected cells, but none were formed in the 
controls. 

RNA-directed DNA polymerase (RDDP). 
Assays to detect RDDP in supernates of the in- 
fected and control cultures revealed the presence 
of a specific RDDP reaction in the spent medium 
of the inoculated cells. As shown in Table 2, no 
measurable enzymatic activity was observed in 
control culture supernates. In contrast, super- 
mates from MuMTV-infected human cells pos- 
sessed significant polymerase activities with oligo 
(dG) poly~rCm) or oligo tdG) poly ~rC). In addi- 
tion, the obvious Mg §247 cation preference in the 
presence of oligo (dG) poly lrC) is typical of type- 
B virions ~5), corroborating electron microscopic 
and immunofluoreseence data reported in this 
study. Finally, no reaction was observed in the 
presence of only the primer, oligo(dG); therefore 
the results obtained were not due to a terminal 
transferase reaction. 

Virus infectivity. The virus produced by the 
human cells was infectious to the mouse; 1 year 

after infection with MuMTV, BT-474 cells in- 
jected intraperitoneally into 8-week-old C57B1 
mice at the rate of 4 x 106 cells per mouse induced 
mammary tumors in 3 out of 5 mice; none oc- 
curred in the noninoculated controls. The cells did 
not grow in the peritoneal cavity and were appar- 
ently rejected as human cells; the virus, however, 
elicited the mammary tumors. 

Evidence for human cells. The replication of a 
mouse virus in human cells was unusual enough 
to stimulate investigation of whether accidental 
contamination by mouse cells had occurred. This 
was done by karyotyping and isoenzyme analysis. 
The karyotype of the infected cells was done 1 
year after inoculation. Twenty-four-hr replicate 
cultures were exposed to colcemid for 1 hr, 
trypsinized, treated in hypotonic solutions, air- 
dried and stained with Giemsa. The trypsin- 
Giemsa staining efficiently detects chromosome 
breaks, sister chromatid exchanges or the pres- 
ence of markers belonging to other cell lines (20). 
In this case the morphology of the chromosomes 
was unquestionably human; no chromosome re- 
lated to mouse or to the genotype of other species 
was found. Furthermore, the modal chromosome 
number of 60 was comparable to that of the BT- 
474 stock line. 

The isoenzyme analysis done by gel electro- 
phoresis as described by Gartler and Farber (21) 
confirmed these results. Extracts from infected 
and control BT-474 cells were tested for the 
electrophoretic migration of G-6-PD, LDH, 
MDH and 6-GPD isoenzymes and simul- 
taneously compared with the migration activity of 
the same enzymes from mouse, rat and hamster 
cells, and various human cell lines. It  was found 
that migration of G-6-PD produced a fast-moving 
B band, which clearly excluded contamination by 
HeLa cells; all other enzymes presented a migra- 
tion pattern distinct from those of mouse, rat and 
hamster cells but comparable to that of the human 
lines. 

DISCUSSION 

Evidence was obtained that human cells are in- 
deed susceptible to the mouse mammary tumor 
virus. The highly specific immunofluorescence 
demonstrated 1 year past inoculation, the 
budding of virus particles from the cell membrane 
as observed by electron microscopy in the same 
time sequence, and the simultaneous presence of a 
specific viral reverse transcriptase in the culture 
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supernates are unquestionable proof that  the 
mouse m a m m a r y  tumor  virus replicated in these 
human cells. The  fact that  only 60% of the BT- 
474 cells remain positive after 52 weeks even 
under st imulation with dexamethasone might  be 
related to the low replieative activity of the cells. 
I t  is known that  viral infectivity is most efficient 
when cells are in log-phase replication; the low 
growing power of human breast tumor cells 
would, therefore,  limit the initial percentage of in- 
fected cells. Since the spread of infection from cell 
to cell is negligible, the later increase of positive 
cells would greatly depend on their rate of replica- 
tion. Exper imenta l  infection of BT-474 cells was 
successfully repeated with another human car- 
cinoma cell line tBT-483), but, as in the mouse, 
fibroblasts t IMR-90)  have been nonpermissive to 
M u M T V  replication. 

In terms of human  disease--could these results 
imply that  the mouse mammary  virus is even- 
tually at the origin of breast cancer? In  this par- 
t icular case it appears unlikely because the sus- 
ceptible cells, already neoplastic when the experi- 
ment was initiated, did not  show detectable cross- 
reactivity with mouse or M u M T V  antisera. No 
virus was originally demonstrable by the tech- 
niques available; nevertheless, experimental  in- 
fection has conclusively shown that  human cells 
can act as perfectly compatible hosts to the mam- 
mary tumor  virus. Is it possible, then, that  when 
sera from breast cancer patients cross-react by 
immunofluorescence with mouse mammary  
tumor cells or when the leukocyte migrat ion from 
these patients is inhibited by M u M T V ,  the virus 
might  be the initial cause? One should keep in 
mind that  even in such instances the presence of 
viral particles associated with the original tumor  
has not been observed. One might  argue, how- 
ever, that  if the viral infection is a long-past event, 
the existence of only partial sequences of comple- 
mentary viral  D N A  integrated into the cell 
genome might  not  be sufficient to initiate the syn- 
thesis of a complete virion; instead it might  code 
for various viral proteins and this would account 
for the various humora l  and cell-mediated cross- 
reactions reported in the literature. A recent re- 
port by Yang, McGra th  and Furmansk i  (22) ap- 
pears to support  this view; however,  the existence 
on M C F 7  cells of a surface glycoprotein cross- 
reacting with a major  glycoprotein of M u M T V  
does not necessarily indicate the presence of a 
whole viral  genome. Budding viral  particles have 
never been demonstrated in M C F - 7  cells; and, 
furthermore,  we did not  find a comparat ive reac- 

tion in six breast tumor  lines derived from solid 
carcinomas. Only techniques of D N A - D N A  
hybridization might  be able to answer the ques- 
tion of partial  viral sequences in human  tumor  
cells; these are presently under investigation. 
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