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ABSTRACT

Recently developed culture systems that allow extended growth of
normal rat mammary epithelial (RME) cells were used to directly com
pare the proliferativi' potentials and growth factor requirements of pri
mary normal and primary neoplastic rat mammary cells. RME cells were
obtained from 45- to 55-day -old inbred female Lew rats and rat mammary
tumor (RMT) cells from 7,12-dimethylbenz(a)anthracene- or W-nitroso-
methylurea-induced mammary carcinomas. To compare the proliferativi-

lifespan of RME and RMT cells, colony forming efficiencies were deter
mined after consecutive passages over a 70-day culture period. Whereas
the proliferatile potential of RME cells declined with time in culture,
RMT cells from five separate mammary carcinomas had colony forming
efficiencies that increased with serial passage. By the end of the 70-day
culture period, colony forming efficiencies for RMT cells were 100- to
1000-fold higher than those for RME cells. To compare the growth factor
requirements for RME and RMT cells, a serum-free culture medium that
supports RME cell growth was used and the influence of specific growth
factors was examined by deletion experiments. Cells from 5 of 18 primary
mammary carcinomas exhibited requirements for insulin, epidermal
growth factor, and cholera toxin identical to those of RME cells. In
contrast, cells from 9 of 18 tumors expressed independence of one, two,
or all three of these factors for growth in serum-free culture. To examine
the in vivo growth potential of primary RMT cells, samples of the cell
suspensions used to initiate primary cultures were transplanted into the
interscapular white fat pads of syngeneic female recipients. Transplan
tation of cells from growth factor dependent tumors yielded nonneoplastic
mammary outgrowths. In contrast, transplantation of growth factor in
dependent tumor cells yielded grossly visible tumors in 100% of the
recipients within 4 weeks of transplantation. Thus, our results indicate
that cells from all primary mammary carcinomas have dramatically
enhanced growth potential in long-term culture relative to RME cells.
Furthermore, a subset of these tumors are also independent of growth
factors required by RME cells, and expression of growth factor inde
pendence is associated with high neoplastic potential in vivo.

INTRODUCTION

It has been long recognized that alterations in cellular growth
control play a fundamental role in the pathogenesis of neopla
sia. The recent discoveries and characterizations of oncogenes
and the relatedness of their gene products to growth factors (1-
4), growth factor receptors (4, 5), and proteins involved in
growth factor mediated signal transduction (6,7) have provided
tantalizing clues as to the nature of the changes in growth
control that are important in cancer development (reviewed in
Refs. 8 and 9). Yet, more basic knowledge regarding mecha
nisms of growth control in normal cells is needed if we are to
demonstrate clearly that specific changes are causally related to
various stages of malignant transformation. Accordingly, we
have worked to develop in vitro methods for the study of cellular
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growth control mechanisms operative for normal RME3 cells.

To begin with, a monolayer culture system was developed for
the primary culture and serial passage of RME cells in a
hormone, growth factor, and serum supplemented medium (10).
This system was refined to achieve RME cell growth in either
low serum or serum-free medium (11). Most recently, the
serum-free culture system was used to analyze in detail the
influence of several hormones and growth factors on RME cell
proliferation in vitro (12). In the present studies, both the low-
serum and serum-free culture systems were used to directly
compare the proliferative potentials of primary RME and pri
mary RMT cells. Specifically, the experiments were aimed at
determining if primary RMT cells have altered requirements
for growth factors that are required by normal ceils for prolif
eration in vitro and to determine if RMT cells have enhanced
proliferative potential in long-term culture relative to normal
cells. Additionally, the in vivo growth potential of RMT cells
was examined by transplantation of these cells into the inter-
scapular white fat pads of syngeneic female hosts.

Our results indicate that cells from all primary tumors ex
amined exhibit dramatically enhanced proliferative potential in
long-term culture. This increase in growth potential appears to
result from an enhanced self-renewal potential of colony form
ing cells. Additionally, cells from a subset of these tumors
exhibit marked independence of several growth factors, and
expression of this growth factor independence is associated
with high neoplastic potential in vivo.

MATERIALS AND METHODS

Animals. Inbred Lew rats were originally obtained from Charles
River Breeding Laboratories (Kingston, NY) and subsequently bred
and maintained in our animal facility. Virgin female rats at 45 to 55
days of age were used as donors of normal mammary tissue. Tumors
were induced in females by a single gastric instillation of DMBA in
corn oil at a dose of 50 mg/kg body weight when the animals were 45
to 50 days old. For some experiments, mammary carcinomas induced
in CD rats with DMBA were kindly provided by Dr. Irma Russo and
tumors induced in CD rats with NMU were kindly provided by Dr.
Sam Brooks. Portions of all mammary tumors used in these studies
were fixed in phosphate-buffered formalin and prepared for histolÃ³gica!
evaluation.

Materials. Type III collagenase was obtained from Cooper Biomed
icai (Malvern, PA), Pronase from Calbiochem-Behring (LaJolla, CA),
and Percoli from Pharmacia Chemical Co. (Piscataway, NJ). Insulin,
HC, prolaci in, progesterone, EA, HEPES, bovine serum albumin, and
transferrin were obtained from Sigma Chemical Co. (St. Louis, MO),
EOF from Collaborative Research (Walt ham. MA), CT from Schwartz-
Mann (Spring-Valley, NY), Ham's F12 medium and FBS from Hazel-

ton/KC (Lenexa, KS), trypsin-EDTA, gentamycin and Fungizone from
Gibco Laboratories (Grand Island, NY), and purified bovine dermal
type I collagen from the Collagen Corp. (Palo Alto, CA).

Preparation of RME and RMT Cells for Culture. Detailed methods

3The abbreviations used are: RME, rat mammary epithelial; cAMP, cyclic
adenosine, 3'-5'-monophosphate; CFE, colony forming efficiency; CT, cholera
toxin; DMBA, 7,12-dimethylbenz[a]anthracene; EA, ethanolamine; EGF, epider
mal growth factor; HC, hydrocortisone; RMT, rat mammary tumor; NMU, N-
nitrosomethylurea; FBS, fetal bovine serum; HEPES, 4-(2-hydroxyethyl)-l-pi-
perazineethanesulfonic acid.
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GROWTH CONTROL IN NORMAL AND NEOPLASTIC MAMMARY CELLS

for the preparation of RME cells have been described previously (10).
Briefly, inguinal mammary glands were removed aseptically, minced,
and incubated overnight in type III collagenase (200 units/ml) at 37Â°C

in a gyratory water bath. Collagenase dissociation was followed by two
IS-min differential sedimentations at unit gravity. Next, cells were
incubated for 45 min in 0.05% Pronase (80,000 proteinase units Kaken/
mg) at 37'C. The cells were washed and small aggregates of epithelial

cells were separated from stromal cells by differential centrifugal ion on
a discontinuous Percoli gradient followed by differential plating for 60
min on tissue culture plastic.

RM I cells were prepared in a similar manner; however, since these
tissues consist primarily of tumor epithelial cells, the Percoli gradient
and differential plating steps were eliminated.

Serial CFE Assay. For serial CFE analysis RME or RMT cells were
plated onto type 1 collagen coated 60-mm culture dishes at 10! cells/
dish. Cells were grown in HEPES-buffered Ham's F12 medium supple

mented with EA (5 MM),insulin (5 ng/ml), HC (1 Mg/ml), EGF (10 ng/
ml), CT (100 ng/ml), prolactin (5 Mg/ml), progesterone (1 Mg/ml), 2%
1 US, gentamycin (5 Mg/ml), and Fungizone (0.5 Mg/ml) in a humidified
atmosphere of 90% air and 10% CO2 (media pH, 7.1 to 7.2) at 37'C.

Media were changed three times/week. Cells were grown in primary
culture for 7 to 10 days after which they were subcultured by incubation
for 5 to 10 min in trypsin-EDTA in CaI+- and Mg2+-free Hanks'

balanced salt solution. Monodispersed cells were counted with a he-
mocytometer and reseeded at densities ranging from 5 x IO2 to 10*

cells/dish. Seven days later, plates to be scored for colony formation
were fixed and stained with Giemsa. Plates were examined at low power
and well-defined colonies containing 10 or more cells were counted.

Analysis of Growth Factor Requirements. A serum-free culture me
dium was used to examine growth factor requirements of RME and
RMT cells. The complete medium that supports growth of RME cells
consists of HEPES-buffered Ham's F12 medium supplemented with

bovine serum albumin (1 mg/ml), transferrin (5 Mg/ml), EA, insulin,
HC, EGF, and CT at the concentrations given above. To assess the
influence of specific growth factors, cells were grown in serum-free
medium devoid of a specific growth factor. Cells were seeded at either
2 x IO5or 5 x 10*cells/dish in medium devoid of the pertinent growth

factor but with 2% FBS to allow cell attachment. Twenty-four h later,
the cells were switched to the appropriate serum-free medium. Also at
that time, the number of attached cells per dish was determined. Cells
were grown for 10 days and then the mean number of cells per dish
was determined by counting isolated nuclei according to the method of
Butler (13).

Evaluation of in Vivo Growth Potential of RMT Cells. Cell suspen
sions obtained by enzymatic dissociation of primary mammary carci
nomas were transplanted into interscapular white fat pads of 50- to 60-
day-old female inbred Lew rats. RMT cells were washed and resus-
pended in Medium 199 and 10'' cells in 15 ^ I were injected into each

fat pad. Three months after transplantation, fat pads were removed,
fixed in 100% ethanohglacial acetic acid (3:1), and stained with alum
carmine.

RESULTS

Comparative Growth Factor Requirements for RME and RMT
Cells. To examine the growth factor requirements for primary
RME and RMT cells in vitro, we used a serum-free culture
system that supports growth of RME cells. In previous work,
we used this system to extensively characterize the influence of
several hormones and growth factors on RME cell proliferation
in primary culture (12). Data describing the influence of four
growth factors, namely, insulin (or insulin-like growth factor-
I), HC, EGF, and CT, on RME cell growth are summarized in
Fig. \A. The data show that RME cells undergo a 10- to 12-
fold increase in cell number over a 10-day culture period in
medium supplemented with all four growth factors. Deletion of
insulin from the medium results in little or no cell growth over
the same culture period. Culture medium devoid of EGF sup
ports slow RME cell proliferation that results in a 2- to 3-fold
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Fig. 1. Influence of growth factors on proliferation of RME and RMT cells
in serum-free medium. Cells were plated at either 2 x 10* (RME) or 5 x 10*
cells/dish (RMT) and grown for 10 days in serum-free Ham's F12 medium

supplemented with insulin, HC, EGF, and CT or in medium devoid of one growth
factor. A, RME cells. li. cells from two primary mammary adenocarcinomas that
had normal growth factor requirements; D, 6-17 RMT, G, 1-30 RMT. C, cells
from two primary mammary adenocarcinomas that were growth factor independ
ent; D, 7-15 RMT, D, 8-12 RMT. O, range. AF, attachment frequency.
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GROWTH CONTROL IN NORMAL AND NEOPLASTIC MAMMARY CELLS

increase in cell number. Thus, in the presence of HC and CT,
insulin and EGF interact synergistically to stimulate rapid
RME cell growth. Omission of CT from the culture medium
also results in little or no cell proliferation. Thus, RME cell
response to insulin, HC, and EGF is dependent on agents that
increase intracellular cAMP levels (CT can be replaced by other
agents that elevate cAMP levels such as dibutaryl-cAMP or
prostaglandin I-!,)(12). These results indicate that insulin, HC,

EGF, and CT act in concert to stimulate rapid RME cell growth
in serum-free primary culture.

To determine if RMT cells have altered requirements for
growth factors required by normal cells, cells from several
primary rat mammary carcinomas were grown in serum-free
medium with different growth factor combinations. The data
in Fig. IB represent growth factor profiles obtained with cells
from two tumors that exhibited growth factor requirements
similar to those of RME cells. As with normal cells, these
tumor cells grew well in complete medium. There was a low
but measurable increase in cell number in medium without EGF
and there was no evidence of growth in the absence of either
insulin or CT.

The data in Fig. 1C represent growth factor profiles obtained
with cells from two tumors that exhibited independence of
growth factors required by RME cells. Cells from both of these
tumors grew well in the complete medium and grew equally
well in the absence of either insulin or CT. Cells from one of
the tumors (8-12 RMT) exhibited EGF independence whereas
the other exhibited a more normal EGF requirement.

To date we have examined the growth factor requirements of
cells from 18 primary mammary carcinomas induced in either
CD or Lew rats with either DMBA or NMU. Nine of these
tumors have expressed growth factor independence in serum-
free primary culture. Of the nine growth factor independent
tumors studied, five were independent of insulin, EGF, and CT.
The remaining four expressed independence of either one (two
tumors) or two (two tumors) growth factors. RMT cells that
were growth factor independent could be serially propagated
over many generations in the same serum-free medium in which
they were isolated. Cells from five primary tumors had growth
factor profiles similar to those of normal cells and cells from
four tumors expressed poor growth potential in serum-free
medium and therefore could not be studied. The proportion of
growth factor independent tumors was approximately the same
for DMBA- and NMU-induced tumors.

Comparative Proliferativi- Potential of RME and RMT Cells.
We have reported that RME cells can be grown in hormone,
growth factor, and serum-supplemented medium for several
passages before exhibiting signs of senescence (10). To deter
mine if RMT cells have an enhanced proliferaiive potential in
long-term culture relative to RME cells it was necessary to
quantitate the proliferative potential of both cell types over
many in vitro passages. To do this, a serial CFE assay was
devised. For this assay, RME or RMT cells were plated in
primary culture at 10s cells/60-mm dish and grown for 7 to 10

days. At the end of primary culture, the cells were removed
from the dish and reseeded at IO5, IO4, and 10' cells/dish

(intermediate cell densities were used as needed). Seven days
later, the IO3and IO4cell seeded plates were fixed, stained, and
scored for colony formation and the 10s cell seeded plates were

subcultured and reseeded at varying densities for analysis in the
next passage. Using this approach, CFEs for RME and RMT
cells were measured at consecutive passages over a 70-day
culture period.

Data from two experiments performed with RME cells are

shown in Fig. 2. During the first 8 days of primary culture the
RME cells underwent an approximately 30-fold increase in cell
number (Table 1) and the CFEs ranged from 1.5 to 2.5%. CFEs
were also determined for RME cells after 10 and/or 12 days in
primary culture. By these times, cells had undergone a 60- to
80-fold increase in cell number and the CFEs were as much as
2-fold lower than those determined at day 8. After subsequent
passages, CFEs declined progressively until the cells reached a
"crisis" phase at which point cells remained viable but ceased

to form colonies. During the crisis phase, CFEs were approxi
mately 100-fold less than after primary culture.
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Fig. 2. Long-term proliferaiivo potential of RME cells in vitro. Cells were

plated in primary culture at 10" cells/dish and grown in Ham's F12 medium

supplemented with EA, insulin, HC, EGF, CT, prolactin, progesterone, and 2%
I US. After primary culture, cells were removed from the dish and reseeded at low
density for determination of colony forming ability and at 10] cells/dish for
growth in the next passage. CFEs were determined after each passage over a 70-
day period. Topand bottom each represents results from two separate experiments.
Bars, SD.
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GROWTH CONTROL IN NORMAL AND NEOPLASTIC MAMMARY CELLS

Table I Growth in primary culture ofRME and RMT cells
RME or RMT cells were seeded at 10* cells/dish and grown in Ham's F12

medium supplemented with EA, insulin, HC, EGF, CT, prolactin, progesterone,
and 2% FBS.

IO" |â€”

Experiment3-19

RME
5-29 RME
6-10 RMT
6-1 7RMT7-15

RMT
8-12 RMTCells/dish"

(24h)Not

done
41,773 Â±3,186
38,593 Â±3,190
34,400 Â±2,202
29,760 Â±5,430
34,740 Â±2,223Increase

in
Cells/dish after primary cell no.*

culture (day at end)(-fold)1.
505 Â±0.07Â°x lO'CS)

1.287 Â±0.18 x 10Â«(8)
1.259 Â±0.07 x lO'(lO)
2.275 Â±0.03 x 10Â»(9)
1.644 Â±0.05 x lO'M
1.895 Â±0.16 x lO'(lO)31

33
665554

' Cells were plated at 10s cells/dish and 24 h later the number of attached cells

was determined.
'' Increase in cell number relative to the number of attached cells 24 h after

plating.
c Mean Â±SD.
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Fig. 3. Long-term proliferative potential of growth factor dependent RMT

cells. Top, 6-17 RMT; bottom, 6-10 RMT. Experiments were performed as
described in Fig. 2. Bars, SD.

Similar experiments were then performed with cells from five
primary rat mammary carcinomas. The data in Fig. 3 (top) were
obtained from one of the tumors (6-17 RMT) that exhibited
normal growth factor requirements in serum-free culture. These
cells underwent a 66-fold increase in cell number over 9 days
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Fig. 4. Long-term proliferative potential of growth factor independent RMT

cells. Top, 7-15 RMT; bottom, 8-12 RMT. Experiments were performed as
described in Fig. 2. Bars, SD.

in primary culture (Table 1) and the CFE at that time was
approximately 4%. The CFE for these cells declined for two
passages and then increased over four to five passages resulting
in eventual CFEs higher than that observed after primary
culture and more than 100-fold higher than CFEs for normal
cells at comparable times. These data are typical of those
obtained from tumors that exhibited normal growth factor
requirements, another example of which is shown at the bottom
of Fig. 3. Here again, CFEs after 60 to 70 days in culture were
higher than after primary culture.

The data in Fig. 4 were obtained with cells from two tumors
that were growth factor independent in serum-free culture.
These cells underwent a 55-fold increase in cell number during
primary culture and had initial CFEs comparable to those
obtained with normal cells. However, the CFEs for these RMT
cells began to increase after the first passage and increased
steadily over several passages until approaching levels of 60 to
80%. Thus, cells from every primary mammary carcinoma
examined to date, regardless of their growth factor require
ments, exhibited dramatically enhanced proliferative potential
in long-term culture relative to normal RME cells.
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Although both growth factor dependent and independent
RMT cells expressed enhanced proliferative potential, two
other phenotypes were observed in these studies that were
strictly associated with growth factor independent tumor cells.
One of these concerned the morphology of the cells in long-
term culture. RMT cells that were growth factor dependent in
serum-free culture had a typical epithelial morphology that was
maintained over many in vitro passages. RMT cell populations
that were growth factor independent in serum-free culture,
although composed largely of cells with epithelial morphology,
also had cells with spindle morphology. In serum containing
medium, the spindle cells were a minority population in early
passages but the proportion of spindle cell colonies in the CFE
assay increased steadily with serial passage. These cells never
took over the cultures; rather they achieved an equilibrium with
the cells of epithelial morphology that was maintained over
several passages. Spindle cells were rarely observed when these
same RMT cells were grown for many passages in serum-free
medium and were thus distinct from the cells that expressed
growth factor independence. These observations indicated that
the increase in CFE with passage observed for the growth factor
independent RMT cell populations was due, at least in part, to
the emergence of spindle cells. Therefore, to determine if the
cells that continued to exhibit epithelial morphology also had
enhanced proliferative potential, clonally derived cell strains
that maintained epithelial morphology were derived from two
growth factor independent tumors (7-15 and 8-12 RMT). CFEs
were measured for these cells over three passages and compared
to CFEs obtained with a clonally derived strain of normal RME
cells at a similar passage level (Table 2). The results indicate
that CFEs for these clonally derived RMT cells were 10- to 30-
fold higher than for similarly derived normal cells.

In Vivo Growth Potential of RMT Cells. To assess the in vivo
growth potential of the primary RMT cells studied in vitro,
samples of the same cell suspensions used to initiate cultures
were injected into the interscapular white fat pads of syngeneic
female rats (IO6 cells/fat pad) (Table 3). We have previously

found, as have others (14), that transplantation of cells from
many primary RMTs results in development of normal mam
mary outgrowths and/or outgrowths that exhibit mammary
hyperplasia or dysplasia. Analysis of the in vivogrowth potential

Table 2 CFEsfor clonallyderivedRME and RMTcellstrains
Individualcoloniesthat exhibiteduniformepithelialmorphologywereisolated

from two tumor cell cultures. Cells from individual colonies were isolated,
reseededonto a single 60-mm culture dish, and grown to near confluence.The
cellswerethen removedfrom the dishesand assayedfor CFE for three consecutive
passages.

Cellstrain7-22
RME-C1

7-22 RME-C1
7-22RME-CI7-22

RME-C2
7-22 RME-C2
7-22RME-C27-15RMT-C1

7-15RMT-C1
7-15RMT-C18-12RMT-C1

8-12RMT-C1
8-12RMT-C18-12RMT-C2

8-12RMT-C2
8-12RMT-C2Passage

level6

7
867

87

8
95

6
7567CFE(colonies/

IO4cellsseeded)17
Â±6'

18Â±4
13Â±210

Â±4
22 Â±7

15Â±3610

Â±35
268 Â±66453

Â±32231

Â±12
250 i 66
600 Â±17202

Â±39234
Â±5

273 Â±17â€¢
Mean Â±SD.

of the RMT cells from Lew rats that were studied in vitro
indicated that transplantation of growth factor dependent RMT
cells yielded normal mammary outgrowths even after 3 months
in vivo. Growth factor dependent RMT cells that were passaged
until they achieved high CFEs also did not yield tumors upon
transplantation. In contrast, transplantation of growth factor
independent RMT cells yielded grossly visible tumors in 100%
of the recipients within 4 weeks of transplantation. The tumors
that arose in the transplant recipients were histologically iden
tical to the primary tumors. Moreover, these tumors could be
serially propagated in vivo and their cells continued to express
growth factor independence over several in vivo passages.
Growth factor independent RMT cells continued to express
high neoplastic potential in vivo after being grown for several
passages /'// vitro. Thus, a high malignant potential in vivo

represents the second phenotype associated with growth factor
independence in vitro.

Histology of Primary RMTs. The primary tumors examined
in these studies were primarily intraductal carcinomas; how
ever, many had areas with a cribriform pattern. In some tumors,
particularly the larger ones, papillary forms predominated. One
tumor (8-12 RMT) was an intraductal carcinoma; however, the
stroma appeared to be very aggressive and had many mitotic
figures. This tumor has been designated a carcinosarcoma based
on morphological criteria; however, this classification is tenta
tive given the uncertainty regarding the nature of the cell type
that yields sarcomatous areas within mammary tumors (15-
20). The tumors that arose in the dorsal fat pads of transplant
recipients were histologically identical to the primary tumors
from which they were derived.

DISCUSSION

In these experiments we have studied the growth factor
requirements, proliferative life span, and in vivo growth poten
tial of primary rat mammary carcinoma cells. Since the culture
system used for the in vitro experiments supports extended
proliferation of normal RME cells, our approach has allowed
identification of specific alterations in cellular growth potential
that occurred during neoplastic progression in vivo.

We have found that normal RME cells have a finite and
reproducible proliferative life span in culture. Similar observa
tions have been made by others in experiments involving a wide
variety of normal cell types (21-23). We have also found cell
populations in all primary RMTs studied with dramatically
enhanced proliferative potential. Whereas the CFEs for normal
cells decline progressively with time in culture, CFEs for RMT
cells either remain at their initial levels or increase with serial
passage. Here again, our observations are consistent with those
obtained in experiments involving many types of transformed
cells. Both fibroblasts and epithelial cells exposed to chemical
carcinogens either in vivo or in vitro acquire an enhanced
proliferative potential (24-28). Transfection of normal cells
with certain oncogenes has been shown to induce "immortali
zation," a phenotype necessary but insufficient for complete

malignant transformation in vitro (29-32). Our results extend
the previous observations in two ways: (a) although induction
of immortalization has been commonly observed in many in
vitro transformation experiments, to our knowledge there is
only one other report indicating that enhanced proliferative
potential is a phenotype found in cells of primary tumors in
vivo. Pera and Gorman (33) showed that in a culture system
that supports growth of normal mouse keratinocytes, cells from
benign and malignant skin tumors express indefinite renewal
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Table 3 In vivogrowth potential of primary RMT cells

Tumor
designation1-30

RMT6-1
7RMT6-10

RMT7-15
RMT8-12
RMT1-9

RMT1-9

RMT-TG-10HistolÃ³gica!

typePapillary
CA"Intraductal

CAIntraductal
CAPapillary
CAIntraductal
CA/carcinosarcomaIntraductal

CAIntraductal

CAOutgrowths

(takes/transplants)4/106/60/66/66/66/66/6Outgrowthmorphologyl)ucl:ilDuctalGross

tumorGross
tumorNormal

andneoplaslic*Gross

tumorTime

of
examination3

mo3
mo3
mo4wk4wk3

mo4wkGrowth

factor
dependenceDDDIINot

testedI"

" CA, carcinoma; D, growth factor dependent in serum-free culture; I, growth factor independent in serum-free culture.
'' All outgrowths had areas of normal ducts and microscopic neoplasms histologically identical to the primary tumor at 3 months posttransplantation. By 6 months

all remaining animals had progressively growing tumors.
' Tumor that arose from 1-9 RMT cells in first transplant generation host after 6 months in vivo.
d Cells from this tumor were independent of EGF and CT for growth in serum-free culture.

capacity of the colony forming populations. Our results are
strikingly similar to those of Pera and Gorman (33) and rep
resent the first report of this phenotype in primary mammary
carcinoma cells; (b) since our experimental system allows ex
tended growth of both normal and neoplastic mammary cells,
changes in growth potential observed in RMT cells can be
interpreted in terms of the mechanisms that regulate the prolif-
erative potential of normal cells. For example, the results of
the serial CFE experiments with normal RME cells are con
sistent with predictions made by models of stem cell prolifera
tion that have evolved as a result of work with many types of
normal and neoplastic cells (34-36). According to these models,
stem cells have indefinite division potential. Daughter cells that
arise from stem cell division can either themselves be stem cells
or committed cells that have a finite division capacity and are
responsible for the so-called amplification divisions. The prob
ability of a stem cell division resulting in a new stem cell is
given by the self-renewal potential. Thus, in a given cell popu
lation, the stem cell pool expands as a result of stem cell self-
renewal; however, the population of committed cells expands
at a faster rate. Therefore, this model predicts that serial passage
and serial CFE analysis could progressively dilute the stem cell
population and enrich the population for committed cells. Since
committed cells have a limited proliferative life span, enriching
the population with these cells would eventually result in the
so-called crises phase that is uniformly observed in ours as well
as in other normal cell culture systems. If this model is correct,
then an increase in the self-renewal potential of colony forming
cells would result in the selection for, rather than dilution of,
colony forming cells. Thus, the enhanced proliferative potential
observed with RMT cells and other transformed cell types could
result directly from rather subtle changes in the self-renewal
potential of colony forming cells. Experiments aimed at testing
this hypothesis directly are currently underway in our labora
tory. Given the importance of immortalization in the process
of neoplastic transformation, understanding this phenomenon
in biological terms is of acute importance.

We have also found that a subset of DMBA- and NMU-
induced mammary carcinomas consist of cells that, in addition
to having enhanced proliferative potential, are independent of
exogenous growth factors for proliferation in serum-free cul
ture. Importantly, these RMT cells are independent of growth
factors strictly required by RME cells under identical culture
conditions. Acquisition of growth factor independence has been
repeatedly observed in transformed cells. In some cases, cells
become autonomous with regard to growth factors by secreting
transforming growth factors into the culture medium. Such
autocrine activity is responsible for the acquisition of anchorage

independent growth in certain transformed fibroblast cell types
(37, 38). In other cases, activation of the c-sis gene leads to
synthesis and secretion of a platelet-derived growth factor-like
growth factor to which the cells respond mitogenically (1-3).
However, some transformed cells become independent of spe
cific growth factors in the absence of any demonstrable auto
crine or paracrine activity (39, 40). Thus, cells may become
growth factor independent by several mechanisms. There have
been reports to indicate that both human and rodent mammary
carcinoma cells can produce insulin-like growth factors, trans
forming growth factor-a and other undefined growth factors
(41-44). Experiments are underway to determine if such auto-
crine growth stimulation is the mechanism by which RMT cells
become growth factor independent.

In our experiments the acquisition of growth factor inde
pendence in serum-free culture was strictly associated with two
other phenotypes: (a) whereas cells from growth factor depend
ent tumors gave rise to predominantly normal mammary out
growths upon transplantation, cells from growth factor inde
pendent tumors gave rise to new tumors in 100% of the recip
ients after a short latency; (b) long-term culture of cells from
growth factor independent tumors resulted in the emergence of
spindle cell populations with high self-renewal potential. These
spindle cells were never observed in long-term cultures of
growth factor dependent tumors.

Several groups have developed transplantable mammary tu
mor cell lines from virally and chemically induced mammary
carcinomas of rats and mice (15-18). It is interesting to note
that all of these lines were derived in media with little or no
growth factor supplementation. Thus, these cell lines were most
likely developed from growth factor independent tumor cells
and the appearance of spindle cell populations with serial
passage of these lines has been uniformly observed. Conse
quently, a large effort has been put forth to determine the origin
of these cells. Bennet et al. (15) have provided data suggesting
that the spindle cells arise from an epithelioid stem cell, and
our observations are consistent with this hypothesis. Spindle-
shaped cells have been studied immunocytochemically and bear
markers consistent with a myoepithelial cell type (19). Others,
however, have indicated that these cells share markers normally
expressed by myoepithelial cells and stromal fibroblasts and
therefore suggested that they represent a possible new cell type
(20). Determination of the nature of these cells and a better
understanding of their relationship with the cells that maintain
epithelial morphology is of considerable importance since their
presence is associated with growth factor independence and
high malignant potential.

In summary, we have studied the proliferative potential and
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growth factor requirements of normal and neoplastia rat mam
mary epithelial cells and in this way we have identified specific
changes in neoplastic cells. Our results indicate that cells from
all DMBA-induced mammary carcinomas studied have an en
hanced proliferative potential relative to normal RME cells.
Cells from some of these RMTs express normal growth factor
requirements for growth in serum-free culture whereas others
are markedly independent of these same growth factors. The
growth factor independent tumors are composed of cells that
maintain epithelial morphology and spindle cells. Both cell
types express an enhanced proliferative potential yet only cells
with epithelial morphology express growth factor independence
in serum-free culture. These growth factor independent RMT
cells also express high malignant potential in vivo. Further
elucidation of the cellular mechanisms by which normal cells
control growth will allow an improved understanding of the
mechanisms responsible for the phenotypic changes observed
in neoplastic cells.
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