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ABSTRACT

We have recently shown that the integrity of the polyamine pathway
is essential but not sufficient for expression of the mitogenic effect of
estradici (Â£2)in the yV-nitrosomethylurea-induced rat mammary tumor

grown Â¡a vitro in the soft agar clonogenic assay. To elucidate the
mechanism of !â€¢'.â€¢action in this system, we tested whether E2 may

stimulate tumor growth through induction of secretory growth factors),
as already proposed for human breast cancer cell lines in culture. Fur
thermore, we investigated the potential interaction between such "auto
mne" control of tumor growth by I . and the polyamine pathway.

Conditioned medium obtained from Entreated tumors (ErCM) but not
from control tumors (C-CM) consistently stimulated colony formation
when added to /V-nitrosomethylurea-mammary tumors plated in soft agar
under serum-free media conditions. Such growth-promoting effects of the
I .-( M was found to increase with increasing protein concentrations of

the medium and was abolished by pretreatment of the medium with
concanavalin A, heat, and trypsin. The addition of the polyamine biosyn-
thetic inhibitor a-difluoromethylornithine (1 mM) totally abolished the
colony-stimulating effect of the K:-< 'M Exogenous administration of

spermidine (0.1 HIM) reversed the inhibitory effect of a-difluoromethyl
ornithine on colony formation and restored the action of the 1 _-( M,

Although the addition of polyamines alone did not affect the number of
colonies formed, the administration of spermidine was found to signifi
cantly enhance in a dose-dependent fashion the colony-stimulating effect
of suboptimal concentrations of l-'r( M. Attempts to identify the I :-
inducible growth factor in the !â€¢'..-(M and in /V-nitrosomethylurea-mam-

mary tumor specimens using monoclonal antibodies raised against the
M, 52,000 EHnducible protein gave negative results. We conclude that
autocrine stimulation of tumor growth by E? is not limited to human
breast cancer cell lines but also occurs in individual experimental mam
mary tumors grown in soft agar. Our results show that the polyamines
must be present for the expression of this "automne" control of tumor
growth by Â£2. Finally, the identity of the K.-inilm-i-d growth factor

operating in our system remains to be determined.

INTRODUCTION

We have recently shown that E22 exerts a dose-dependent
colony-stimulating effect when added to NMU-mammary tu
mors plated in soft agar under serum-free media conditions (1).
Our findings also indicated that the polyamines (putrescine,
spermidine, and spermine) are necessary but not sufficient for
expression of the growth-promoting action of I - in our system
(1). These observations suggested that I-'.,may stimulate addi

tional growth factor(s) which, in conjunction with polyamines,
may promote tumor growth. Recent evidence in the literature
derived from human breast cancer cell lines suggests that l
stimulates the synthesis of secretory proteins which may me
diate its mitogenic effects (2,3). The experiments reported here
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were undertakento determine first whether a similar "auto-
crine"stimulationof tumor growthby estrogensalso occurred

in our experimentalsystem. Secondly, and more importantly,
the major goal of our investigationwas to evaluate the inter
action between the polyamine pathway and such autocrine
mechanismin the mediationof tumorgrowth.

MATERIALS AND METHODS

Materials. NMU, Â£2,putrescine, spermidine, and spermine were all
obtained from Sigma Chemical Co., St. Louis, MO. DFMO was
supplied by Merrell Research Center, Merrell Dow Pharmaceuticals,
Inc., Cincinnati, OH. Con A-Sepharose was obtained from Pharmacia

Fine Chemicals AB, Uppsala, Sweden. Spectra Por membranes were
obtained from Fisher Scientific Co., King of Prussia, PA. Estradiol-
17|3 pellets were obtained from Innovative Research of America, Rock-

ville, MD.
Tumor Induction and Culture Technique. NMU-mammary tumors

were induced in female Sprague-Dawley rats as previously described

(4). Single cell suspensions of mammary cancers were cultured in soft
agar according to the methods described by Hamburger and Salmon
(S) and Von Hoff ef al. (6), with slight modifications as recently reported
by us in detail (7). To obviate the confounding effects of the hormone
and growth factors present in the serum, all our experiments were
conducted under serum-free media conditions. We have consistently
been successful in growing NMU-mammary tumors in soft agar in the

absence of serum, although colony formation is reduced by approxi
mately 50% (1). The number of colonies (aggregates of 50 or more
cells) formed on day 6 after plating was the parameter used to assess
tumor growth. The validity of such a parameter as an index of mito-

genesis has been supported by its correlation with incorporation of
| 'I I|ih\ miilinc into DNA (8).

Preparation of Conditioned Media. For each experiment described in
Figs. 1 through 4 (n = 4) different preparations of E2-CM and C-CM

were used. Each preparation was derived from a pool (usually 3) of
NMU-mammary tumors. It was necessary to use a pool of tumors in
order to have sufficient amounts of I : ( \1 and C-CM for testing in

the various experimental conditions. In order to prepare the conditioned
media, single cell suspensions of NMU-mammary tumors were plated
in soft agar in the presence or absence of 10 " M E2. Previous dose-

response studies indicated that this dose significantly stimulated colony
formation in our system (1). Ten replicate dishes were plated for each
experimental condition. Conditioned media from Ertreated and con
trol dishes were obtained by adding 2 ml of Hanks' balanced salt

solution/dish on day 2 after plating and removing it 24 h later. This
technique has been found to be effective in collecting secretory products
of ceils plated in soft agar (6, 9, 10). E2-CM and C-CM (total volume
of 20 ml each) were then concentrated on ice using a M, 3500 cut-off

dialysis membrane (Spectra Pore/6) with Aquacide (sodium salt of
carboxymethylcellulose). The concentrated media were treated with
dextran-coated charcoal (0.25% charcoal and 0.0025% DEAE-dextran)
and then kept frozen at â€”70*C until used in subsequent experiments.

Â£2levels, measured by specific radioimmunoassay (11), in our concen
trated E2-CM samples, were found to range between <10 and 20 pg/

ml. On the basis of the final dilutions made when the conditioned
media were added to our dishes, the concentration of Â£2in our experi
ments was at most 1 pg/ml. Thus, we do not feel that the observed
effect of I : ( M on colony formation was due to the presence of
contaminating E2 itself. Â£2was initially diluted in 95% ethanol and
then added in the desired amount ( 10 " M) to both layers of the media.
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Assessment of the Mitogenic Activity of the I r( M. In each of our
experiments where the mitogenic activities of the E2-CM and C-CM
were tested (Figs. 1-4), a pool of 3 NMU-mammary tumors was used.
It was necessary to use a tumor pool in order to have an adequate
amount of single cell suspension for plating under the various experi
mental conditions. In initial experiments, we tested whether there was
any colony-stimulating effect from E2-CM versusC-CM. NMU-mam
mary tumors, plated in soft agar under serum-free media conditions,
were incubated with either Ej-CM or C-CM added at increasing protein
concentrations in a dose-response study. Such protein concentration
was selected on the basis of previous experiments performed in human
breast cancer cell lines in culture (12). Protein concentration in the
conditioned media was determined with the Coomassie blue protein
assay (13). Subsequently, to gain insight into the nature of the growthfactor present in the !â€¢'..-('M. we investigated whether the mitogenic

action of E2-CMand C-CM was affected by pretreatment with concan-
avalin A, heat, and trypsin.

ConcanavalinA Treatment. An equal volume of Con A-Sepharose
suspension was diluted 1:1with Tris buffer (0.1 IHM,pH 7.IO) and then
spun at 1000 rpin for 10 min to pellet the Con A. The pellet was then
resuspended with an aliquot of medium and vortexed periodically for
10 min while kept on ice. The Con A was then removed from the
conditioned media by centrifugation at 1000 rpm for 10 min and the
supernatant was used for plating.

Heat Treatment. Aliquots of conditioned media were incubated at
100'C for 3 min and then kept at room temperature until the time of

plating.
Trypsin Treatment. Aliquots of conditioned media were incubated

with 10 tip,of trypsin for 10 min at room temperature. This step was
followed by an incubation for 6 min on ice with an amount of trypsin
inhibitor equal to 6 times the stoichiometric activity of the trypsin
added.

Interaction between K?-<M and Polyamines in Supporting Tumor
Growth. Initially we tested the ability of DFMO, an irreversible and
specific inhibitor of polyamine biosynthesis, to block the effect of E2-
CM on colony formation. Simultaneously, the capability of exogenous
polyamine administration to reverse the inhibitory effect of DFMO and
to restore E2-CM action was also investigated. In these experiments,
NMU-mammary tumors were plated in replicate dishes under control
conditions and in the presence of the following treatments: (a) E2-CM
(1.5 /ig/ml); (*) E2-CM plus DFMO (1 mM);(Ã‡)E2-CM plus DFMO
plus spermidine (0.1 mM).For control purposes, the same tumors were
also incubated in parallel replicate dishes with C-CM instead of E2-CM
under otherwise indentical experimental conditions.

Next we tested whether there was any synergistic effect between E2-
CM and polyamines in the stimulation of tumor growth in our system.
NMU-mammary tumors were plated in soft agar in the presence of E2-
CM (0.2 jig/ml) with and without increasing concentrations of sper
midine (0.01, 0.1, and 1 pM). Simultaneous identical dose-response
studies using C-CM were also conducted. A suboptimal concentration
of E2-CM (on the basis of the dose-response study depicted in Fig. 1),
and smaller amounts of spermidine than used in the previous experi
ments were chosen to maximize potential synergistic effects between
the I-'.,induced growth factor(s) and the polyamines.

Finally, the effects of polyamines alone in our system was systemat
ically evaluated. In 3 separate dose-response studies, NMl mammary
tumors were plated in soft agar in the presence and in the absence of
increasing concentrations of putrescine (from 0.1 to 5 HIM),spermidine
(from 0.001 to 1 mM), and spermine (from 0.001 to 1 mM). The
concentrations of these 3 polyamines were selected on the basis of
previous dose-response studies where we tested their abilities to reverse
the antitumor effect of tamoxifen in our system (14). DFMO, putres
cine, spermidine, and spermine were initially dissolved in Hanks' bal

anced salt solution and then added to both layers in the final desired
concentrations.

Attempted Identification of the E2-inducedGrowth Factor. In these
experiments we determined whether the factor responsible for the
autocrine stimulation of tumor growth by estrogens in our system was
the same as the M, 52,000 estrogen-regulated glycoprotein secreted by
human breast cancer cell lines in culture (2). To test this hypothesis we
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Fig. I. Effect of the addition of E2-CM and C-CM on the number of colonies
of NMU-mammary tumors grown in soft agar under serum-free media conditions.
Single cell suspensions obtained from a pool of 3 NMU-mammary tumors were
plated with and without increasing concentrations of !â€¢:..('M and C-CM. Points,

mean number of colonies formed on day 6 after plating under each experimental
condition; hnr.\. SE. Five replicate dishes were used for each data point. */' <
0.01 versus each of the other doses of E2-CM and control. **/Â»< 0.01 versus
control both for E2-CM and C-CM.

utilized specific monoclonal antibodies directed against the E2-inducible
M, 52,000 glycoprotein released by human breast cancer cells in culture.
Two experiments were performed. In the first we attempted to quantify
the M, 52,000 protein in the NMU-conditioned medium with a double
determinant immunoradiometric assay using the D7Es and 125I-D11E2
antibodies as recently described (15). Both E2-CM and C-CM were
tested. In the second experiment we used an indirect immunoperoxidase
stain using IM !, monoclonal antibody (16) in the attempt to visualize
the M, 52,000 protein in frozen sections of NMU-tumor specimens.
Tumors were obtained from an intact rat, a 4-day castrated rat, and a
4-day castrated rat implanted during that time with an I â€¢pellet sup
posed to produce a circulating blood level of I-'..-of 200 pg/ml.

Statistical Analysis of the Data. Statistical analysis of our data was
performed using the Newman-Keuls test (17).

RESULTS

Colony-stimulating Effect of E2-CM. As can be seen in Fig. 1,
E2-CM significantly stimulated NMU-mammary tumor colony
formation in soft agar in a dose-dependent fashion. In these
experiments, C-CM had a similar modest colony-stimulating
effect when added at low protein concentrations (0.5 and 1 jig/
ml). In contrast to E2-CM, however, the growth-promoting
action of C-CM was not potentiated by increasing the protein
concentration of the medium.

Fig. 2 illustrates the effects of heat, Con A, and trypsin
treatment on the action of E2-CM and C-CM. In these experi
ments the addition of C-CM actually reduced colony formation
relative to control untreated dishes. In contrast, E2-CM signif
icantly stimulated the number of NMU-mammary tumor col
onies formed. Treatment of E2-CM with heat, Con A, and
trypsin abolished the colony-stimulating effect of E2-CM and
reduced the number of colonies to those observed in dishes
treated with C-CM. The same treatments, however, did not
modify the effect on colony formation of C-CM.

Interactions between I ,-( M and Polyamines in Supporting
Tumor Growth. Initially we tested the role of polyamines as
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Fig. 2. Effect of Con A, heat, and trypsin treatment on E2-CM and C-CM
action. Ei-CM and C-CM. either untreated or treated as specified in the text,
were added to a pool of NMU-mammary tumors plated in soft agar in the absence
of serum. Five replicate dishes were used for each experimental condition. The
data are expressed as in Fig. I. *P < 0.01 versus all other groups. **/Â»< 0.01

versus control.
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Fig. 3. Effect of DFMO and spermidine on E2-CM and C-CM. Five replicate
dishes were used for each experimental condition. Data are expressed as in Fig.
1. */>< 0.01 versus "control" and "CM + DFMO." Â§P< 0.05 versus control.

mediators of the action of E2-CM in our system. As can be seen
in Fig. 3 in agreement with our previous experiments, E2-CM
significantly enhanced the number of colonies formed. The
addition of the polyamine synthesis inhibitor DFMO totally
prevented the stimulation of colony formation induced by !â€¢'._>-

CM. The specificity of the DFMO effect through the polyamine
pathway was demonstrated by the ability of spermidine to
partially reverse the inhibitory effect of DFMO. Treatment
with C-CM resulted again in a modest, but significant, decrease
in colony number. The addition of DFMO with and without
spermidine to C-CM did not induce a further alteration in
colony formation (Fig. 3). To further elucidate the interaction
between E2-CM and polyamines in our system, we next added
increasing small amounts of spermidine to suboptimal concen
trations of E2-CM. As can be seen in Fig. 4, the addition of
spermidine markedly potentiated the colony-stimulating effect
of E2-CM in a dose-dependent fashion. In contrast, the same
concentrations of spermidine did not affect the modest colony-
stimulating effect of C-CM.

Although we have previously observed no stimulation of
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Fig. 4. Effect of increasing concentrations of spermidine (&/) to suboptimal
concentrations of E2-CM and C-CM. A total of 5 replicate dishes was used for
each experimental condition. Data are expressed as in Fig. I. â€¢/'â€¢0.01 versus
each of the other experimental conditions. "P < 0.01 versiÂ«control.

colony formation when polyamines were added alone (1), we
deemed it necessary to evaluate this issue systematically in a
dose-dependent fashion. As can be seen in Fig. 5, none of the
polyamines had any effect on colony formation when added
alone to NMU-mammary tumors plated in soft agar. In con
trast, E2 exerted its usual colony-stimulating effect in the same
tumors (Fig. 5).

Attempted Identification of the E2-induced Growth Factor. The
double determinant immunoradiometric assay failed to detect
the presence of A/r52,000 E2-induced protein in the conditioned
media obtained from control or estradiol-treated tumors (Fig.
6). The sensitivity of the assay allow for detection of 0.1 ng of
M, 52,000 protein per ml of conditioned medium. A condi
tioned medium from MCF-7 cells treated with E2 was assayed
as positive control and contained 68 ng of the M, 52,000
protein/ml. Likewise, no evidence of the M, 52,000 protein was
found in all tumor specimens tested, using the indirect immu-
noperoxidase staining (data not shown).

DISCUSSION

Our data show that an autocrine mechanism is responsible
at least in part for the E2-stimulation of NMU-mammary tumor
growth in soft agar. Such a mechanism of hormonal stimulation
of tumor growth, which has been proposed primarily for human
breast cancer cell lines (2, 3), has recently been suggested also
for experimental mammary cancer. An autocrine mechanism
of tumor growth has been described by Ikeda et al. (18) in the
MTW9 rat mammary tumor.

Zwiebel et al. (19) reported the presence of growth factors in
the conditioned media obtained from DMBA-induced rat mam
mary cancers, as well as in extracts of primary DMBA- and
NMU-mammary tumors. In agreement with our results, they
observed that these growth factors were heat and protease
sensitive. Finally, Hiragun a al. (20) have recently reported the
presence of growth-promoting activity in the conditioned me
dium from a cell line derived from a DMBA-induced rat mam-
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Fig. 5. Effect of the addition of polyamines alone on NMU-mammary tumor
colony formation in soft agar under serum-free media conditions. Three separate
dose responses were conducted for putrescine (.â€¢<).spermidine (B), and spermine
Â«I. In each experiment, the effect of E2 on colony formation was simultaneously
tested. The data are expressed as percentage of colonies formed under control
conditions. The actual number of colonies formed under control conditions in the
3 experiments was 342.9 Â±25.4 (SE) (A), 103.2 Â±14.4 (B), and 231.7 Â±19.2
(C). Numbers in parentheses, number of tumors tested (each in triplicate dishes).
*P < 0.01 and "P < 0.05 compared to all other groups.

tnary tumor. Such growth-promoting activity was also found to
be heat and trypsin sensitive. The hormonal regulation of these
secretory growth factors, however, has not been previously
evaluated in experimental breast cancer. Our data provide evi
dence that they may be, at least in part, under E2control.

The effect of C-CM on colony formation in our experiments
deserved some comment. While in some experiments (Figs. 1
and 4) it was found to have a significant, although modest,
colony-stimulating effect, in others (Figs. 2 and 3), an inhibitory
effect was instead observed. These findings suggest that, at least
under our experimental conditions, the cancer cells may syn
thesize both stimulatory and inhibitory secretory products with
one or the other predominating in different experiments. When,
however, I , ( M was added, consistent significant stimulation
of colony formation was uniformly observed, both relatively to
the number of colonies formed in control untreated dishes, as
well as in dishes treated with C-CM. Our study was not aimed
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Fig. 6. Immunoradiometric assay of the M, 52,000 protein in conditioned
media of NMU-rat mammary mammary tumors and the human MCF7 breast
cancer cell line. Double determinant immunoradiometric assays of the M, 52,000
protein were performed on conditioned media of control (â€¢)and estradiol-treated
(O) NMU-tumors, and on conditioned medium of estradiol-treated human breast
cancer cells MCF7 (EH).Nonspecific binding was evaluated using culture medium
alone (x). Increasing volumes of media were incubated overnight in flexible 96-
well plates precoated with purified I ),!â€¢:,antibody (IOO Â¿tg/ml)and then resatur-
ated by 5% bovine -y-globulins. After washing, the bound antigen was quantified
by measuring the binding of a second iodinated antibody, D11E2, which is directed
against a different site on the A/,52,000 protein. A standard curve made in parallel
with purified M, 52,000 protein (0 to 5 ng) indicated the assay sensitivity of
11,700 cpm/ng antigen and allowed to quantify the corresponding M, 52,000
protein concentration in MCF7-conditioned media (68 ng/ml).

at the biochemical identification and characterization of the
individual growth factor(s) secreted by NMU-mammary tumor
cells in soft agar. Rather, it was initially aimed at establishing
whether or not an autocrine mechanism was operating in our
system. The primary goal of our investigation was to investigate
the role of polyamines in the autocrine control of tumor growth
byE2.

Our results do indicate that the polyamine pathway closely
interacts with the autocrine control of tumor growth by E2 in
our system. We observed, in fact, that the growth-promoting
action of E2-CM was abolished by the polyamine biosynthetic
inhibitor DFMO, and was restored by exogenous polyamine
administration. Furthermore, the colony-stimulating effect of
submaximal concentrations of E2-CM was greatly enhanced by
spermidine in a dose-dependent fashion.

The polyamines, putrescine, spermidine, and spermine, are
well known to be involved in the growth of normal and neo-
plastic tissues (21-24). Recently, using the NMU-mammary
tumor grown in the soft agar clonogenic assay, we haveprovided
evidence for a role of polyamines as mediators of hormonal
effects on the growth of endocrine-dependent neoplasms (1,
25). Our observations have subsequently been supported by
other investigators using hormone-responsive human breast
cancer cell lines in monolayer culture (26). The data presented
here provide further insight into the interaction between E2and
polyamines in controlling the growth of this experimental tu
mor in culture. Our results suggest that E2 stimulates the
synthesis of a secretory growth factor which requires the integ
rity of the polyamine pathway to exert its growth-promoting
effect. In agreement with our preliminary observation (1), de
tailed dose-response studies presented here confirmed the ina
bility of polyamines, when added alone, to stimulate colony
formation. Polyamines, however, were found to be essential for
the action of the K:-inducedgrowth factor, and indeed markedly
potentiated its colony-stimulating effect (Figs. 3 and 4).
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Additional interactions between E2 and polyamines, not
tested in these experiments, are possible. For instance, polya
mines may play an important role in the synthesis of the growth
factor induced by E2. Of interest in this regard is a recent
observation by Shiu et al. (27) in the human breast cancer cell
line T-47D. These investigators observed that in their system
prolactin was able to stimulate the synthesis of secretory gly-
coproteins, which was blocked by the polyamine synthesis in
hibitor DFMO and restored by exogenous put rescine adminis
tration. These observations suggest that the polyamine pathway
may be involved in the synthesis of hormonally induced growth
factors.

Since we did not measure tissue polyamine levels or any of
the polyamine biosynthetic enzymes, our experiments do not
allow us to establish whether, in our system, polyamine biosyn
thesis is influenced by E2 and/or E2-CM. This is a distinct
possibility, since it is well known that in normal endocrine
target tissues, polyamine biosynthesis has been found to be
under hormonal control (21).

Finally, the identity of the E2-induced growth factor remains
to be determined. The ability of heat, trypsin, and concanavalin
A treatment to abolish the mitogenic effect of the E2-CM
suggests that the !â€¢.â€¢induced growth factor may be a glycopro-

tein, as already reported for human breast cancer cell lines (12).
Although we did not make a systematic attempt to identify and
characterize the E2-induced growth factors), we tried to estab
lish, using monoclonal antibodies, whether the human M,
52,000 E2-inducible glycoprotein was present in the E2-CM and
in the tumors themselves. The rationale of this approach was
supported by the recent report of the cross-reactivity of a
monoclonal antibody to rat and human E2-inducible proteins
(28). However, using this approach, we were unable to identify
the M, 52,000 I-_>inducidle protein either in the conditioned
medium or in NMU-tumor specimens. This is consistent with
the apparent specificity of this protein for human or primate
species.3 While this finding indicates the absence of the same

l .. inducible growth factor detected in human breast cancer
lines, it does not exclude the possibility that a similar glycopro
tein may be involved in the autocrine stimulation of tumor
growth by E2 in our system.
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