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Abstract

Insulin and insulin-like growth factors (IGIs) stimulate the
growth of human breast cancer cells in vitro. The type I so-
matomedin receptor (SR) expressed in these cells may mediate
the growth effects of these peptides. We have examined the
role of this receptor on human breast cancer growth with a
monoclonal antibody (a-IR-3) that blocks the receptor binding
domain and inhibits IGF-I-induced growth. a-IR-3 inhibited
clonal growth in vitro and blocked the mitogenic effect of exog-
enous IGF-I in both MCF-7 and MDA-231 breast cancer cell
lines. Antibody-induced blockade of the type I SR also inhib-
ited the estrogen-independent MDA-231 cells growing in vivo
in nude mice, but growth of the estrogen-dependent MCF-7
cells was unaffected. IGIs are important growth regulators of
MDA-231 breast cancer cells. Blockade of this growth stimu-
latory pathway may provide a new treatment strategy.

Introduction

Insulin and insulin-like growth factors (IGFs)' stimulate the
proliferation of cultured human breast cancer cells ( 1-6). Re-
cently, breast cancer cells have been reported to synthesize and
secrete IGF activities into the culture medium (5-7), suggest-
ing that these polypeptides could function as both endocrine
and autocrine/paracrine growth regulators (8). In estrogen re-
ceptor (ER)-positive cells, the expression and secretion ofboth
IGF type I- and II-like proteins are increased by estrogen
leading to the possibility that they contribute to estrogen-in-
duced growth (6, 9).

It is assumed that IGF-I stimulates the growth of breast
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cancer cells via the type I somatomedin receptor (SR), also
known as the IGF-I receptor (5-7). As shown in other systems,
this receptor may also mediate some ofthe mitogenic effects of
IGF-II and insulin (10-15). Furthermore, breast cancer tissue
from patients exhibits higher IGF-I binding than adjacent
normal tissue (16) suggesting a link between type I SR and
breast epithelial cell transformation. If these peptides are im-
portant endocrine or autocrine/paracrine growth regulators,
then blockade of this receptor might inhibit breast cancer
growth. In the present study we have investigated the effect of
blockade of the type I SR on cultured human breast cancer
cells grown in vitro and in vivo as subcutaneous tumors in the
athymic nude mouse.

Methods

Cells, hormones, and antibodies. The MCF-7 line was supplied by Dr.
M. Lippman (National Cancer Institute) and the MDA-23 1 line was
obtained from the American Type Culture Collection (Rockville,
MD). Cells were cultured and passaged as previously described (17).
Human recombinant IGF-I was purchased from Amgen Biologicals
(Thousand Oaks, CA). 251I-IGF-I (sp act 2,125 Ci/mmol) was obtained
from the Amersham Corp. (Arlington Heights, IL).

a-IR-3 antibody is a mouse monoclonal IgG, prepared after immu-
nization with partially purified insulin receptors from human placenta
(18). This antibody specifically blocks type I SR binding (18, 19). The
mouse monoclonal a-IR- 1 antibody, which recognizes a nonbinding
domain of the insulin receptor and has no biologic activity (12, 19),
was used as a control. Purified antibody preparations contained no
detectable endotoxin (< 0.3 pg/fug by the Limulus ameba lysate test).

Binding studies. Breast cancer cells were grown in 24-well tissue
culture plates (Corning Glass Works, Corning, NY). Once confluent,
the monolayers were washed with binding buffer (improved minimum
essential medium [IMEM], 0.1% BSA, 25 mM Hepes [Gibco Labora-
tories, Grand Island, NY], pH 7.4) and incubated with 40 pM '25I-
IGF-I plus various concentrations of unlabeled a-IR-3 or IGF-I, for 90
min at room temperature. Monolayers were then washed three times
with cold PBS/0. 1% BSA and solubilized with 0.5 N NaOH, and cell-
associated radioactivity was measured in a gamma counter.

In vitro growth experiments. For anchorage-independent growth
experiments, a single-cell suspension of 5 X 103 cells was cloned in
0.8% agarose as previously described (17) with different concentrations
of a-IR-3 or a-IR-l. The dishes were incubated in a 5% CO2 atmo-
sphere at 37°C and colonies (measured 2 50 um) were counted using
an image analyzer (Omnicon model II, Bausch & Lomb, Inc., Roches-
ter, NY). For monolayer growth experiments, 30 X 103 cells per well
were plated in 24-well tissue culture plates in IMEM supplemented
with 5% fetal calf serum (FCS). After 24 h, the medium was removed
and replaced with phenol red-free serum-free IMEM alone or with
IGF-I, a-IR-3, or both. Medium with hormone and/or antibody was
exchanged every 2 d. Cell counts were determined after suspending the
cells with 1 mM EDTA 5 d after plating.

In vivo experiments. 3-wk-old female athymic mice (Harlan
Sprague-Dawley, Madison, WI) were inoculated in the flank just cau-
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Table L Effect ofa-IR-3 and a-IR-i on Anchorage-independent
Growth ofBreast Cancer Cells

MCF-7 MDA-23 1

PBS 194±24 1098±28
a-IR-3

1.0 nM 115±38 827±91
10 nM 55±7 550±37
100 nM 34±10 488±57

a-IR-I
100 nM 205±21 1160±141

A single-cell suspension of 5 X 103 cells was cloned in 0.8% agarose
containing IMEM, 10% calf serum, and 10 mM Hepes. Colonies
measuring 2 50 lsm were counted as described in Methods after
10-14 d. Values are the mean±SE of triplicate determinations.

dal to the forelimb with 107 log phase MCF-7 or MDA-231 cells. Twice
weekly intraperitoneal injections of PBS, a-IR-3, or a-IR- 1 were
started simultaneously and continued for 4-5 wk. All mice inoculated
with MCF-7 cells and some with the MDA-231 cells received a 0.25-
mg 17f3-estradiol pellet (Innovative Research, Toledo, OH) implanted
subcutaneously in the interscapular region. Tumor diameters were
measured at regular intervals and tumor volume in cubic millimeters
was calculated by the formula: volume = (width)2 X length/2. At the
end of the experiments, mice were sacrificed by cervical dislocation
and blood was collected from a sectioned axillary artery. Tumors were
removed, formaldehyde-fixed, sectioned, and stained with hematoxy-
lin and eosin. Tumors were also stained for keratin, cytokeratin, epi-
thelial membrane antigen, carcinoembrionic antigen, and collagen.

IGF-I levels and type I SR blocking activity in mouse serum. To
determine immunoreactive IGF-I levels, serum was pooled from six
estrogen-supplemented MCF-7 tumor-bearing mice, and from six
mice with MDA-231 tumors. IGF-I levels were determined by RIA as
described (20). To determine type I SR blocking activity, mouse serum
was obtained 3 d after the last intraperitoneal administration ofPBS or
either antibody. Confluent monolayers ofMCF-7 or MDA-231 cells in
24-well plates were preincubated with a 1:10 dilution of mouse serum
for 2 h at 4°C, and then washed with binding buffer. The monolayers
were then incubated in binding buffer with 40 pM '25I-IGF-I for 90
min at room temperature, and cell-associated radioactivity determined
as above. The number of counts per minute bound was compared to
that bound to cells preincubated with control serum and expressed as

percent inhibition of binding. Each sample ofmouse serum was tested
individually in triplicate wells.

Results

Binding experiments. In both breast cancer cell lines competi-
tive binding studies and Scatchard analysis demonstrated that
a-IR-3 was more potent than the native hormone in inhibiting
binding of '25I-IGF-I (data not shown). These binding data
revealed a Kd of 0.6 nM (MCF-7) and 2.1 nM (MDA-23 1) for
the receptor antibody compared with 2.9 and 4.2 nM for
IGF-I. a-IR- 1, at a concentration of 130 nM, had no effect on
labeled IGF-I binding.

In vitro growth experiments. Since a-IR-3 was an effective
inhibitor of binding to the type I SR, we next determined
whether this antibody-mediated receptor blockade could in-
hibit the growth of breast cancer cells in vitro. Anchorage-in-
dependent growth of both lines was inhibited reproducibly by
a-IR-3 in a dose-dependent fashion (Table I). A maximal ef-
fect was observed with 100 nM a-IR-3, the concentration at
which maximal inhibition of receptor binding was also ob-
served. The a-IR- 1 control antibody had no inhibitory effect
on colony growth.

Since colony formation in vitro requires growth in serum-
supplemented medium, which contains IGF-I, the importance
of endogenously secreted IGF-like activities as autocrine
growth factors could not be assessed. Hence, the effects of
exogenous IGF-I and a-IR-3 on monolayer growth in serum-
free medium were determined (Table II). IGF-I stimulated
proliferation of both cell lines, and this effect was inhibited by
a-IR-3. In the absence of IGF-I, neither a-IR-3 nor a-IR- 1
inhibited the growth ofthese cells. In some experiments a-IR-3
had a modest stimulatory effect on cells growing in serum-free
medium.

In vivo experiments. Athymic mice were inoculated with
MCF-7 or MDA-23 1 cells. Intraperitoneal antibody treatment
was started simultaneously and continued twice weekly for
4-5 wk. After 2-3 wk each cell line produced a palpable tumor
mass. Despite the fact that a-IR-3 inhibited clonal growth of
MCF-7 cells in vitro, the antibody did not block growth of
these cells in vivo. In contrast, in vivo growth of MDA-231
cells was markedly inhibited (Fig. 1 and Table III). Identical

Table II. Effect of Type 1 SR Blockade on IGF-I-induced Growth ofHuman Breast Cancer Cells

MCF-7 MDA-23 1

Exp. No. I Exp. No. 2 Exp. No. I Exp. No. 2

X10-3 cells X10-3 cells

Control 185±12 191±12 64±5 218±17
a-IR-3 (100 nM) 215±12 226±14 91±13 224±21
IGF-I (13 nM) 337±34 360±12 181±3 413±16
IGF-I + a-IR-3 249±12 241±15 136±11 263±11
a-IR-I (100 nM) ND 172±11 ND 229±14
IGF-I + a-IR-I ND 362±21 ND 392±11
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Breast cancer cells were grown in phenol red-free, serum-free IMEM alone or with IGF-I, a-IR-1, a-IR-3, or both hormone and antibody. Me-
dium with hormone and/or antibody was exchanged every 2 d. Cell counts were determined after suspending the cells with 1 mM EDTA on
day 5. Values represent means±SE of triplicate determinations from two separate experiments. ND, not done.
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Figure 1. Effect of type I SR antibody treatment on growth of
MCF-7 (left) and MDA-231 (right) tumors in athymic mice. 3-wk-
old female athymic mice were inoculated subcutaneously with 107
log-phase MCF-7 or MDA-231 cells. Twice weekly intraperitoneal
injections with (o) PBS or (e) 500 1Ag of a-IR-3 antibody were started
simultaneously and continued for 4-5 wk. Tumor diameters were
measured at regular intervals as specified in Methods. Each data
point represents the mean±SE of six mice.

results were observed in two separate duplicate experiments.
Estrogen treatment of mice carrying MDA-23 1 tumors had no
effect on tumor growth, and it did not prevent inhibition by
a-IR-3 (not shown).

The inhibitory effect on the ER-negative MDA-23 1 tumors
was dose dependent (Fig. 2, left). A maximal effect was ob-
served with 500 ug per injection of a-IR-3. At this dose, the
tumor take rate was only 50% (only three of six inoculated
mice formed a small palpable tumor) (Table III). Intermediate
levels of inhibition were observed with doses ranging between
2 and 200 Mg per injection. The a-IR-1 control antibody (Fig.
2, right) had no effect on MDA-231 tumor growth in doses
ranging from 2 to 200 Mg.
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Figure 2. Effect of a-IR-3 and a-IR-1 on growth of MDA-23 1
tumors in athymic mice. MDA-23 1 cells were implanted in athymic
mice as described in Fig. 1 and injected twice weekly intraperitone-
ally for 5 wk with PBS (.) or with different doses of a-IR-3 (left) or
ax-IR-l1 (right); 500 M~g (o), 200 ,ug (tx), 20 yg (in), and 2 yg (o). Each
data point represents themean-SE of six mice.

Tumor sections stained with hematoxylin and eosin re-
vealed marked fibrosis, tumor cell loss, and the appearance of
numerous spindle-shaped cells in the a-IR-3-treated
MDA-23 1 tumors but not in the controls treated with c-IR-l
(Fig. 3). Most of the spindle-shaped cells were cytologically
malignant and stained for epithelial markers (keratin, cytoker-
ata, epithelial membrane antigen, and carcinoembrionic an-
tigen); some were cytologically benign, lacked epithelial
markers, and were consistent with mouse fibroblasts. A mono-
nuclear cell infiltrate was not observed in any ofthe sections. A
tri-elastin stain revealed marked deposition of collagen in the

A-IR-3-treated MDA-231 tumors (not shown). These histo-
logic changes were not present in the MCF-7 tumors from

Table III. Inhibition ofBreast Tumor Formation and Growth in Nude Mice Treated with a-IR-3 and a-IR-I

Type I SR
blocking activity

Cell line Treatment Dose Tumor formation* Tumor size Tumor weight in serum

Ag mm3 mg %

MCF-7 PBS - 6/6 381±70 ND 0
a-IR-3 500 6/6 434±149 ND 66±0.8

MDA-231 PBS - 6/6 273±28 177±26 0
a-IR-3 2 6/6 113±40 77±18 23±3

20 6/6 127±23 75±11 54±0.7
200 5/6 98±20 89±11 57±0.6
500 3/6 37±14 41±10 59±1

a-IR- 1 2 6/6 234±37 179±26 0
20 6/6 234±49 155±31 0
200 6/6 280±40 198±48 3±1

Athymic mice were inoculated with MCF-7 or MDA-231 cells. Treatment with PBS or antibody was started simultaneously and continued
twice weekly thereafter for 4 (MCF-7) or 5 (MDA-23 1) wk, at which time tumor formation, volume, weight, and histology were evaluated. To
determine serum type I SR blocking activity, confluent monolayers of MCF-7 or MDA-231 cells were preincubated with a 1:10 dilution of
mouse serum, washed, and then incubated with '25I-IGF-I as described in Methods. The number of counts per minute bound was compared to
that bound to cells not preincubated with serum and expressed as percent inhibition of binding. Each individual mouse serum sample was
tested in triplicate wells. All data are presented as the mean±SE of six animals per each dose. ND, not done. * Number of animals in which
tumors formed per total number of animals inoculated with tumor cells.
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Figure 3. Histology of a-IR- l- and a-IR-3-treated MDA-231 tumors. Nude mice were implanted with MDA-23l cells and injected intraperito-
neally twice weekly for 5 wk with 200 ,g of a-IR-1 (A and C) or 500 jg of a-IR-3 antibody (B and D). On day 35, tumors were removed, formal-
dehyde-fixed, sectioned, and stained with hematoxylin and eosin. Upper panels were photographed at X 125 and lower panels at X 1,000.

mice treated with either a-IR-3 or a-IR- 1. A complete nec-
ropsy in the control and a-IR-3 treated mice was otherwise
normal.

IGF-I levels and type I SR blocking activity in mouse
serum. Differences in the inhibitory effects of a-IR-3 on
MCF-7 and MDA-23 1 tumors were not due to differences in
either type I SR blocking activity or in IGF-I levels in mouse
serum. As shown in Table III, type I SR blocking activity was
not detected in serum from mice with either MCF-7 or
MDA-23 1 tumors treated with PBS or a-IR- 1. In contrast, the
mice treated with a-IR-3 exhibited significant dose-dependent
receptor blocking activity in their serum. Similar levels of re-
ceptor blocking activity were achieved in mice with either
MCF-7 or MDA-23 1 tumors treated with 500 jig of a-IR-3.
Still, growth of the MCF-7 tumors was not affected.

Immunoreactive IGF-I levels were also similar in both
groups of mice. IGF-I levels, by RIA, were 65 and 68 ng/ml in
pooled sera from estrogen-supplemented MCF-7 tumor-bear-
ing mice and from mice with MDA-23 1 tumors, respectively
(Merimee, T. J., personal communication).

Discussion

In this study we have reported the effect ofblockade ofthe type
I SR on in vitro and in vivo growth of human breast cancer

cells. This receptor may mediate at least partially the mito-
genic effect of insulin, IGF-I, and IGF-II on these cells. In the
presence of serum, anchorage-independent growth of both
MCF-7 and MDA-231 cell lines was inhibited by a-IR-3. A
similar inhibitory effect by this antibody on monolayer growth
of MCF-7 cells in medium containing calf serum has been
reported (21). Under serum-free conditions, antibody-induced
receptor blockade either had no net effect or in some experi-
ments slightly stimulated growth, thereby making it difficult to
evaluate the possible autocrine role of secreted IGF-like activi-
ties on breast cancer cell proliferation by means of this model.
The mechanisms mediating this mild stimulatory effect, also
observed in Chinese hamster ovary cells transfected with the
IGF-I receptor (22), are currently unclear. However, utilizing a
panel of five additional human breast cancer cell lines, we have
not observed growth stimulation (or inhibition) with alpha-
IR-3 under serum-free conditions (Arteaga, C. L., and C. K.
Osborne, manuscript submitted for publication).

In the nude mouse model, antibody-induced blockade of
the type I SR inhibited growth of the estrogen-independent
MDA-23 1 cells in a dose-dependent fashion. It seems unlikely
that the inhibitory effect of a-IR-3 was mediated by modula-
tion of the host immune mechanisms in these athymic mice
since growth inhibition was not observed when a control anti-
body was administered, and since a mononuclear cell infiltrate
was not observed in any of the tumor histologic sections.

Insulin-like Growth Factor Type I Receptor Blockade in Cancer Growth Inhibition 1421
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Despite similar levels of type I SR blocking activity and of
immunoreactive IGF-I levels in serum from mice inoculated
with MCF-7 cells, growth ofthe MCF-7 tumors was unaffected
by treatment with the anti-receptor antibody. There are sev-
eral possible explanations for the loss of sensitivity of the
MCF-7 cells to a-IR-3 when grown in vivo. First, it is possible
that estrogen is the major growth factor for the ER-positive
MCF-7 cells and that its effects override those mediated by the
IGFs. It is also possible that other estrogen-induced growth
promoting activities (i.e., epidermal growth factor [EGF]-like
peptides) (23, 24) made by the MCF-7 cells compensate for the
type I SR blockade. Experiments using combinations of anti-
bodies against different growth factors or their receptors may
address that possibility. Secondly, it is conceivable that the
MCF-7 cells lose the type I SR in vivo. However, recent reports
indicate a stimulatory effect of exogenous IGF-I on MCF-7
tumor growth in nude mice (23), suggesting that these cells
maintain their type I somatomedin receptors in vivo. Further-
more, breast cancer cells from patient biopsies also express
type I somatomedin receptors (16). Thirdly, it is possible that
estrogen supplementation induced a marked increase in IGF-I
secretion by other mouse organs, and that this secretion was
able to counteract the inhibitory effect of a-IR-3. However, we
found no difference in serum receptor blocking activity or in
serum IGF-I levels between mice receiving estrogen supple-
mentation and those that were estrogen-deprived. Moreover,
the MDA-231 cells secrete constitutively higher levels of an
IGF-I-like protein (3) and are still inhibited by the type I SR
antibody. Finally, estrogen supplementation did not prevent
the growth inhibition of MDA-23 1 tumors in vivo.

In summary, these studies show that antagonism of the
type I SR with an antibody inhibits growth of human breast
cancer cells in vitro. In addition, in an athymic mouse model,
receptor blockade inhibits in vivo growth of the estrogen-inde-
pendent MDA-231 breast cancer cells, suggesting that IGFs
may be important in vivo growth regulators for some human
breast cancers. The potential toxicity of in vivo blockade ofthe
type I SR will require additional studies. This toxicity could
not be assessed in this model since the antibody does not cross
react with mouse receptors. This is the first report demonstrat-
ing that interruption ofa polypeptide growth factor pathway in
vivo can alter growth of breast cancer. Other reports have
shown that in vivo blockade of the EGF receptor (25) or anti-
body neutralization of bombesin (26), a possible autocrine
growth factor, can inhibit growth of other tumors. These data
suggest that antagonism of polypeptide growth factors may
offer a new strategy for "endocrine" therapy of breast cancer.
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