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Abstract

Westudied the nature of insulin receptor binding in MCF-7
breast cancer cells. In both intact cells and solubilized receptor
preparations, high-affinity insulin binding was seen. However,
unlabeled insulin-like growth factor-I (IGF-I) was five-fold
more potent in inhibiting "HI-insulin binding than insulin itself.
With monoclonal antibodies to the insulin receptor, 30%of 125I1
insulin binding was inhibited. In contrast when a-IR3, a mono-
clonal antibody that recognizes typical IGF-I receptor, was em-
ployed over 60%of 1251-insulin binding was inhibited. The B29-
MAB-'251-insulin photoprobe was then cross-linked to MCF-7
membranes. Cross-linking was inhibited by both unlabeled in-
sulin and IGF-I. Further, the B29-MAB-1251-insulin photo-
probe cross-linked to MCF-7 membranes was strongly immu-
noprecipitated by a-IR3. Employing sequential affinity chroma-
tography with insulin-Affi-gel followed by insulin receptor
monoclonal antibody agarose, atypical insulin binding activity
was separated from insulin receptor binding activity. This atypi-
cal receptor had intrinsic tyrosine kinase activity. Both insulin
and IGF-I stimulated the phosphorylation of the receptor's ,B
subunit. In MCF-7 cells both IGF-I and insulin stimulated
13H1thymidine incorporation; a-IR3 blocked all of the IGF-I
effect but only 50-60% of the insulin effect. This study demon-
strates in MCF-7 cells that, in addition to typical insulin and
IGF-I receptors, there is another receptor that binds both insu-
lin and IGF-I with high affinity. (J. Clin. Invest. 1992.89:899-
908.) Key words: insulin receptor * insulin-like growth factor-I*
oncogene * photocross-linking. tyrosine kinase

Introduction

Receptors that have tyrosine kinase activity in their intracellu-
lar domain play a key role in both normal and neoplastic cell
growth. The insulin receptor (IR)' belongs to the tyrosine-ki-
nase growth factor receptor family (1-3), and insulin mediates
proliferative responses in a variety of both normal and trans-
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formed cells (4, 5). However, the role of the IR molecule in
human neoplasia has not yet been established. Recently, we
have reported that overexpression of the IR is a characteristic
feature of many human breast cancer specimens (6). By using a
specific IR radioimmunoassay, we found that the average IR
content of human breast cancer specimens was five- to six-fold
higher than that of normal breast tissue. With immunohisto-
chemical analysis we localized the increased expression of the
IR to the malignant epithelial cells. The IR content of the
breast cancer specimens was positively correlated with tumor
grade and tumor size. These observations suggested, therefore,
a possible role for IRs in human cancer initiation and/or pro-
gression.

Humanbreast cancer cells in tissue culture are important in
vitro models for studying the regulation of breast cancer tissue
by hormones and growth factors, and established estrogen-sen-
sitive lines of breast carcinoma cells in tissue culture, have been
used to understand the regulation of human breast carcinoma
growth by polypeptide growth factors (7). Accordingly, these
cells have been employed to study the effect of insulin on the
regulation of growth and other cellular functions (8). However,
whether insulin mediates the growth of breast cancer cells via
the IR is controversial. On one hand, Osborne, Lippman and
colleagues have reported that concentrations of insulin as low
as 10 pMstimulate the growth of MCF-7 cells, an estrogen-sen-
sitive line that contains relatively high levels of insulin binding
(8, 9). Further, the effects of insulin on mitogenesis on these
cells were not inhibited by the monoclonal antibody a-IR3
(10), a specific antagonist of the related insulin-like growth fac-
tor-I (IGF-I) receptor ( 11). These findings have suggested, there-
fore, that insulin, via its own receptor, regulates growth in
MCF-7 cells. On the other hand, two other groups have re-
ported that much higher concentrations of insulin are needed
to stimulate the growth of these cells (12, 13). Since the related
ligand, IGF-I, stimulated the growth of MCF-7 cells at much
lower concentrations than insulin, and since insulin interacts
with IGF-I receptors, these groups concluded that the effect of
insulin on the growth of MCF-7 cells was due to the interaction
of insulin with the IGF-I receptor. However, in none of the
above studies was insulin binding to receptors in either MCF-7
or other breast cancer cells investigated in detail.

The study of insulin and IGF-I receptors in target cells is
complicated both by the similarity of the two ligands, insulin
and IGF-I, and the similarity of their two receptors (14). Also,
both atypical and/or alternative IGF-I receptors and IGF-I/IR
hybrids have been reported in several cell types (15-18). In the
present study, in order to investigate the insulin receptor in
MCF-7 cells, we employed (a) monoclonal and polyclonal anti-
bodies specific for insulin and IGF-I receptors and (b) photo-
probes of insulin and IGF-I. Wenow find evidence that in
MCF-7 cells there is an unusual receptor that has high affinity
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for both insulin and IGF-I. This unusual receptor may signal
the effects of both insulin and IGF-I.

Methods

The following materials were purchased: Dulbecco's modified Eagle's
medium (DME H-21), nonessential amino acids, fetal calf serum
(FCS), glutamine, penicillin, streptomycin, and trypsin from the Cell
Culture Facility, University of California, San Francisco; tissue culture
flasks and dishes from Falcon Labware, Los Angeles, CA; MCDB-170
media and bovine pituitary extract from Clonetic Corp., San Diego,
CA; epidermal growth factor from Collaborative Research, Bedford,
CA; bovine serum albumin (BSA, radioimmunoassay grade), Triton
X-100, bacitracin, phenylmethylsulfonyl fluoride (PMSF), transferrin,
hydrocortisone, isoproterenol, human y-globulin, sonicated salmon
sperm DNA, dextran sulfate, poly (Glu-Tyr) 4:1, and porcine insulin
were purchased from Sigma Chemical Co., St. Louis, MO; wheat germ
agglutinin agarose (WGA) from ICN Biomedicals, Costa Mesa, CA;
formamide and proteinase K from Gibco BRLLife Technologies, Inc.,
Gaithersburg, MD; Affi-gel 15, dithiothreitol and reagents for SDS
PAGEfrom Bio-Rad Laboratories, Richmond, CA; IGF-I from Eli
Lilly & Co., Indianapolis, IN; '25I-labeled insulin (sp act 2,200 Ci/
mmol), [3H]thymidine (82.3 Ci/mmol) and [y-32P]ATP (3,000 Ci/
mmol) from NewEngland Nuclear, Boston, MA; '25I-labeled IGF-I (sp
act 2,000 Ci/mmol) and [a-32P]dCTP (3,000 Ci/mmol) from Amer-
sham Corp., Arlington Heights, IL.

Sepharose-protein A was from Pharmacia (Canada). The radioac-
tive photoprobe of insulin, N'29-monoazidobenzoyl insulin (B29-
MAB-'25I-insulin) was prepared as previously described (19). N`-
monoazidobenzoyl IGF-I (B28-MAB-l251-IGF-I) will be described else-
where.

For most studies we used a line of MCF-7 kindly donated by Dr. I.
Perroteau (Universita di Torino, Turin, Italy). Other MCF-7 and ZR-
75-1 cells were from Cell Culture Facility, University of California, San
Francisco; T-47D cells were from Dr. C. Sonnenschein and Dr. A.
Soto, Tufts University, Boston, MA. These cell lines were routinely
grown in DMEH-21 with 10% fetal calf serum, nonessential amino
acids, glutamine, penicillin, and streptomycin. The medium was
changed every 2 d. 184 nonimmortalized breast epithelial cells (from
Dr. M. Stampfer, Lawrence Berkeley Laboratory, University of Califor-
nia, Berkeley, CA) were cultured as previously indicated (20) in
MCDB-170 media, supplemented with bovine pituitary extracts, insu-
lin, epidermal growth factor, hydrocortisone, isoproterenol, and trans-
ferrin. Anti-IR monoclonal antibodies were prepared as previously de-
scribed (21). a-IR3, a mouse monoclonal antibody to the IGF-I recep-
tor (11) was a gift from Dr. S. Jacobs (Burroughs Wellcome Co.,
Research Triangle Park, NC). Antibody to peptide II corresponding to
the insulin receptor sequence 241-251 was prepared as previously de-
scribed (22).

RNAanalysis
Poly(A)+ RNAwas extracted from cell monolayers (typically I0O cells)
using a new, one-step method as previously described (23). Briefly,
adherent cells were released with proteinase K (final 0.3 mg/ml) and
solubilized in 1% sodium dodecyl sulfate. Oligo(dt)-cellulose was di-
rectly added to the lysate and incubated overnight at 22°C. Poly(A)+
RNAwas eluted from oligo(dt)-cellulose by adding 3 ml of 10 mMTris
with 0.1 mMEDTAand 0.2% SDS. Poly(A)+ RNA(8 Mg) was then
electrophoresed on 1%agarose gel containing 2.2 Mformaldehyde and
then transferred to nitrocellulose filters.

Northern blot hybridization for insulin receptor mRNAwas
carried out using two human IR cDNAprobes, 18.2 and 13.2 (1 and
4.2 kb, respectively) a kind gift of Dr. G. I. Bell, University of Chicago.
Northern blot hybridization for IGF-I receptor mRNAwas carried out
using an IGF-I receptor cDNAprepared as previously described (24).

These were labeled with 100 MACi [32PJCTP by random primers (25) to a
specific activity of 109 cpm/ug. The nitrocellulose filters were prehy-
bridized and hybridized as previously described (25). Filters were then
washed under high stringency conditions twice for 30 min at 420C in
lx SSC(20x SSC= 3 MNaCI, 300 mMNa citrate, pH 7.0) with 0.1%
SDSand twice for 30 min at 50C in 0.5x SSCwith 0.1% SDSand
autoradiographed. In certain studies, low stringency hybridization was
carried out by washing the filter fourtimes for 10 min at room tempera-
ture in lx SSCwith 0.l% SDS.

'25I-insulin and '251-IGF-I binding to intact cells
Cells attached to 24-mm tissue dishes were rinsed twice with 1 ml of
phosphate buffered saline (PBS) and incubated for 16 h at 4VC in 0.5
ml of binding buffer containing 120 mMNaCl, 1.2 mMMgSO4, 15
mMNa acetate, 5 mMKCI, 10 mMglucose, 1 mMEDTA, 10 mg/ml
BSA, 1 mg/ml bacitracin, 50 mMHepes, pH 7.8, and 40 pM 1251-insu-
lin with or without increasing concentration of unlabeled hormones or
antibodies. The incubation medium was then removed, the mono-
layers were washed twice, the cell lysed with 0.03% SDSand the radioac-
tivity associated with cell lysate was measured in a y-scintillation
counter (Beckman Instruments, Inc., Palo Alto, CA). Binding was
corrected for nonspecific '251-insulin binding (< 5%of total binding) as
determined in the presence of 1 MMunlabeled insulin. Specific '25I-in-
sulin binding/mg protein was 7.5%, 5.4%, 17.4% and 1.2% total radioac-
tivity in MCF-7, T-47D, ZR-75-1, and 184 cells, respectively.

Specific '25I-IGF-I binding to MCF-7 cells was carried out in the
same manner. Nonspecific binding (< 5%of total binding) was deter-
mined in the presence of 100 nM unlabeled hormone. Specific '25I-
IGF-I binding/mg protein was 83.9%, 31.6%, 16.7%, and 50% total
radioactivity in MCF-7, T-47D, ZR-75-1, and 184 cells, respectively.

MCF-7 membrane preparation
Confluent cells from five flasks (150 cm2) were harvested and centri-
fuged. The cell pellet was resuspended in 50 mMTris buffer, pH 7.9,
containing 10 mMbenzamidine, 30 ug/ml aprotinin, 0.2 mg/ml baci-
tracin, 10 mMPMSF, sonicated three times for 20 s, and centrifuged
for 10 min at 2,500 rpm. The pellet obtained was treated as above one
more time. The supernatants of each centrifugation were pooled and
centrifuged at 11,000 rpm for 10 min. The pellet was resuspended in
1-2 ml of Tris buffer, aliquoted in I00-Ml fractions and microfuged for
30 min. The supernatant was finally removed, and the pellet was stored
at -700C.

Photoaflinity labeling and immunoprecipitation
Membranes from MCF-7 cells were incubated overnight at 4°C at a
final protein concentration of 0.3-0.5 mg/ml with the '251-labeled pho-
toprobe in 50 mMTris-HCl buffer, pH 7.4, containing bacitracin (1
mg/M ml), BSA (0.01%), aprotinin (0.05 mg/ml), benzamidine (10
mM), pepstatin (1.35 Mg/ml), leupeptin (0.95 Mg/ml), and PMSF(1
mM). After photolysis (19), the membrane pellet, recovered after cen-
trifugation in a Biofuge for 30 min, was either solubilized in SDSsam-
ple buffer for SDS-PAGEin 7.2% gel, or solubilized in Triton X-100 to
be used for immunoprecipitation. Solubilization in Triton was carried
out at a protein concentration of 1.2 mg/ml in 1%Triton X-100 in 50
mMHepes buffer, pH 7.4, containing NaCl (150 mM), bacitracin (0.08
mg/ml), aprotinin (0.01 mg/ml), benzamidine (10 mM), pepstatin
(1.35 ,ug/ml), leupeptin (0.95 Mg/ml), and PMSF(1 mM). Solubiliza-
tion was carried out for 90 min in an ice bath followed by centrifuga-
tion at 29,000 g for 23 min. Aliquots of the supernatant, each contain-
ing about 1.5 x I05 cpm, were incubated overnight at 4°C with 10 Mgof
monoclonal antibody to IR, 1 Mgof a-IR3, or 50 ug of immunoglobulin
from the human polyclonal antiserum to the IR or normal human
immunoglobulin. Samples were then incubated with Sepharose-pro-
tein A (7 mg) for 90 min at 4°C. The immunocomplex bound to the
Sepharose-protein A was solubilized for SDS-PAGEin 7.2% gel under
reducing conditions.
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Radioautograms of the dry gels were obtained with X-Omat AR
film (Eastman Kodak Co., Rochester, NY) and Lightening-Plus en-
hancing screens. Exposure time ranged from 3 to 5 d.

Receptor purification by affinity chromatography
Step 1. Confluent 150-cm2 flasks of MCF-7 cells were solubilized in 50
mMHepes buffer pH 7.6 containing 1 mg/ml bacitracin, I mMPMSF,
and 1% Triton X-100 for 60 min at 4VC. A clear supernatant was
obtained by centrifugation at 100,000 g for 35 min at 4VC. The super-
natant was then applied to a l-ml WGAagarose column which had
been previously equilibrated with WGAcolumn buffer containing 150
mMNaCl, 0.1% Triton X-100, 1 mMPMFS, and 50 mMHepes, pH
7.6. Glycoproteins were eluted with the same buffer containing 0.3 M
N-acetyl D-glucosamine (26).

Step 2. The fractions with insulin-binding activity were pooled and
applied to a 2.5-ml column composed of insulin coupled to Affi-gel 15
(27). After an 18-h incubation at 4VC, the pass-through of the insulin-
Affi gel column was collected, the column was washed with 50 mMTris
HC1 buffer, pH 7.4, containing 1 MNaCl, 0.1% Triton X-100, and 1
mMPMFS, and then eluted with 50 mMNa-acetate buffer, pH 5.0,
containing 1 MNaCl, 0.1% Triton X-100, and 1 mMPMSF. Fractions
were collected in tubes containing 0.1 ml of 1 MTris-Cl buffer pH 8.

Step 3. The fractions with insulin-binding activity were applied to a
column of agarose coupled to monoclonal antibody 51 directed at the
human IR a subunit (28). The pass-through was collected and applied
to a WGAcolumn as described in step 1. The column was washed with
column buffer composed of 50 mMHepes, pH 7.6, 1 MNaCl, 0.1%
Triton X-100, 1 mg/ml bacitracin, and 1 mMPMSF. The IR was
eluted with 1.5 MMgCI2, 0.12 Msodium tetraborate, 0.1% Triton
X-100, pH 6.5. Eluted fractions were diluted 10-fold with washing
buffer and finally applied to WGAcolumn as described in step 1.

'25I-insulin and '25I-IGF-I binding to affinity-purified,
solubilized receptors
Insulin-binding activity was measured at each purification step by in-
cubating the receptor preparation at 4°C for 16 h with '25I-labeled
porcine insulin (40 pM) in a final volume of 240 Ml of binding buffer
(100 mMHepes, pH 7.9, 120 mMNaCl, 1.2 mMMgCI2, 2 mM
MnC12, 2.5 mMKCl, 0.5 mMNa acetate, 1 mMEDTA, 1 mg/ml
bacitracin, 10 mg/ml BSA) in the presence or absence of excess unla-
beled insulin. Carrier human y-globulin (10 mg/ml) was added to each
tube. 0.2 ml of 22%polyethyleneglycol (PEG) 6000 was then added and
incubated for 15 min at 4°C. After centrifugation, precipitates were
washed once with 1 1% PEGand recentrifuged, and the supernatant
was discarded and the pellet was counted. Specific binding was ob-
tained by subtracting binding with 1251-insulin plus unlabeled insulin
from binding with 251I-insulin alone. Specific 125I-IGF-I binding to solu-
ble receptors was carried out in the same manner.

Tyrosine kinase studies
Autophosphorylation of atypical IGF-I receptors. Aliquots (20 Ml) of
purified atypical IGF-I receptor preparations obtained as described
above, were preincubated with 2 mMMnCl2 and 100 nM of either
insulin or IGF-I in a total volume of 25 ,l of WGAbuffer. After 60 min
at 20°C, the phosphorylation reaction was initiated by adding ATP(10
AM) and 1 MCi ['y32-P]ATP. After 60 min at 20°C, samples were added
to 10 Ml of 4X Laemmli buffer containing 100 mMdithiothreitol and
boiled for 5 min. Phosphorylated receptor preparations were analyzed
on 7.5% SDS-PAGEunder reducing conditions. Radioautograms of
the dry gels were obtained as described above.

Artifical substrate phosphorylation. For studies of exogenous sub-
strate phosphorylation, atypical IGF-I receptor preparations in 20 Ml of
WGAbuffer were preincubated for 60 min at 200C with increasing
concentrations of either insulin or IGF-I in presence of 2 mMMnCl2
and 10 mMMgCl2. Next, ATP (10 MM), 1 MCi ['y32-P]-ATP and 1
mg/ml of the synthetic substrate poly(Glu-Tyr) 4:1 were added, and the

Kb Kb Figure 1. Northern blot
analysis of IGF-I (A) and

11.0- 81.5- _ insulin (B) receptors

5.5- *. mRNA.Poly(A)+ RNAwas

prepared from MCF-7 cells

1GF-I-R IR and (8Mg) subjected to aga-
rose gel electrophoresis fol-
lowed by transfer to nitro-

cellulose filters and hybridization utilized with labeled insulin or
IGF-I receptor cDNA.

incubation was continued for a further 60 min at 20'C. The reaction
was stopped by the addition of a solution at 4VC containing a final
concentration of 10 mMATP, 0.1 mMEDTA, and 0.5% BSA. Finally,
15-,Ml aliquots were spotted in 4-cm2 disks of 3 Mpaper (Whatman,
Inc., Clifton, NJ) and dried. Disks were washed in four changes of 10%
TCAcontaining 20 mMsodium pyrophosphate and in a final acetone
wash. Radioactivity was determined by scintillation counting.
DNAsynthesis
40 x I03 cells were plated in 24-well tissue culture plates in their regular
growth medium. After 48 h, the medium was removed and replaced by
DMEH-21 containing 0.1% BSAand 10 Mg/ml transferrin. 72 h later,
variable concentrations of either insulin, IGF-I, or a-IR3 were added in
fresh medium. After 24 h, 0.5 MCi of [3H]thymidine were added to each
well for a 2 h. Cells were then harvested, and the rate of DNAsynthesis
was measured as described previously ( 12).
Other methods
Proteins were measured by the method of Lowry et al. (29). Insulin
receptor radioimmunoassay was performed as previously described (30).

Results

Insulin and IGF-I receptor mRNAcontent in MCF-7 cells.
Poly(A)+ RNAwas extracted from MCF-7 cells and subjected
to agarose gel electrophoresis and then transferred to nitrocel-
lulose filters. The mRNAwas probed with specific 32p cDNAs
for either insulin or IGF-I receptors. Under high stringency
conditions, typical bands at 11 and 8.5 kb were seen for the IR
receptor and at 11 and 5.5 kb for the IGF-I receptor (Fig. 1).
The same pattern of bands for both receptors was seen when
low stringency conditions were used (data not shown).

Characteristics of '25I-insulin binding to MCF-7 and other
cells. Wefirst measured 1251-insulin binding to human MCF-7
breast cancer cells. This binding was inhibited by unlabeled
insulin with a half-maximal effect occurring at 2 nMindicating
that these cells have high-affinity insulin binding (Fig. 2 A).
Surprisingly, unlabeled IGF-I, which typically competes for
'25I-insulin binding to the typical IR with a potency of -1% of

insulin (31), was more potent than insulin in competing for
'251-insulin binding to MCF-7 cells than insulin itself. The half-
maximal effect of IGF-I occurred at 0.4 nM.2

In order to determine whether this unusual '251-insulin bind-
ing was due to the membrane environment of MCF-7 cells, the

2. The majority of studies were carried out with MCF-7 cells obtained
from Dr. I. Perroteau, Turin, Italy. Similar effects of insulin and IGF-I
on 1251-insulin binding were also seen with MCF-7 cells obtained from
the Tissue Culture Facility, University California, San Francisco.
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Figure 2. Inhibition by insulin and IGF-I of '251-insulin binding to
intact MCF-7 cells and MCF-7 wheat germ extracts. (A) Cells were
plated in culture dishes and specific '25I-insulin binding was then
measured. Binding is expressed as a percentage of maximal specific
'25I-insulin binding. Each point is the mean±SEMof 6 separate ex-
periments in triplicate. (B) MCF-7 cells were solubilized with 1%Tri-
ton X-100 and the solubilized material was applied to a WGAcol-
umn. '251-insulin (20,000 cpm) was incubated with receptors in the
presence of different concentrations of unlabeled insulin and IGF-I
for 16 h at 4VC. The percentage of maximal specific binding of 1251_
labeled insulin is plotted against the peptide concentrations. Each
point is the mean±SEMof two separate experiments performed in
duplicate.

cells were solubilized in 1%Triton X-100 and partially purified
by affinity chromatography with WGA.When '25I-insulin bind-
ing was carried out with this receptor preparation, high-affinity
insulin binding was again seen. As with intact cells, unlabeled
IGF-I was more potent than insulin in inhibiting '25I-insulin
binding (Fig. 2 B).

In order to determine whether this unusual '25I-insulin bind-
ing observed in MCF-7 cells was seen in other cells, we studied
both a nonmalignant human breast epithelial cell line (184)
and two human breast cancer cell lines (T-47D and ZR-75-1)
(Fig. 3). In all three cell lines '25I-insulin binding was inhibited
by unlabeled insulin with a half-maximum effect occurring at
300, 500, and < 200 pM in 184, T-47D, and ZR-75-1 cells,
respectively. In contrast to MCF-7 cells, in these three cell lines,
unlabeled IGF-I only weakly competed for '25I-insulin binding;
the potency of unlabeled IGF-I was - 1% that of insulin.

Influence of anti-receptor monoclonal antibodies on '251-in-
sulin binding to MCF-7 and other breast cell lines. To further
understand the nature of '25I-insulin binding to MCF-7 cells,
we employed three monoclonal antibodies directed against the
a, subunit ofthe IR (MA- 10, MA-5 1, MA-20) and one antibody
directed against the a subunit of the IGF-I receptor (a-IR3)
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Figure 3. Inhibition by unlabeled insulin and IGF-I of '25I-insulin
binding to the nontransformed breast cell line (184) and breast cancer
cell lines (T-47D and ZR-75-1). Cells were plated in culture dishes
and specific '25I-insulin binding was then measured. Binding is ex-
pressed as a percentage of maximal specific '25I-insulin binding. Each
point is mean±SEMof two separate experiments performed in tripli-
cate.

(Fig. 4). At 100 nM (the highest concentration tested) a-IR3
inhibited 60% of '251I-insulin binding to MCF-7 cells with a
potency that was similar to that of insulin. In contrast, at 100
nM the monoclonal antibodies against the IR only inhibited
125I-insulin binding to MCF-7 cells by 30%. These studies
indicated, therefore, that 251I-insulin binding to MCF-7 cells
was not predominantly to the insulin receptor but rather to
another receptor which was more similar to the IGF-I receptor.

Other studies were carried out with 251I-insulin binding to
receptors in T47D and ZR-75-1 breast cells. In contrast to
MCF-7 cells, in these cells two monoclonal antibodies to the IR
(MA-lO, MA-5 1) completely inhibited 125I-insulin binding
whereas a-IR3 was nearly without effect (Fig. 5).

'251-IGF-I binding to MCF-7 cells. Wenext studied the
binding of 1251I-IGF-I to MCF-7 cells (Fig. 6). Both unlabeled
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Figure 4. Inhibition of '25I-insulin bound to MCF-7 cells by five
monoclonal antibodies, mouse IgG, and insulin. Cells were plated in
culture dishes and specific '25I-insulin binding was then measured.
Binding is expressed as a percentage of maximal specific 1251-insulin
binding. Each point is the mean±SEMof three separate experiments
performed in triplicate.

IGF-I and a-IR3 completely inhibited the binding of '25I-IGF-I
to MCF-7 cells with half-maximal effect occurring at 1 nMand
500 pM, respectively. Unlabeled insulin inhibited '25I-IGF-I
binding with half-maximal effect occurring at 400 nM. Mono-
clonal MA-lO and normal mouse IgG were without effect.
These studies indicated, therefore, that MCF-7 cells have a nor-

mal IGF-I receptor which has only weak affinity for insulin.
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Figure 5. Inhibition of '25I-insulin bound to T-47D and ZR-75-1 cells
by monoclonal antibodies and insulin. Cells were plated in culture
dishes and specific '25I-insulin binding was then measured. Binding is
expressed as a percentage of maximal specific '25I-insulin. A repre-

sentative experiment is shown. Each point is the mean of triplicate
determinations.

(K)

Figure 6. Inhibition of '251-IGF-I to MCF-7 cells by IGF-I, insulin,
monoclonal antibodies, and IgG. Cells were plated in culture dishes
and specific 1251-IGF-I binding was then measured. Binding is ex-

pressed as a percentage of maximal specific '251-IGF-I binding. A
representative experiment is shown. Each point is mean of triplicate
determinations.

Photoaffinity labeling. As an alternative approach to under-
stand the nature of insulin binding to MCF-7 cells, we carried
out a series of experiments whereby we photoaffinity-labeled
membranes prepared from MCF-7 cells (Fig. 7). Membranes
photolabeled with B29-MAB-'251-insulin and then analyzed by
SDS-PAGEunder reducing conditions showed an intensely la-
beled band of 120 kD. The labeling of this band was blocked by
both insulin and IGF-I. A similar labeled band was observed
when membranes were photoaffinity-labeled with B28-MAB-
'25I-IGF-I. The labeling of this band was blocked by IGF-I but
not by insulin. These observations therefore are consistent with
the results obtained from ligand binding studies shown in Figs.
2 and 6.

Wenext immunoprecipitated the MCF-7 membrane re-

ceptors photoaffinity-labeled with either B29-MAB-'25I-insulin
or B28-MAB-'251-IGF-I (Fig. 8). The precipitates were ana-

lyzed by SDS-PAGEafter reduction. When membranes were

photolabeled with B29-MAB'251-insulin, a labeled band of 120

KD 123456

120- -
Figure 7. Photoaffinity-labeling of MCF-7 cell membranes with pho-

toprobes of insulin (lanes 1-3) and IGF-I (lanes 4-6) in the presence

of either ALM unlabeled insulin (lanes 2 and 5) or unlabeled IGF-I

(lanes 3 and 6). The photolabeled membranes were solubilized for

SDS-PAGEin 7.2% gel under reducing conditions.
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Figure 8. Immunoprecipitation of receptors from MCF-7 mem-
branes, after photocross-linking with insulin photoprobe (left) or
IGF-I photoprobe (right). Immunoprecipitation was carried out using
monoclonal antibodies directed against either the IR (51 = antibody
MA-5 1; 20 = antibody MA-20; 10 = antibody MA-lO) or the IGF-I
receptor (a-IR3). The immunoprecipitate was separated by SDS-
PAGEon 7.2% gel.

kD was precipitated by the IGF-I receptor monoclonal anti-
body a-IR3. In contrast, precipitation obtained with IR mono-
clonal antibodies showed little or no labeled 120-kD band (Fig.
8, left panel).

Whenmembranes were photolabeled with the IGF-I photo-
probe, a 120-kD band precipitated by the monoclonal anti-
body a-IR3 was much more intensely labeled than with the
insulin photoprobe. In addition, a very weakly labeled band of

- 200 kD was also detected. This band most likely is an IGF-I
receptor precursor. Precipitation of the labeled 120-kD band
by the other antibodies was minimal (Fig. 8, right panel). These
observations are in agreement with the data on ligand binding

MCF-7KD HTC-IR

which demonstrated that binding of insulin to MCF-7 cells was
primarily to receptors recognized by antibody a-IR3 to the
IGF-I receptor, and not by antibodies to the IR.

Wehave previously reported that residues 241-251 of the
IR a subunit may play an important role in insulin binding
(32). In a previous study (22) we observed that antiserum AP-II
raised against a synthetic peptide containing this sequence,
while neither reactive towards the native IR nor inhibitory to
insulin binding, was able to precipitate the denatured a subunit
of the IR photolabeled with B29-MAB-'25I-insulin. Accord-
ingly, MCF-7 membranes were photolabeled with the insulin
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Figure 9. Immunoprecipitation of membrane receptors photolabeled
with insulin photoprobe by antiserum AP-II after reduction and al-
kylation. Left: Membranes from MCF-7 cells photolabeled with the
radioactive insulin photoprobe were solubilized in Triton X-100. The
solubilized material was reduced and alkylated, immunoprecipitated
with antiserum AP-Il, and analyzed by SDS-PAGEas described (22).
Right: Membranes from HTC-IR cells (expressing human IRs) were
photoaffinity-labeled with insulin photoprobe. The labeled mem-
branes were solubilized, reduced and alkylated, and immunoprecipi-
tated with antiserum AP-II as described (22).
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Figure 10. Separation of the insulin, IGF-I, and typical receptor
binding activities by affinity chromatography. MCF-7 cells were sol-
ubilized and the insulin binding activity subjected to affinity chro-
matography on insulin-Affi-gel followed by chromatography on IR
monoclonal antibody-agarose. (A) Specific IGF-I binding to IGF-I
receptors in the pass-through of the insulin-Affi-gel column. (B) Spe-
cific IGF-I binding to atypical receptors in the pass-through of the
IR monoclonal antibody column. (C) Specific insulin binding to in-
sulin receptors eluted from the insulin receptor monoclonal antibody
column.
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Figure 11. IGF-I and insulin-stimulated tyro-
sine phosphorylation of the atypical receptor.
Left: Autophosphorylation of the atypical re-
ceptor. The atypical receptor was allowed to
undergo phosphorylation in absence (lane 1)
or presence of 100 nMof either IGF-I (lane 2)
or insulin (lane 3), and analyzed by SDS-
PAGEunder reducing conditions. Right: Ty-

,IN rosine kinase activity of the atypical IGF-I re-
ceptor. The atypical receptor was incubated in
the presence of increasing concentrations of
either insulin or IGF-I, and 1 MCi [y32-P]-ATP,
with 10 Munlabeled ATP, and 1 mg/ml of

' ' the substrate poly (Glu-Tyr) 4:1. Values are
the mean+SD for a representative of three ex-
periments carried out in quadruplicate.

photoprobe, solubilized, and, after denaturation, immunopre-
cipitated with antiserum AP-I. Fig. 9 shows the absence of the
labeled 120-kD band in the precipitate. Under similar condi-
tions the antiserum AP-II precipitated a highly labeled band of
135 kD from membranes prepared from HTC-IR rat hepa-
toma cells that have been transfected with human IR cDNA,
and express IR (33). The precipitation of the 135-kD band was
inhibited by an excess of the synthetic peptide (Fig. 9). These
data provide further evidence that the binding of insulin to
MCF-7 cells predominantly occurred on receptors that were
not typical IRs.

Two other polyclonal antisera to the IR were studied; an
antiserum ARS-2 to the IR from a patient with insulin resis-
tance (22) and an antiserum raised to the carboxyl terminal of
the IR (3 subunit (34). Neither antisera reacted with the MCF-7
receptors photolabeled with B29-MAB-'251-insulin (data not
shown).

Purification of the atypical IGF-I receptor by affinity chro-
matography. After MCF-7 cells were solubilized and glycopro-
teins purified by WGAaffinity chromatography, they were
subjected to insulin affinity chromatography on insulin-Affi-
gel column. The pass-through of this column contained recep-
tors that bound IGF-I with high affinity (Fig. 10 A), and this
binding was weakly inhibited by insulin (< 1% the potency of
IGF-I). The material eluted from the insulin-Affi-gel column
was then subjected to affinity chromatography on a column of
IR monoclonal antibody MA-51 agarose. The pass-through
from this column bound IGF-I with high affinity, but unlike
typical IGF-I receptors, this binding was inhibited by insulin
with a potency of about 10% that of IGF-I (Fig. 10 B). High-af-
finity insulin binding was also seen in the fraction, but unla-
beled IGF-I was more potent than insulin in inhibiting '251I-in-
sulin binding (data not shown). The receptor eluted from the
MA-5 1 affinity column bound insulin with high affinity and
this binding was very weakly inhibited by unlabeled IGF-I (Fig.
10 C). Specific IR radioimmunoassay (30) revealed that the
MA-5 1 column absorbed > 99% of the IR immunoreactivity.

Tyrosine kinase activities of the atypical IGF-I receptor.
Employing the atypical IGF-I receptor preparation purified by
affinity chromatography, we next carried out studies to deter-
mine whether this atypical receptor contained figand-stimu-
lated tyrosine kinase activity, a characteristic of typical insulin
and IGF-I receptors.

When the atypical receptor was allowed to undergo auto-
phosphorylation and then analyzed by SDS-PAGEunder re-

ducing conditions, it contained a labeled band of 103 kD (Fig.
11 A). The phosphorylation of this 103-kD band increased
when the atypical receptor was stimulated with either 100 nM
insulin or IGF-I (Fig. 11, left). This band was significantly
larger than the typical 95-kD IR (3 subunit (not shown).

Next, the tyrosine kinase activity of the atypical receptor
toward the exogenous substrate, poly(Glu-Tyr) 4:1, was stud-
ied. Stimulation of the atypical receptor with both insulin and
IGF-I produced a dose-dependent increase of 32P incorpora-
tion into poly(Glu-Tyr) 4:1 (Fig. 1 1, right). Stimulation of sub-
strate phosphorylation occurred at lower concentrations of
IGF-I than insulin.

Insulin and IGF-I stimulated DNA synthesis in MCF-7
cells. In order to investigate the mitogenic effect of both insulin
and IGF-I on MCF-7 cells, we studied [3H]thymidine incorpo-
ration into DNA. Both insulin and IGF-I stimulated [3H]-
thymidine incorporation into DNAin a dose-dependent man-
ner; however, IGF-I was 10 fold more potent than insulin (Fig.
12). Wenext studied the effect of a-IR3 on insulin and IGF-I-
stimulated [3H]thymidine incorporation (Fig. 13). MCF-7 cells
were stimulated with either 1 nMinsulin or 1 nMIGF-I. In the
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Figure 12. Stimulation of [3H]thymidine incorporation by insulin and
IGF-I in MCF-7 breast cancer cells. MCF-7 cells were plated in tissue
culture plates in their regular growth medium. After 48 h medium was

replaced with serum free medium. After a further 72 h the cells were
stimulated with either insulin or IGF-I for 24 h. Thymidine incorpo-
ration was performed during the last 2 h of stimulation by adding 0.5
MCi of [3H]thymidine. Cells were then harvested and the rate of [3H]-
thymidine incorporation was determined as previously described (12).
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Figure 13. Effect of monoclonal antibody a-IR3 on [3H]thymidine
incorporation stimulated by insulin and IGF-I in MCF-7 breast
cancer cells. Cells were cultured in tissue culture plates as described
above and stimulated for 24 h with 1 nMof either insulin or IGF-I
in the absence and presence of different concentrations of a-IR3. [3H]-
thymidine incorporation was performed as above described. The
amount of [3H~thymidine incorporated in absence of either insulin
or IGF-I was subtracted to the amount of [3H]thymidine incorporated
in presence of insulin and IGF-I. Normal mouse IgG at 100 nMpro-
duced slight inhibition (10%) of [3H]thymidine incorporation. Each
value is mean±SDof three separate experiments performed in tripli-
cate.

presence of a-IR3 there was a complete inhibition of IGF-I-
stimulated [3H]thymidine incorporation at 10 nMof antibody.
In contrast, at this a-IR3 concentration, the effect of insulin
was inhibited only by 50-60%.

Discussion

Insulin and IGF-I exert their biological effects on cellular me-
tabolism and growth by binding to their distinct plasma mem-
brane receptors which show many similarities of structure and
function. Both are a22 tetramers with two extracellular a sub-
units that bind the hormone and two transmembrane A sub-
units that have tyrosine kinase activity (14). The insulin and
type I IGF receptors have a high degree of sequence homology,
are similar in molecular size, and signal via activation of tyro-
sine kinase domains (14, 35-38). However, the two receptors
functionally are distinct, as assessed by clearly different binding
affinities for various ligands (38) and certain anti-receptor anti-
bodies (39). The cloning and sequencing of cDNAs coding for
these two receptors have demonstrated that receptors for insu-
lin and IGF-I are products of separate genes (40, 41). Insulin
and IGF-I themselves have sequence homology and can weakly
interact with each other's receptors (31, 42).

In the present study, several lines of evidence suggested that
the interaction of insulin with MCF-7 cells was predominantly
via a receptor that was not the typical insulin receptor. First,
competition studies of 1251-insulin binding to both intact MCF-
7 cells and solubilized receptors demonstrated high-affinity in-
sulin binding. However, this binding was inhibited by unla-
beled IGF-I at lower concentrations than unlabeled insulin it-
self. Second, the binding of insulin to MCF-7 cells was
markedly inhibited by monoclonal antibody a-IR3, an anti-
body that reacts with the IGF-I receptor but not with the IR.
Third, insulin binding was weakly inhibited by the monoclonal

antibodies which react with the IR, but not with the IGF-I
receptor. Fourth, similar observations were obtained in experi-
ments where membrane receptors of MCF-7 cells were pho-
toaffinity-labeled with photoprobes of insulin and IGF-I. The
presence of this atypical receptor in MCF-7 cells was not a
general feature of either breast epithelial or breast cancer cells.
Typical IR binding was seen with 184 breast epithelial cells as
well as in two breast cancer cell lines, ZR-75-1 and T-47D.

The question which arises, therefore, is the nature of the
receptor or receptors that insulin binds to in MCF-7 cells.
MCF-7 cells have typical IR mRNAand a small fraction of
insulin binding was blocked by anti-IR monoclonal antibod-
ies. Moreover, typical IR were isolated by affinity chromatogra-
phy. Thus a small proportion of 125I-insulin binding was most
likely to a typical IR. Since MCF-7 cells have IGF-I receptors
and insulin is known to weakly bind to IGF-I receptor, one
possibility is that the atypical insulin binding was to the IGF-I
receptor. For two reasons, this possibility was considered
highly unlikely. First, since MCF-7 cells have typical IGF-I
receptors and insulin only weakly competed with IGF-I bind-
ing to the IGF-I receptor, it is highly unlikely that the high-af-
finity insulin binding is to the typical IGF-I receptor. Second,
184 breast epithelial cells, ZR-75-1 cells, and T47-D cells also
have high concentrations of IGF-I receptors (43), but atypical
insulin binding was not observed in these cells.

In vitro, hybrid receptors can be formed between the insu-
lin receptor and the IGF-I receptor (44, 45). Moreover, it has
been reported that in both human placenta (16) and NIH-3T3
cells transfected with human IR cDNAand expressing human
IR (17), IR/IGF-I receptor hybrids can occur in vivo. The possi-
bility was considered, therefore, that the receptor studied
herein was a hybrid insulin/IGF-I receptor, and that insulin
was binding to the hybrid receptor moeity. For several reasons,
this possibility was considered unlikely. First, the monoclonal
antibody to the IR employed herein, which interacts with insu-
lin/IGF-I receptor hybrids (44), neither blocked insulin bind-
ing nor immunoprecipitated insulin photocross-linked to this
receptor. Second, an antipeptide antibody directed against resi-
dues 241-251 (22) of the IR failed to immunoprecipitate the a

subunit of the receptor photoaffinity-labeled with insulin pho-
toprobe. Third, it has been reported that, when hybrid insulin/
IGF-I receptors are autophosphorylated, there is labeling of
two ,B-subunit species (45): a smaller one (95 kD) representing
the IR, and a larger one (102 kD) representing the IGF-I recep-
tor. In our atypical receptor only one 103 kD subunit species
was seen. Fourth, this atypical insulin binding was not seen in
184, ZR-75-1, and T47-D cells, all of which also express both
insulin and IGF-I receptors.

For several reasons, the most likely possibility is that the
atypical insulin binding seen in MCF-7 cells was to a receptor
that is related to the IGF-I receptor. First, the cross-linking of
the B29-MAB-1251-insulin revealed a receptor a subunit of 120
kD, a size which is typical for the human placenta IGF-I recep-
tor a subunit, but is smaller than that of the IR a subunit (C.
Yip, unpublished data). Moreover, in autophosphorylation
studies the (l subunit was 103 kD, a size which is larger than 95
kD IR ,B subunit. Second, the atypical receptor interacted with
the a-IR3, an antibody which is directed toward the IGF-I re-

ceptor. Therefore, in addition to the typical IGF-I receptor
which binds IGF-I but not insulin, another IGF-I receptor ex-
ists which binds both IGF-I and insulin. In other tissues, two
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groups have reported atypical receptors that have high-affinity
binding for both insulin and IGF-I. In fetal muscle, Alexan-
drides and Smith (46) reported that both insulin and IGF-I at
similar concentrations stimulated the phosphorylation of 105-
kD receptor (3 subunit which was more closely related to the
IGF-I receptor (3 subunit than the IR. Also, in bovine retina
preparations, Waldbilling and Chadder (47) reported that la-
beled insulin binding was inhibited by unlabeled IGF-I with a
potency equal to or greater than that of insulin. These results
support the concept that two IGF-I receptors may exist: one
with high affinity only for IGF-I, and another with high affinity
for both IGF-I and insulin. These two receptors could be pro-
duced by the same gene via either processing of IGF-I receptor
mRNAor by posttranslational modifications of the IGF-I re-
ceptor protein. Although the human genome appears to con-
tain only one IR and one IGF-I receptor gene, it is possible that
the atypical receptor expressed in MCF-7 cells could be a prod-
uct of a distinct gene that encodes a receptor protein that has
high-affinity binding for both IGF-I and insulin. Further stud-
ies, therefore, including purification and cloning will be neces-
sary to understand the biochemical nature of this atypical IGF-
I receptor in MCF-7 cells and other tissues.

The atypical IGF-I receptor had intrinsic tyrosine kinase
and regulated biological functions. Both receptor autophos-
phorylation and phosphorylation of an exogenous substrate
were stimulated by both insulin and IGF-I. Moreover, in MCF-
7 cells, both insulin and IGF-I stimulated [3H]thymidine incor-
poration. a-IR3 blocked all the effects of IGF-I, but only 50-
60% of the effects of insulin. These studies suggest therefore
that insulin exerts a portion of its effect through its own recep-
tor, and another portion through the atypical receptor. Interest-
ingly, Cullen et al. (10) have reported that ca-IR3 does not block
the effects of insulin on cell growth in MCF-7 cells.

In summary, in MCF-7 cells, there are three functionally
distinct receptors: a typical insulin receptor, a typical IGF-I
receptor, and an atypical IGF-I-like receptor which binds both
insulin and IGF-I with high affinity. The presence of these re-
ceptors in MCF-7 cells may explain in part the conflicting re-
sults concerning the growth effects of insulin on these cells.
Further studies, however, will be necessary to understand the
role of these receptors in the growth of MCF-7 cells.
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