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ABSTRACT

The TM series of preneoplastic mammary outgrowth lines was derived
from the transplantation of the FSK mammary cell lines into the cleared
mammary fat pads of syngeneic female BALB/c mice. The tumor-produc
ing capabilities of the 6 TM outgrowth lines varied from high (TM2, -4, -6)
to low (TM9, -10) to nil (TM3). Outgrowth lines 2,4, and 6 each segregated

into sublines of high and low tumor potential. The majority of the out
growth lines exhibited a moderate to dense alveolar hyperplasia typical of
mouse mammary hyperplasias. The exceptions to this picture were lines
TM2H and TM10 which exhibited a unique ductular morphology. The
ductular morphology was not correlated with tumor potential of the out
growth lines but was correlated with the expression of K6 and K14 ker
atins in luminal epithelial cells. In an examination of the growth and
hormonal responsiveness properties of the TM outgrowth lines, the TM3
line stands as distinct from the other lines and from any other lines
previously characterized in BALB/c mice. The TM3 line grew very slowly
and failed to fill the fat pad by 12 months of age. At 12 months of age, the
alveolar hyperplasia had regressed so that only bare ducts were present.
The TM3 outgrowth was ovarian hormone dependent for growth and
alveolar differentiation. TM3 outgrowth represents a minimally deviated
mammary hyperplasia which has acquired the immortal phenotype but
not the other phenotypic characteristics of mammary preneoplasias. This
outgrowth line will be useful for examining the essential molecular
changes important for the preneoplastic state, some of which are reported
in an accompanying paper (D. Medina et al., Cancer Res., 53: 668-674,

1993).

INTRODUCTION

The development of mouse mammary tumors occurs through de
finable stages (1). Normal, preneoplastic, and neoplastic cell popula
tions are distinct from each other and characterized by unique growth
properties. The major form of the preneoplastic mammary cell pop
ulation is an alveolar hyperplasia (hyperplastic alveolar nodule) char
acterized by an indefinite life span (i.e., immortality) and at a high risk
for tumor development (1,2). The primary hyperplastic alveolar nod
ule lesion can be established as a stable hyperplastic outgrowth line by
serial transplantation in the mammary fat pads of syngeneic mice. The
molecular basis for the unique biological properties of mammary
preneoplasias is not clearly understood, particularly in those cell pop
ulations where the MMTV2 is not involved. Although mammary

preneoplastic outgrowth lines induced by MMTV, chemical carcino
gens, or hormones are available (1-3) such lines have been serially
transplanted for 15-25 years. Thus, it is unclear whether changes in

specific gene expression are causally or coincidentally associated with
the stage of preneoplasia.

Recently, we reported the development of mouse mammary epithe
lial cell lines in vitro which upon transplantation into the cleared fat
pads of syngeneic mice gave rise to mammary preneoplastic out
growths (4). The availability of preneoplastic outgrowth lines at early
transplant generations afforded an opportunity to examine changes in
growth properties and specific gene expression which might be es
sential to the preneoplastic state. Additionally, the availability of a
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bank of different mammary epithelial cell lines frozen at early pas
sages and having a documented potential for generating hyperplastic
outgrowths afforded the opportunity to examine the same set of out
growths at early transplant generations.

In this paper, the tumor-producing capabilities, morphological, and

hormone responsiveness properties are reported. In the accompanying
paper (5), an evaluation of growth factor dependency and specific
gene expression is reported.

MATERIALS AND METHODS

Mice. All recipient mice were inbred BALB/cMed, born and maintained in
a closed conventional animal facility at Baylor College of Medicine. The mice
were fed Purina Rodent Blox ad libitum and maintained at 70-72F with a
12/12-h light/dark cycle.

Tissues. The origins of the TM outgrowth lines were described in Ref. 4.
The preneoplastic outgrowths were maintained by serial transplantation at
8-10-week intervals in the cleared mammary fat pads of 3-week-old female

BALB/c mice as described in Ref. 6. The mice were generally left intact and
followed for mammary tumor development. The mice were palpated biweekly
and tumors were excised and fixed for routine histological sectioning.

Whole Mount Preparations. Whole mount preparations of the glands
were made at 8-10 weeks after transplantation when samples of each TM line
were retransplanted and at 12 months when all tumor-free mice were termi

nated. The mammary gland whole mounts were examined under a dissecting
microscope and evaluated for growth (extent of fat pad filled) and morpho
logical differentiation as described in Ref. 6.

At the same time periods, samples of the TM outgrowths were also fixed in
100% ethanol, Tellyesniczky's fluid, or 10% neutral buffered formalin; em

bedded in paraffin; sectioned; and processed for immunohistochemical stain
ing. Mammary tumors were also handled in the same manner when they arose
in the mice.

Immunohistochemical Staining. The tissues were evaluated for keratin
protein and casein protein expression using the capillary gap immunohis
tochemical staining protocol of Unger et al. (7) with avidin-biotin-peroxidase

(Vector, Inc., Burlington, CA) and diaminobenzidine. The antibodies to keratin
intermediate filaments were as follows: DAKO (DAKO, Inc., Cupertino, CA),
a rabbit polyclonal antiserum which detects all major keratins (including
luminal epithelial cell keratins) expressed by mouse mammary epithelial cells;
and K6 and K14. rabbit polyclonal monospecific antisera which detect the M,
57,000 and M, 50,000 keratins, respectively (4). The casein was detected with
a rabbit anti-mouse casein antiserum (provided by Dr. Gilbert H. Smith. Na

tional Cancer Institute). All antisera were used at 1:500 dilution.
Hormone Responsiveness. The dependency and responsiveness to specific

hormones were measured in 2 assays. The dependency on ovarian steroids
(primarily estrogens in BALB/c mice) for growth was evaluated in ovariecto-

miz.ed mice. Each outgrowth line was transplanted into 6 mice at 3 weeks of
age. At 5 weeks of age, one-half of the mice in each group were bilaterally

ovariectomized. After a further 6 weeks, whole mounts were made of the
mammary fat pads and stained, and the extent of growth was evaluated under
a dissecting microscope.

In a second assay, mice at 5 weeks of age received a single pituitary isograft
under the kidney capsule. Prolactin released from the graft has both luteotropic
and mammotropic activity. After 3^1 weeks of stimulation, the mammary
outgrowths were collected, fixed in Tellyesniczky's fluid, embedded in paraf

fin, and sectioned. Casein was detected by the immunohistochemical procedure
described above. Two outgrowths from control and pituitary isograft-stimu-

lated mice were examined for each line. The extent of cellular response was
evaluated on a 0-4+ scale where the frequency of alveoli exhibiting casein
protein was assigned a numerical score (0 = negative, 1+ = 6-25%, 2+ =
26-50%, 3+ = 51-75%, 4+ > 76%).
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RNA Extraction and Hybridization. The extraction of RNAs from mam- Table I Tumor-producingcapabilitiesof TMhyperplasticalveolar outgrowthlines

mary gland tissue was described extensively in Ref. 8. Identical procedures
were used in the experiments reported herein. The ÃŸ-casein plasmid was

provided by Dr. Jeffrey Rosen (Department of Cell Biology, Baylor College of
Medicine, Houston, TX) and has been characterized previously (9).

Statistics. Statistical evaluation on growth parameters was performed using
Tukey's test with the SYSTAT software program.

TMOutgrowthline2H2LTransplantgeneration6-96-9No.oftumors/Totaltransplants20/321/32%

oflumors62.53.1Mean

latentperiod
oftumors

(mos)5.07.5

4,5 0/32 0.0 NAÂ°

RESULTS

In Vivo Characteristics: Tumor-producing Capabilities. The tu
mor-producing capabilities of the TM hyperplastic alveolar outgrowth
lines are shown in Table 1. Of the six outgrowth lines, 5 (TM2, -4, -6,
-9, -10) produced a significant number of tumors within 12 months

after transplantation. In contrast, outgrowth line TM3 has yet to pro
duce a tumor. The major difference between TM3 and the other 5
outgrowth lines was the significantly slower growth rate. Whereas the
TM2, -4, -6, -9, and -10 outgrowth lines completely filled the fat pad

by 10 weeks after transplantation (Fig. 1, A and B), TM3 filled only
50-75% of the fat pad by 10 weeks and stopped growing (Fig. 1C).

At 12 months of age, the alveoli in the fat pads were sparse and in
some cases completely absent so that only bare ducts were present
(Fig. ID). The 2 transplant generations of TM3 recorded here were
maintained in their recipient mice for 12 and 10 months, respectively
without any tumors developing over that time period.

Three (TM2, -4, -6) of the 6 tumorigenic outgrowth lines have

diverged into lines of high (H) and low (L) tumor potential, respec
tively. The majority of the lines (TM 2L, -3, -4H, -4L, -6H, -6L, -9,
and -10) exhibited a moderately dense alveolar hyperplasia (Fig. l, B

and C) and a noticeable morphological difference between the high
and low tumor potential variants of TM4 and TM6 outgrowth lines
was not obvious at the microscopic level. The most divergent line,
TM2, exhibited a distinct ductular morphology in the high tumor
producer subline in contrast to the traditional alveolar morphology
observed in the low tumor producer subline (Fig. \A). However,
TM10 also exhibited some degree of ductular morphology mixed with
clearly alveolar development. The presence of the ductular morphol
ogy was correlated with specific keratin expression but not with an
altered tumor potential.

Hormonal Responsiveness. Tables 2 and 3 illustrate the hormonal
responsiveness of the TM outgrowth lines. Two properties, respon
siveness to ovarian hormone depletion and casein synthesis, were
evaluated in the 6 lines. In the absence of ovarian hormones, the
majority of the TM lines (TM2H, -4L, -6H, -6L, -9, and -10) contin

ued to grow at a rate similar to that of the intact controls. In addition,
the outgrowths maintained their alveolar morphology. The indepen
dence of ovarian hormones for growth and alveolar development is
characteristic of the majority of BALB/c HOG lines that have been
examined previously. In contrast, TM lines 2L, 3, and 4H exhibited a
significantly decreased growth rate in ovariectomized mice. The de
pendence on ovarian hormones for growth was not correlated with
tumor-producing capabilities since TM lines of high (4H) and low

(2L, 3) tumor potential were ovarian hormone responsive. The con
verse situation was also observed. Similarly, there was no correlation
between outgrowth morphology and ovarian hormone dependence.

The most unusual response was line TM3. This line exhibited a
decreased growth rate as well as a marked loss of alveolarity in
ovariectomized mice (Fig. 1Â£).Thus, the TM3 line demonstrated a
total dependence on ovarian hormones for growth as well as morpho
logical differentiation. In these respects, TM3 line behaved like nor
mal mammary gland.

The second property examined was responsiveness to hormone-

induced functional differentiation (Table 3). Casein synthesis was the
parameter used to evaluate hormone responsiveness. Similar to pre
vious reports, some of the TM lines have a low constitutive level of

4H
4L6H

6L9104-Ã•

4-66.7

6,710-149-1113/21

4/2312/20

3/2928/7315/5561.9

17.460.0

10.338.427.34.5

7.54.0

6.09.511.0

" NA, not applicable.

casein synthesis (TM2H, -10) which was further stimulated by hor

monal stimulation of the host. Line TM6 had a high constitutive level
of casein synthesis which did not appear to be further stimulated, at
least, as assessed by immunohistochemistry. Line TM4H exhibited
only a few alveoli (51%) with casein protein, but casein protein was
increased by hormonal stimulation of the host. Line TM3 was unique
since casein synthesis was not observed in either control or hormon-

ally stimulated mice.
The level of casein mRNA correlated with the amount of casein

protein in the outgrowths maintained in untreated mice. Thus, out
growth lines TM3 and TM4H had negligible amounts of casein
mRNA, whereas the levels in TM2H and TM6L outgrowth lines were
5 and 8 times higher, respectively, than in TM3 and TM4H outgrowth
lines.

Keratin Protein Expression. Table 4 illustrates the presence of
intermediate filament-keratin protein expression as detected by im-

munohistochemical staining using 3 different antisera to different
keratin proteins. Of the 6 hyperplastic outgrowth lines, TM3 is unique
in the low frequency of myoepithelial cells that could be detected by
either the DAKO or the K14 antisera. Either myoepithelial cells were
in low abundance in this line or keratin expression (in both myoepi
thelial cells or luminal alveolar cells) was down-regulated. The im

munohistochemistry staining does not allow a distinction between the
2 possibilities. TM2 and TM10 HOG lines were very similar in that
both expressed K14 and K6 keratins in luminal cells. The tumors
derived from these 2 lines also exhibited strong expression of these 2
keratins. In both the HOG and tumors, keratin was detected through
out the cytoplasm of the epithelial cells. In those instances where the
K14 and K6 keratins were expressed, all the cells in the alveolus or
ductule exhibited this response. TM2 and TM10 HOG lines are rem
iniscent of the results reported by Smith et al. (10) where expression
of K6 and K14 keratins was observed in a subset of mammary tumors.
In TM4, -6, and -9, the localization and type of keratin expression fit

the normal pattern observed in epithelial cells of pregnant mammary
gland except TM6 exhibited a lower frequency of positive luminal
cells (Fig. 2). The myoepithelial cells were easily detected by either
K14 or DAKO antisera and exhibited a very strong reaction. The
luminal epithelial cells exhibited keratin reaction on the apical sur
faces and the strength of this reactivity ranged from weak (TM6) to
moderate (TM4, TM9).

DISCUSSION

The morphological, biological, and tumor-producing capabilities of

the TM series of mammary preneoplastic outgrowth lines are similar
in most respects to those previously reported for the hormone-induced
D series (6), the chemical carcinogen-induced C series (11), and the
MMTV-induced CV, C3V, and Z series (12-14). As a group, the 6 TM
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D

Fig. l. Whole mounts of TM2 and 3 preneoplastic outgrowth lines. A. TM2H. The glandular organization at the edges of the fat pad appear as a dense array of ductules (small
arrowheads) in contrast to the dense alveolar organization observed in the center of the outgrowth (large arrowhead) and in contrast to TM2L in panel B. X 16. B, TM2L. Note the
typical alveolar organization of the gland (arrowheads). Each sample was taken from a separate donor at TGI I and was fixed and stained 8 weeks after transplantation. X 10. C, TM3.
This outgrowth was taken 10 weeks after transplantation and filled only 40% of the fat pad. The outgrowth morphology was dense alveolar and typical for TM3. TG6. D, TM3. This
outgrowth was taken at 50 weeks after transplantation and filled 75% of the fat pad. The alveolar areas of the gland are dramatically regressed with thin ducts being the major component.
TG6. Â£,TM3. This outgrowth was from the same donor as that in C except that the mice were ovariectomized. Note the limited growth ( 15% of the fat pad filled) and the paucity
of alveolar development. C. D. and Â£.X 16.

outgrowth lines were morphologically defined as alveolar hyperpla-

sias; were ovarian independent for alveolar differentiation and growth,
exhibited various degrees of constitutive expression of the milk pro
tein casein; exhibited tumor-producing capabilities significantly

greater than those of the normal mammary gland; produced mammary
adenocarcinomas, primarily type B; and had an indefinite life span. In
these respects, theTM lines fit the descriptive characteristics of mouse
mammary preneoplasias.
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Table 2 Effect of ovariectomy on growth of TM HOC lines

TMline2H2H2L2L334H4M4L4L6H6H6L6L991010TGÂ°1111111166g8888g8817171414RecipientIntactOVXIntactOVXIntactOVXIntactOVXIntactOVXIntactOVXIntactOVXIntactOVXIntactOVXMeanPFPF74

Â±8.376
Â±8.388
Â±6.030

Â±7.1*41

Â±3.212
Â±1.2"80

Â±2.242
Â±2.0*74

Â±8.157
Â±3.072

Â±10.358
Â±11.745
Â±2.939
Â±6.890

Â±4.890
Â±5.494

Â±4.888
Â±4.0Morphology

of
outgrowthDuctularDuctularModerately

alveolarModerately
alveolarDense

alveolarSparse
alveolarDense

alveolarDense
alveolarDense
alveolarDense
alveolarDense

aveolarDense
aveolarDense
aveolarDense
aveolarDense

aveolarDense
aveolarDuctular-alveolarDuctular-alveolar

" TG, transplant generation; OVX, ovariectomized; mean PFPF. mean percentage

of fat pad filled Â±SEM.
h Significantly different from intact animals.

The TM lines are of interest not only because they represent rela
tively young cell populations but also because of the exceptions to the
above listed biological properties. Line TM3 is remarkable for its
uniqueness in comparison to the other lines. It behaves very much like
a minimally deviated lesion which has acquired the property of im
mortality (it is now in transplant generation 9); however, it has not
produced a mammary tumor and is totally dependent on ovarian
hormones for growth and alveolar differentiation. Normal mammary
cells have a transplantable life span of 5-6 transplant generations (15).

The mean number of transplant generations for the cultured normal
mammary cells in our experiments was 3 (4). Thus, TM3 has been
transplanted 3 times longer than the normal cell controls. The TM3
outgrowth line is reminiscent in part to results reported by Miyomoto
et al. (16). They reported on a set of mammary alveolar hyperplasias
induced by transfection of activated Ha-ras which were transplantable
for 2-3 transplant generations before losing proliferative potential.
The ra.Ã¯-inducedlesions retained their alveolar morphology but were

not immortal. TM3 is hyperplastic and immortal and does not contain
activated ras (5).

The TM3 line appears morphologically like an alveolar hyperplasia.
However, there is a remarkable dependence on ovarian hormones for
alveolar differentiation as well as growth. Although the majority of
mouse mammary alveolar hyperplasias have been shown to be
ovarian independent for growth and alveolar differentiation, occasion
ally some lines exhibit a minor degree of dependence on ovarian
hormones for growth (i.e., TM4H, TM2L). The unusual feature of
TM3 was the dependence on ovarian hormones for both growth and

alveolar differentiation. In the absence of ovarian hormones, TM3
exhibited only limited ductal development and very few alveoli were
present (Fig. IE). This is the pattern exhibited by normal mammary
cells.

The instability of the alveolar differentiation was apparent in TM3
outgrowths which were maintained in mice for 10-12 months. In the

older virgin mice, the outgrowths were primarily ductal. Evaluation of
the same outgrowths at 8-10 weeks after transplantation indicated

typical alveolar hyperplasia. The loss of alveolar differentiation might
be attributed to declining ovarian estrogen levels in older mice, al
though this has yet to be evaluated. There was no evidence of lym-

phocytic infiltration among the mammary epithelial cells. TM3 out
growth line is unique among the 26 BALB/c alveolar outgrowth lines
that have been examined over the past years.

The failure to produce mammary tumors is interesting. In previous
experience, preneoplastic outgrowth lines with a low tumor-producing
capability exhibited a few tumors by 10-12 months consistently over

several transplant generations (17). The lack of tumor development in
TM3 is unique and may be linked to the very limited growth potential
of the cells. TM3 outgrowth consistently filled only 50-75% of the fat

pad by 12 weeks and then net growth appeared to slow considerably.
At 10-12 months posttransplantation, the percentage of fat pad filled

was almost the same (75% fat pad filled) as at 12 weeks. The limited
growth potential and the marked hormone dependency as well as the
dependence on epidermal growth factor for growth in vitro (5) identify
TM3 line as unique among the 26 outgrowth lines examined over the
past years and suggest that it is a minimally deviated mammary
alveolar hyperplasia. The TM3 line might provide interesting infor
mation on the molecular changes prevalent in the early stages of
mammary tumorigenesis.

Table 3 Casein synthesis in TM outgrowths

LineTM2HTM3TM4HTM6LTM9TM10PituitaryisograftNoYesNoYesNoYesNoYesNoYesNoYesDegree
of

responsivenessa2+4+_-+/-2+3+3+_3+1+4+Relative
mRNA

level*1.9ND<0.4ND0.4ND3.3NDNDNDNDND

" Based on immunohistochemical staining for casein.
h Relative to the level of casein mRNA in 15-16-day midpregnant mice which was

assigned a level of 1.
c ND, not done; -, negative.

Table 4 Intermediate filament keratin protein expression

Group

DAKO KM Ko

Myoepithelial Luminal Myoepithelial Luminal Myoepithelial Luminal

PregnantTM2
HOGTM3
HOGTM4
HOGTM6
HOGTM9HOGTM10

HOG4+"4+1+*4+4+4+4+4+<f)4+(f->h)l+(vf)4+l+(f>4+4+(f-Â»h)4+4+1-fÂ»4+4+4+4+-2+----2+-1+----2+
"-, negative; 1+, 5-25% of cells positive; 2+, 26-50% of cells positive; 4+, >75% of cells positive; f, faint reaction product; vf. very faint (just barely visible) reaction product;

h, heavy reaction product.
* Very few alveoli ( 10%) exhibited myoepithelial cells detectable by either keratin antibody.

666

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/53/3/663/2452792/cr0530030663.pdf by guest on 19 M

ay 2023



TM PRENEOPLASTIC MAMMARY OUTGROWTHS

Fig. 2. Immunohistochemical staining of TM2 preneoplasiic outgrowth lines. In A the
preneoplaslic outgrowth was stained with DAKO anti-keratin antiserum. The cytoplasm of

luminal and myoepithelial cells exhibited strong keratin Â¡mmunostaining. In this photo
graph, the immunostained protein appears as a black precipitate. B, the same section as in
A except that a negative image is presented. The negative image was maximized for
contrast by computer imaging before the photograph was taken. In the negative image, the
keratin immunostaining appears white (arrow}. X 600.

A second result of interest was the enhanced expression of K6 and
K14 keratins in the TM2H and TM10 lines. Although these two lines
differ in tumor potential, they are similar in expressing a unique
ductular morphology. The expression of K6 and K14 keratins in
luminal mammary epithelial cells has been described by Smith et al.
(10). In their report, both mammary hyperplasias and neoplasias ex
hibited the enhanced expression of the two keratins. Similarly, in the
tissues reported here, K6 and K14 expression was observed in both
types of lesions. In the TM lines, the expression of K6 and K14 was

correlated with ductular morphology of the outgrowths but was not
correlated with the preneoplastic state and was not a predictor for
tumor potential.

In summary, these results describe a series of preneoplastic out
growth lines which were derived from mammary epithelial cell lines
established and maintained in cell culture. TM3 is particularly inter
esting because it represents a minimally deviated hyperplasia. An
examination of selected oncogenes and growth factors reported in the
accompanying paper also highlights TM3 as being a unique cell
population.
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