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Summary--Recent evidence indicates that the polyamine pathway may play a significant role 
in the autocrine/paracrine control of breast cancer cell proliferation by hormones. To directly 
test this hypothesis, in the present experiments, we evaluated the polyamine involvement in 
immunoactive insulin-like growth factor I (IGF-I) secretion and IGF-I action using MCF-7 
breast cancer cells cultured in serum-free medium in the presence and absence of estradiol (E2). 
Administration of the polyamine biosynthetic inhibitor, ~t-difluoromethylornithine (DFMO) 
induced a marked suppression of cellular ornithine decarboxylase (ODC) activity and 
polyamine levels which was associated with significant, although partial, inhibition of 
E2-stimulated growth. Exogenous putrescine administration repleted cellular polyamine pools 
and completely reversed the growth-inhibitory effect of DFMO. Despite these parallel changes 
in polyamine levels and proliferative activity, basal as well as E2-stimulated levels of 
immunoactive IGF-I measured in the conditioned media were unaffected by DFMO with and 
without exogenous putrescine administration. On the other hand, induction of polyamine 
depletion and repletion by the same treatments significantly (although partially) affected the 
proliferative action of exogenously added IGF-I. These findings indicate that polyamines, 
while not involved in immunoactive IGF-I production, play an important role, at least in part, 
in IGF-I action in this experimental system. Furthermore, we observed that the administration 
of a monoclonal antibody directed against IGF-I was able to partially block basal as well as 
E2-stimulated MCF-7 cell proliferation. We conclude that immunoactive IGF-I is an 
important but not sole mediator of MCF-7 breast cancer growth under our experimental 
conditions. The polyamine pathway plays an important role inthe expresion of its proliferative 
action. 

INTRODUCTION 

Insulin-like growth factor I ( IGF-I)  is one of 
multiple growth factors recently postulated to 
be involved in the control of  breast cancer cell 
proliferation[l].  In the hormone-responsive 
MCF-7 human breast cancer cell line, the pro- 
duction of  immunoactive IGF- I  has been found 
to be hormonally regulated and tightly coupled 
to the endocrine control of  cell proliferation [2]. 
In contrast, hormone-independent breast cancer 
cells constitutively secrete higher levels of  im- 
munoactive IGF-I ,  thus obviating the need for 
hormonal  stimulation [3]. Additional evidence 
supporting an important  role of  IGF- I  in tumor 
growth is provided by the finding that breast 
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cancer cells have IGF- I  receptors [4-6] and can 
be growth-stimulated by exogenous IGF- I  ad- 
ministration [2-4, 7, 8]. Furthermore,  the estro- 
gen requirement for tumor formation in nude 
mice by MCF-7 cells can be partially replaced 
by IGF- I  infusion [9]. Recent data, however, 
raise serious doubts on the authenticity of  the 
IGF- I  produced by breast cancer cells in cul- 
ture [10]. Under these experimental conditions, 
it appears that IGF- I  immunoactivity can be 
largely accounted for by IGF- I  binding pro- 
te ins[ l l -14]  and possibly an "IGF-I-rela ted 
peptide" closely related to authentic IGF- I  
[3, 14]. 

Using N-nitrosomethylurea (NMU)-induced 
rat mammary  tumors grown in soft agar, we 
have initially shown that polyamines are im- 
portant  mediators of  hormonal  effects on 
colony formation [15, 16]. Subsequently, other 
laboratories have extended our observations to 
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demonstrate a significant role of polyamines in 
the estradiol-induced proliferation of human 
breast cancer cell lines in liquid culture [17, 18]. 
Indirect evidence obtained by us in the soft agar 
clonogenic assay indicates that the polyamine 
pathway closely interacts with the autocrine/ 
paracrine control of tumor growth, being poss- 
ibly involved both in the synthesis [19, 20] and 
action [21, 22] of hormonally regulated growth 
factors. The present experiments were designed 
to directly test this hypothesis using the MCF-7 
breast cancer cell line. The secretion of immuno- 
active IGF-I and the action of exogenously 
added genuine IGF-I were evaluated under con- 
ditions of cellular polyamine depletion and re- 
pletion. In addition, the biological significance 
of immunoactive IGF-I in this experimental 
system was further tested by evaluating the 
effect on basal and E2-stimulated cell prolifer- 
ation of a monoclonal antibody directed against 
this polypeptide. 

EXPERIMENTAL 

Chemicals 

DFMO was kindly supplied by Merrell Dow 
Research Institute, Merrell Dow Pharmaceuti- 
cals Inc., Cincinnati, Ohio. Insulin-like growth 
factor I (IGF-I), threonine-59 was purchased 
from Amgen Biologicals, Thousand Oaks, 
Calif. (cat. No. 04010). L-[1-~4C]ornithine 
(54.3mCi/mmol) was obtained from New 
England Nuclear Research Products, Boston, 
Mass. Richter's Improved Minimal Essential 
Medium without putrescine, with Phenol Red 
(cat. No. 87-5060 EC) and without Phenol Red 
(cat. No. 87-5059 EC) was specially ordered 
from Grand Island Biological Co., Grand 
Island, N.Y. Fetal bovine serum was purchased 
from Irvine Scientific, Santa Ana, Calif. The 
monoclonal antibody (IgGl, Kappa) to IGF-I 
was a generous gift from Dr Judson J. Van 
Wyck (University of North Carolina, Chapel 
Hill, N.C.). The properties of this antibody have 
been recently reported in detail [23, 24]. E 2, 
putrescine dihydrochloride, L-ornithine hydro- 
chloride, IgGl, kappa methylbenzethonium 
hydroxide, pyridoxal-5'-phosphate, ( -)- l ,4-  
dithio-L-threitol and mouse IgG~ Kappa 
(MOPC-21) were obtained from Sigma Chemi- 
cal Co., St Louis, Mo. 

Cells and cell culture conditions 

The MCF-7 human breast cancer cell line was 
kindly provided by Dr M. E. Lippman (NIH, 

Bethesda, Md) and was routinely grown in 
75 cm 2 flasks in Richter's Improved Minimal 
Essential Medium without putrescine (IMEM) 
containing Phenol Red and 10% fetal bovine 
serum in a humidified atmosphere of 95% 
air: 5% CO2 at 37°C. At the time of the exper- 
iment, cells were harvested by brief treatment 
with 0.05% trypsin in versene and plated at 
a density of 5 x 105 cells/100mm Petri dish 
(6 dishes/experimental condition). Cells were 
allowed to attach for 30 h. The medium was 
then discarded and serum-free medium was 
added (4 mM glutamine, 0.2 mg% transferrin, 
0.1 mg% fibronectin, 0.4g% Fraction V BSA, 
20 mM Hepes buffer in IMEM without Phenol 
Red). After a wash-out period of 18 h, the 
medium was discarded and fresh serum-free 
medium containing the experimental treatments 
or ethanol vehicle in 0.1% final concentration 
was added (day 0). The duration of treatment 
was 4 days with a medium change on day 
2. Conditioned media from all 6 dishes/ 
experimental group were collected at the time 
of the medium change and the cells from 2 
dishes were harvested for determination of 
cell number and DNA content. Conditioned 
media from the remaining 4 dishes were again 
collected on day 4 and, after brief trypsiniza- 
tion, the cell suspensions were divided into 3 
aliquots. Two were immediately placed on 
ice and processed for measurements of ODC 
activity and polyamine pools while the third 
was used for measurement of DNA and cell 
number. DNA content was measured by the 
diphenylamine assay [25] and cell number was 
determined using a hemacytometer. Cell 
viability (>90%) was assessed by trypan blue 
exclusion. 

Processing of the cell suspensions for measure- 
ment of ODC activity and polyamines 

All procedures were performed at 0-4°C. Cell 
suspensions were centrifuged at 800 g for 15 min 
and washed with ice-cold PBS. The cell pellets 
were then resuspended to give a final concen- 
tration of 2 × 10 7 cells/ml. For the polyamine 
assay, the cells were resuspended in 0.6N 
HC104. After 30 min on ice, the suspension 
was centrifuged at 800g for 15 min and the 
supernatant stored at -70°C until the time of 
the assay. For assessment of ODC activity, the 
cells were resuspended in buffer containing 
0.1 mM EDTA, 2 mM dithiothreitol and 5 mM 
NaH2PO4, pH 7.4, and stored at -70°C until 
use .  
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Polyamine assay 

Polyamines were determined by fluorometry 
following a modification of the method de- 
scribed by Seiler and Knodgen [26]. Following 
separation of putrescine, spermidine and sper- 
mine by high-pressure liquid chromatography, 
the polyamines were derivatized with the 
fluorochrome O-phtaldehyde and then sub- 
jected to fluorescence detection using an exci- 
tation wavelength of 340 nm and an emission 
wavelength of 455 nm. Calculations were per- 
formed using known pure standard prep- 
arations of putrescine, spermidine and spermine 
and a reference internal standard 1.7 diamino- 
heptane. Results are reported as nmol/106 cells. 
Interassay precision for all 3 polyamines aver- 
aged 13%. 

Measurement of ODC activity 

At the time of assay, the cell suspensions were 
thawed and sonicated for 20 s. The cell lysates 
were centrifuged at 100,000g for 30 min. 
Enzyme activity was determined in the cytosolic 
fraction according to the method described by 
Pegg et al. [27]. Briefly, the reaction starts by 
adding 0.1 ml of cytosol to a vessel containing 
0.1 ml of the incubation buffer (0.08mM 
pyridoxal-5'-phosphate, 5mM dithiothreitol, 
0.8 mM e-ornithine and 0.2/~Ci e-[~4C]ornithine 
in 100 mM Tris-HC1, pH 7.0). The vessels were 
capped with rubber stoppers containing center 
wells with 0.15 ml of methylbenzethonium 
hydroxide and the incubation was carried out at 
37°C for 1 h. The reaction was stopped by 
injection of 0.3 ml of 40% trichloroacetic acid 
through the rubber septum directly into the 
reaction mixture. The incubation was continued 
for an additional 30 min period. The wells were 
then transferred to polystyrene vials and the 
radioactivity was counted in 2.5 ml of scintil- 
lation fluid [4g Omnifluor (New England 
Nuclear Res. Products, Boston, Mass)/liter of 
toluene]. ODC activity was expressed as pmol 
CO2/mg protein/h. Protein concentration was 
measured with a Bio-Rad protein assay kit 
(Bio-Rad Lab, Richmond, Calif.) using bovine 
plasma albumin as a standard. 

Preparation of conditioned media 

Serum-free conditioned media obtained as 
described above were combined with 0.2% (v/v) 
aprotinin and centrifuged at 800 g at 4°C for 15 
min. The supernatant was concentrated 5-8- 
fold in an Amicon ultrafiltration cell using 

an YM5 membrane, Mr 5000 cutoff (Amicon 
Corporation, Danvers, Mass), frozen at -70°C 
and then lyophilized. 

IGF-I RIA 

The lyophilized samples were reconstituted in 
appropriate buffer and IGF-I was determined 
using a somatomedin-C radioimmunoassay kit 
(Nichols Institute Diagnostics, San Juan Capis- 
trano, Calif.) according to the manufacturer's 
instructions. In this experimental system, acid 
ethanol extraction has been shown to separate 
IGF-I from its binding protein [3]. However, 
this procedure has not been found to substan- 
tially alter IGF-I determinations under different 
experimental conditions [2]. Consequently, we 
performed our measurements in unextracted 
samples. 

Experiments using monoclonal antibodies against 
IGF-I 

8 X 10 4 MCF-7 cells were plated in triplicate 
35 mm Petri dishes. Culture conditions were 
as specified before. All treatments were added 
on day 0 and on day 2 at the time of the 
medium change with the exception of the anti- 
IGF-I and irrelevant antibodies which were 
added daily. Cell number and DNA were deter- 
mined after 4 days of treatment under serum- 
free conditions. 

Statistical analysis 

The effect of time on each treatment was 
estimated by 3-way analysis of variance (exper- 
iment as a block effect) followed by t-tests 
comparing day 2 vs day 4 by experimental 
groups. Within day 2 and 4, differences among 
treatments were evaluated by 2-way analysis of 
variance (experiment as a block effect) followed 
by the Duncan's multiple range test. 

RESULTS 

DFMO effects on growth, ODC activity, 
polyamine pools and immunoactive IGF-I pro- 
duction 

Ez administration significantly increased cel- 
lular DNA content to 136___ 4% of control on 
day 2 and to 174_+ 8% of control on day 4 
(Fig. 1). E2-stimulated growth was not affected 
by increasing concentrations of DFMO on day 
2 but a dose-dependent inhibition of prolifer- 
ation was apparent on day 4 of treatment. 
However, even the highest concentration of 
DFMO tested (4 mM) was only able to partially 
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Fig. 1. Effect of  E2 and/or D F M O  administration on 
MCF-7 breast cancer cell proliferation. MCF-7 cells grown 
in serum-free medium (see Materials and methods for 
details) were harvested after 2 or 4 days of treatment and the 
DNA content was determined. Data represent mean _ SEM 
of 3 replicate experiments and are expressed as percentage 
of control. DNA content in control groups was 33.3 + 6.4 
and 59.4 __+ 20.5 #g/dish on day 2 and day 4, respectively. 
*P < 0.05 vs control and 4mM DFMO (day 2); **P < 0.05 
vs control, 4 mM DFMO and E2 (day 4); "pP < 0.05 vs E2 

(day 2). 

block E2-stimulated growth (Fig. 1). Under our 
stepped-down culture conditions (i.e. absence of 
serum and Phenol Red), DFMO administration 
did not significantly inhibit MCF-7 cell growth 
either on day 2 or on day 4 of treatment (Fig. 1). 
Similar results were obtained when the data 
were expressed by cell number ipstead of DNA 
(not shown). Figure 2 depicts the cellular levels 
of  ODC activity under our experimental con- 
ditions. Enzyme activity was similar in control 
and E2-treated cells. Since, however, the 
measurement was performed 48 h after the last 
medium change, it is likely that we missed the 
E2-stimulation of ODC activity which has been 
reported to occur 5-10 h after estrogen adminis- 
tration [18]. As can be seen in Fig. 2, DFMO 
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Fig. 2. Effect of  D F M O  on ODC activity of  MCF-7 cells 
treated with or without E 2 for 4 days. Data  represent 
mean + SEM of  the same 3 replicate experiments shown in 
Fig. I. The asterisks denote significant differences (P < 0.05) 

from control and E 2. 

administration exerted a profound dose-depen- 
dent inhibitory effect on ODC activity which 
was nearly complete at the 4 mM concentration 
both in the presence and in the absence of  E2. 
In agreement with this finding, D F MO  
markedly lowered the cellular levels of putres- 
cine, spermidine and the spermidine:spermine 
ratio (Table 1) which has been reported to be 
positively correlated with proliferative activity 
[28, 29]. The DFMO effect on tumor polyamine 
pools was actually significantly greater in the 
presence than in the absence of  E2 (Table 1). 

As previously reported in MCF-7 cells cul- 
tured in the absence of Phenol Red [2], E2 
stimulated immunoactive IGF-I  secretion 
(Fig. 3) even though, in these experiments, the 
E2 effect was significant only on day 2. However, 
while having a suppressive effect on prolifer- 
ation (Fig. 1), ODC activity (Fig. 2) and 
polyamine pools (Table 1), DFMO adminis- 
tration did not affect basal or E2-stimulated 
immunoactive IGF-I  secretion after either 2 or 
4 days of treatment. 

Reversal of DFMO effects with exogenous 
putrescine administration 

In agreement with our previous experiment 
(Fig. 1), D F MO  administration did not affect 
E2-stimulated growth after 2 days of treatment 
(Fig. 4). Addition of putrescine to E2 and 
DFMO-treated cells also did not modify cell 
proliferation at this time point. However, ex- 
ogenous putrescine administration completely 
reversed in a dose-dependent fashion the partial 
inhibitory effect of  DFMO on E2-stimulated 
growth observed on day 4 (Fig. 4). Adminis- 
tration of  putrescine alone did not affect cell 
proliferation on either day 2 or 4 (Fig. 4). 
Similar results were observed when the data 
were expressed in terms of  cell number instead 
of DNA (not shown). 

In parallel with the reversal of  the inhibitory 
effect of  DFMO on E2-induced proliferation, 
exogenous putrescine administration repleted in 
a dose-dependent fashion the cellular level of  
this polyamine to values actually in excess of  
those observed in cells treated with E2 alone 
(Table 2). Cellular levels of spermidine as well 
as spermidine:spermine ratios were also raised 
after exogenous putrescine administration 
(Table 2). 

Figure 5 depicts the effect of manipulation of 
the polyamine pathway with DFMO and/or 
exogenous putrescine administration on im- 
munoactive IGF-I secretion by MCF-7 cells. In 
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Table 1. Effect of DFMO and/or estradiol administration on polyamine pools of MCF-7 
breast cancer cells 

Treatment Polyamines (nmol/106 cells) 

E 2 DFMO Putrescine Spermidine Spermine Spermidine/Spermine 

0 0 0.48 + 0.02 1.01 _ 0.08 1.50 _ 0.04 0.67 + 0.04 
0 4 mM ND a 0.31 + 0.02 b 1.89 _ 0 .07  b 0.16 + 0.01 b 
1 nM 0 0.46 __. 0.08 1.27 + 0.07 b 1.38 + 0.10 0.92 + 0.01 b 
1 nM 0.1 mM ND a 0.11 __. 0.06 c 1.69 + 0.23 d 0.06 + 0.03 ~ 
I nM I mM ND a 0.04 + 0.04 ~ 1.77 + 0.I I d 0.02 + 0.02 c 

l n M  4mM ND a 0.04+0.04 ~ 1.66+0.13 0.02+_0.02 c 

a N D  = n o t  de tec tab le ;  bp  < 0 .05  VS con t r o l ;  cp  < 0 .05  vs the  r e m a i n i n g  g roups ;  dp  < 0 .05  

VS E 2 . 

agreement with our previous experiment 
(Fig. 2), DFMO did not affect E2-stimulated 
immunoactive IGF-I secretion at either day 2 or 
4 (Fig. 5). Exogenous putrescine administration 
to either untreated cells or cells exposed to E2 
and DFMO also failed to influence immuno- 
active IGF-I levels measured in the conditioned 
media at both time points (Fig. 5). 

Effects of DFMO in the presence and absence of 
exogenous putrescine administration on IGF-1 
regulation of proliferation, ODC activity and 
polyamine pools 

Our results show that, at least under these 
culture conditions, polyamines are not involved 
in basal or E2-stimulated immunoactive IGF-I 
secretion. However, we could not rule out a 
more distal effect of polyamines on IGF-I 
action. Therefore, we deemed it important 
to determine whether manipulation of the 
polyamine pathway would affect the action of 
exogenously added IGF-I. In these experiments, 
we used a concentration of IGF-I of 10 ng/ml 
which has been previously shown to have maxi- 
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Fig. 3. I G F - I  i m m u n o a c t i v i t y  present  in the cond i t ioned  
media  of  M C F - 7  ceils t rea ted  for 2 or  4 days  wi th  D F M O  
a n d / o r  E2. D a t a  represent  m e a n  + S E M  of  the same 3 
repl icate  exper iments  shown  in Fig. 1 and  are expressed as 
percen tage  o f  control .  I m m u n o r e a c t i v e  I G F - I  levels in 
con t ro l  g roups  were 113.3 + 24.4 and  100.6 _ 2.4 n g / m g  
D N A  on day  2 and  day  4, respectively. *P  < 0.05 vs con t ro l  
and  4 m M  D F M O  (day 2); **P < 0.05 vs con t ro l  and  4 m M  

D F M O  (day 4). 

mal proliferative activity in this system/3]. 
Figure 6 shows that on day 4 IGF-I stimulated 
cell proliferation to a greater extent than E2, 
simultaneously tested for comparison. As we 
have previously shown for E2, DFMO adminis- 
tration partially blocked the IGF-I stimulation 
of growth observed on day 4, while putrescine 
addition completely reversed the DFMO effect 
(Fig. 6). In these experiments, DFMO also 
significantly inhibited IGF-I-stimulated growth 
on day 2, while putrescine administration re- 
versed its effects (Fig. 6). Similar results were 
obtained when data were expressed in terms of 
cell number (not shown). Concomitantly with 
its stimulatory effect on proliferation, IGF-I 
administration increased ODC activity (Fig. 7) 
and cellular polyamine pools (Table 3). Of 
interest, in these experiments, E 2 was as effective 
as IGF-I in increasing cellular polyamine levels 
(Table 3). In our previous experiments, however 
(Tables 1 and 2), the E 2 effect in this regard was 
less pronounced. The reason for the variability 
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Fig. 4. Effect o f  D F M O  wi th  and  wi thou t  exogenous  
put resc ine  admin i s t r a t i on  on E2-st imulated M C F - 7  cell pro- 
l i ferat ion.  All  t rea tments  were added  on day  0. D a t a  
represent  m e a n  __+ SEM of  3 repl icate  exper iments  and  are 
expressed as percentage  of  control .  D N A  conten t  in the 
cont ro l  g r o u p s  was  33.6 _ 0.7 and  55.0 _ 4.8 #g /d i sh  on  day  
2 and  day  4, respectively. *P  < 0.05 vs con t ro l  and  0.1 m M  
Pu (day 2); **P < 0.05 vs con t ro l  (day 4) and  E2 (day 2); 
$signif icantly different f rom each of  the r ema in ing  g roups  

(day 4); ~ P < 0.05 vs E 2 (day 4). 
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Table 2. Effect of DFMO with and without exogenous putrescine administration on polyamine pools of 
E2-treatcd MCF-7 cells 

Treatment Polyamines (nmol/106 cells) 

E z DFMO Putrescine Putrescine Spermidine Spermine Spermidine/spermine 

0 0 0 0.32 _ 0.03 0.84 _ 0.04 1.41 + 0.04 0.59 + 0.01 
0 0 0.1 mM 1.08 --I- 0.03 b 1.03 + 0.01 b 1.39 + 0.02 0.74 + 0.0l b 
1 nM 0 0 0.42 + 0.06 b 1.27 + 0.05 b 1.54 + 0.02 b 0.82 _+ 0.03 b 
I nM 4 mM 0 ND ''¢ 0.06 _ 0.03 ¢ 1.60 + 0.02 b 0.03 + 0.02 b 
I nM 4 m M  0.01 mM 0 .45+0.03  1 .14_ 0.02 a 1.41 _+0.04 d 0.81 +0.01 d 
l n M  4 m M  0 .1mM 0 .86+0 .04  c 1.12 + 0.06 d 1.21 + 0.02 d 0 .93+0 .03  d 

aND: not detectable, P < 0.05 vs the remaining groups; 
bp < 0.05 vs control; 
cP < 0.05 v s  E 2 ;  

ap < 0.05 vs E z + 4 mM DFMO. 

in the degree of E2-induced activation of the 
polyamine pathway in our system is not appar- 
ent. In any event, as in the case of E 2, DFMO 
administration markedly suppressed ODC 
activity (Fig. 7) and polyamine pools (Table 3) 
in IGF-I treated cells, while exogenous putres- 
cine administration restored polyamine levels 
(Table 3) but, as expected, not ODC activity 
(Fig. 7). These results indicate that polyamines 
are necessary, at least in part, for the expression 
of the stimulatory effect of IGF-I on MCF-7 
cell growth under the present experimental 
conditions. 

Effect of anti-IGF-I monoclonal antibody on 
M C F - 7  breast cancer growth 

In these experiments, we utilized a mono- 
clonal antibody directed against IGF-I to probe 
the biological importance of the endogenously 
produced polypeptide in MCF-7 breast cancer 
cell proliferation. In preliminary experiments 
(not shown) we observed that 6 #g/ml concen- 
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Fig.  5. I G F - I  immunoactivity present in the conditioned 
media of MCF-7 cells treated with E 2 with and without 
D F M O  and/or putrescine. Data represent mean + S E M  of 
the same 3 replicate experiments shown in Fig.  4 and are 
expressed as percentage of control. Immunoreactiv¢ I G F - I  
in the control groups was 98.8 _+ 10.1 a n d  81.4 + 2.9 ng/mg 
D N A  on day 2 and day 4, respectively. * P  < 0.05 vs control 
and 0.1 m M  P u  (day  2); **P < 0.05 vs control and 0.1 m M  

P u  (day  4). 

tration of this antibody completely blocked the 
growth-stimulating effect of IGF-I (10 ng/ml) in 
our system. In agreement with our previous 
experiments, DFMO administration partially 
blocked E2-stimulated proliferation, while 
exogenous putrescine addition completely 
reversed the DFMO effect (Table 4). Adminis- 
tration of the anti-IGF-I monoclonal antibody 
significantly inhibited proliferation in control 
cells as well as cells treated with E2 and those 
rescued with putrescine (Table 4). In these two 
latter groups, 3 /zg/ml concentration of the 
antibody exerted maximum antiproliferative 
effect which was similar to that observed with 
the 6 ktg/ml dose in control cells. In contrast, the 
irrelevant antibody did not affect growth under 
any experimental condition tested (Table 4). 

D I S C U S S I O N  

Polyamines are well known to be involved 
in normal and neoplastic cell proliferation in 
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Fig.  6. Effect of D F M O  (4 m M )  in the presence or absence 
of exogenous putrescine administration (0.1 m M )  o n  I G F - I  
( 1 0 n g / m l )  stimulated proliferation of MCF-7 cells. E z 
(1 n M )  was simultaneously tested for comparison. Growth 
conditions were as specified in Materials and Methods. 
Treatment was continued for 2 or 4 days. Data represent 
mean ± S E M  o f  3 replicate experiments. D N A  content in 
control groups was 31.6 ± 2.7 a n d  48.9 ± 3.1 on days 2 and 
4, respect ively.  *P  < 0.05 vs control and I G F - I  + D F M O  
(day 2); **P < 0.05 vs each of the remaining groups (day 4) 
and the same treatment groups (day 2); t P  < 0.05 vs control 
(day 4); ~ P < 0.05 vs E 2 (day  4); ~ P < 0.05 vs I G F - I  (day  4). 
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Fig. 7. Effect of  D F M O  in the presence and absence of  
exogenous putrescine administration on ODC activity of  
MCF-7 cells treated with IGF-I for 4 days. Data represent 
mean + SEM of  the same 3 replicate experiments shown in 
Fig. 6. *P < 0.05 vs all other groups; **P < 0.05 vs the 

remaining 2 groups. 

numerous experimental systems [30]. Our own, 
as well as other laboratories, have now clearly 
shown that these compounds are important 
mediators of hormonal proliferative effects in 
experimental and human breast cancer cells in 
culture [15-18]. However, the specific mechan- 
ism(s) by which polyamines mediate the mito- 
genic action of hormones in these systems is not 
known. Our interest has recently focused on the 
interaction between the polyamine pathway and 
the autocrine/paracrine mechanisms of growth 
control using the NMU mammary tumor in the 
soft agar clonogenic assay. Our results have 
suggested that both the synthesis [19, 20] as well 
as the action [21, 22] of hormonally regulated 
growth factors may be influenced by poly- 
amines. Due, however, to the inability to 
measure cellular polyamine levels and quanti- 
tate growth factor production in the soft agar 
system, our conclusions have only been sup- 
ported by indirect data. 

Consequently, we recently focused our efforts 
on human breast cancer cell lines in liquid 
culture where the relationship between poly- 

amines and growth factor secretion/action can 
be more directly and quantitatively assessed. In 
this manuscript, we concentrated our attention 
on polyamines and immunoactive IGF-I, a 

polypeptide growth factor recently postulated to 
play a major role in breast cancer growth [2, 3]. 
It should be noted that the precise nature of the 
IGF-I immunoactivity measured in the con- 
ditioned media is not yet fully defined. Although 
previous experiments showed the presence of 
IGF-I mRNA by Northern analysis [3], more 
recent studies using a specific ribonuclease pro- 
tection assay have failed to show such message 
in human breast cancer cell lines[10]. Both 
we[l l] as well as other investigators[12-14] 
have shown that, following chromatography, a 
significant fraction of IGF-I immunoactivity 
elutes in the high molecular weight region. This 
activity appears to be accounted for by IGF-I 
binding proteins [12-14], which are known to 
interfere in the IGF-I radioimmunoassay [31]. 
Of interest, recent evidence indicates that these 
proteins may not simply serve a transport func- 
tion but may play a key role in the control of cell 
proliferation [32]. 

In addition to the high molecular weight 
IGF-I immunoactivity, a low molecular weight 
fraction corn±grating with authentic IGF-I has 
also been observed in conditioned media ob- 
tained from breast cancer cells in culture [3, 14]. 
The biochemical nature of such "IGF-I-related 
peptide" is presently unknown but could be 
closely related to authentic IGF-I and account 
for the transcripts detected on IGF-I Northern 
analysis of breast cancer cells [3]. The present 
studies, however, were not aimed at the charac- 
terization of immunoactive IGF-I but rather at 
the regulation of its secretion by polyamines and 
evaluation of its role in the control of MCF-7 
breast cancer cell proliferation. 

Our results clearly show that DFMO admin- 
istration was able to optimally suppress in a 
dose-dependent fashion cellular ODC activity as 

Table 3. Effect o f  D F M O  ( 4 m M )  with and without  Putrescine (0.1 m M )  adminis t ra t ion on 
polyamine pools of  I G F - I  (10 ng/ml)  treated M C F - 7  cells in culture 

Polyamines (nmol/106 cells) 

Treatment Putrescine Sperm±dine Spermine Spermidine/spermine 

Control  0.15 __. 0.08 0.59 +_ 0.03 0.87 _+ 0.11 0.69 _+ 0.04 
I G F - I  0.32 ± 0.0C 1.02 ± 0.09 d 0.94 ± 0.09 1.09 ± 0.02 d 
I G F - I  + D F M O  N D  b N D  b 0.94 + 0.02 N D  b 
I G F - I  + D F M O  + Pu 0.71 _ 0.10 c 1.08 ± 0.04 d 0.95_+0.09 1.15 ± 0 . 0 8  d 
E~ 0.32+_0.05 c 1.11 + 0 . 0 8  d 0.81 ±0 .15  1.44+_0.24 d 

'E  2 (10 -9 M) was simultaneously added for comparison;  
bND = not detectable, P < 0.05 vs IGF- I ;  
cp < 0.05 vs all the other  groups;  
dp < 0.05 vs control; 
¢0.1 > P > 0.05 vs control. 
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PATRICIA L. GLIKMAN el al. 

Table 4. Effects of the anti-lGF-I monoclonal antibody as well as irrelevant antibody on MCF-7 cell proliferation a 

Monoclonal anti-IGF-I IgG I , kappa 
Mouse IgGi,  kappa 

Treatment No antibody (3 #g/ml) (6 #g/ml) (6/~g/ml) 

Control (3.64 + 0.24)- 105 (3.11 + 0.56). 105 (2.68 __. 0.34). 105* (3.57 + 0.24). 105 
E 2 (1 nM) (6.52 -4-_ 0.35). 105 (4.60 + 0.43). 10 ~* (4.57 __. 0.50). 105* (6.26 __. 0.30). 105 
E 2 + D F M O ( 4 m M )  (4.94+0.16)-105 - -  + 4 -^s, _ 
E 2 + DFMO + Pu (0.1 mM) (6.82 +_ 0.46). 105 (5.36 + 0.46). 105* (5.13 _ 0. 3). lo (6.53 + 0.23). 105 

aMCF-7 cells were plated under serum free media conditions (see Experimental for details) in the presence of the indicated 
treatments. Data represent cell number after 4 days in culture. 

*P < 0.05 vs growth in the absence of the anti-IGF-I antibody or in the presence of the irrelevant antibody 

well as putrescine and spermidine levels. In 
parallel with these effects on the polyamine 
pathway, DFMO partially blocked in a dose- 
dependent manner E2-stimulated growth. 
Exogenous putrescine administration repleted 
cellular polyamine pools and reversed the 
DFMO effect, thus totally restoring E2-stimu- 
lated growth. Despite, however, these parallel 
changes in polyamine pools and proliferative 
activity, neither basal nor E2-stimulated im- 
munoactive IGF-I secretion was affected by 
DFMO with and without exogenous putrescine 
administration. Taken together, our data do not 
support a significant role of polyamines in the 
production of IGF-I immunoactivity. In our 
experiments, however, the increase in immuno- 
active IGF-I measured in the conditioned media 
following E2 administration was less than 
previously reported by other investigators [2]. 
Thus, our findings may not necessarily apply 
to conditions of more optimal stimulation of 
immunoactive IGF-I production by E2. Our 
results, however, indicate that the polyamines 
are involved in IGF-I action since the prolifera- 
tive effect of exogenous IGF-I administration 
was partially blocked by DFMO and restored 
by putrescine addition. Clearly, however, the 
role of polyamines in this regard may not be 
unique and may simply reflect the general need 
of these cells for polyamines to grow following 
exposure to any mitogens. 

Our findings provide support for an autocrine 
role of immunoactive IGF-I in MCF-7 breast 
cancer growth. We observed, in fact, that, under 
serum-free media conditions, the administration 
of a monoclonal antibody directed against 
IGF-I was able to partially block basal as well 
as E2-stimulated proliferation. Our data are in 
agreement with the recent report by Rohlik 
et al. [33] who obtained similar results using a 
monoclonal antibody to the IGF-I receptor. 
Since, however, their experiments were con- 
ducted in the presence of serum which contain 
small amounts of IGF-I, an autocrine role for 
IGF-I could not definitively be established in 
their study. 

Overall, our data emphasize a significant 
role of polyamines in E2-stimulated growth of 
MCF-7 breast cancer cells as also reported by 
Kendra and Katzenellenbogen[18]. A partial 
blockade of E2-promoted proliferation with 
DFMO administration was also observed by 
these investigators [18] who, however, did not 
measure cellular polyamine pools under their 
experimental conditions. Under our serum-free 
media conditions, cellular levels of putrescine 
and spermidine were nearly completely sup- 
pressed by DFMO administration in E2-treated 
cells. Spermine levels, on the other hand, were 
slightly increased as already reported in other 
experimental systems in the presence of DFMO 
treatment [34-36]. It is conceivable that the 
preserved spermine pools may account for the 
only partial blockade of E2 effect by DFMO. It 
would be of interest to determine whether a 
more complete blockade may be achievable with 
the newly introduced polyamine analogs which 
have been found to suppress spermine 
levels [37]. It is conceivable that under con- 
ditions of more optimal suppression of cellular 
polyamine levels and E2-stimulated growth by 
such analogs IGF-I production may also be 
affected. Alternatively, E2 effects in this exper- 
imental system may be partially independent of 
the polyamine pathway. Of interest, no inhi- 
bition of E2-stimulated growth was observed 
after only 2 days of treatment. Since we did not 
measure polyamine pools at this early time 
point, our data do not allow us to establish 
whether this finding was due to a delay in 
suppression of polyamine biosynthesis, by 
DFMO or, more likely, a lag time between 
lowering of polyamine pools and inhibition of 
proliferation. 

DFMO administration did not significantly 
inhibit basal MCF-7 cell proliferation (Fig. 1). 
In agreement with this finding, the suppression 
of spermidine and spermidine:spermine ratio 
by 4mM DFMO was also significantly less 
compared to that observed in E2-treated cells 
(Table 1). A much more dramatic antiprolifer- 
ative effect of DFMO on basal MCF-7 cell 
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growth has recently been reported by us under  
serum-repleted condi tons  [38]. A similar marked  
influence of  serum on D F M O  sensitivity of  
breast  cancer cells has also been observed by 
us under  condi t ions  of anchorage- independent  
growth using the N M U - r a t  m a m m a r y  

tumor  [19, 39]. 
Final ly,  our  data  indicate that  both  E2 and  

I G F - I  s t imulate po lyamine  biosynthesis in our  

system, even though the magni tude  of  the E2 
effect was variable f rom experiment  to exper- 
iment.  Whether ,  however, the E2/ IGF-I - induced  
rise in po lyamine  pools is ins t rumenta l  in the 
s t imula t ion  of  prol iferat ion by these compounds  
or whether  basal po lyamine  levels simply play a 
permissive role in these mitogenic effects canno t  
be established by our  data. We observed, in 
fact, that  even the lowest concen t ra t ion  of  
D F M O  tested (0.1 mM)  suppressed the levels 
of  putrescine and  spermidine and  the spermi- 
d ine :spermine  ratio to values well below control  
(Table 1). A more  selective inhib i t ion  of just  the 
E2/ IGF-I - induced  al terat ions in the polyamine  
milieu is necessary before the individual  roles of 
basal  vs s t imulated polyamine  pools can be 

established. 
In  summary,  our  data  indicate that  E2 

st imulates immunoac t ive  I G F - I  p roduc t ion  by 
M C F - 7  cells grown in the absence of  Phenol  
Red as already reported by other  investigators 

[2]. The polyamine  pa thway does not  appear  to 
be involved in immunoac t ive  I G F - I  synthesis 
bu t  seems to play an  impor t an t  role, at least 
in part ,  in I G F - I  act ion in our  experimental  
system. The part ial  inh ib i t ion  of basal  and  
E2-stimulated M C F - 7  cell growth observed with 
the addi t ion  of  a monoc lona l  an t ibody  to I G F - I  
indicates that  this polypeptide is an impor t an t  
but  no t  sole media tor  of  growth in this system. 
The role of  other growth factors as well as 
their in teract ion with the po lyamine  pa thway is 
current ly  under  investigation. 
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