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Abstract
Insulin-like growth factor receptor 1 (IGFR1) plays a
crucial role in oncogenic transformation [C. Sell et al.,
Mol. Cell. Biol., 14: 3604 –3612, 1994]. Compared with
the normal human mammary epithelial cell line
MCF12A, MCF7 human mammary carcinoma cells
overexpress IGFR1 on the cell surface. To measure the
effects of IGFR1 inhibition on tumor cells, we tested
two mouse neutralizing antibodies against human
IGFR1 in cell-based assays. Both MAB391 and anti-IR3
antibodies inhibit IGFR1 autophosphorylation upon
IGF-I ligand stimulation with IC50s of 0.58 and 0.80 nM,
respectively. When cells were treated with neutralizing
anti-IGFR1 antibodies for ≥4 h, the total receptor level
was dramatically decreased. IGF-I-stimulated
activation of AKT was also inhibited by anti-IGFR1
antibodies. Furthermore, MAB391 and anti-IR3 inhibited
the growth of MCF7 cells in soft agar. In addition
to MCF7 cells, MAB391 also inhibited IGFR1
autophosphorylation and induced IGFR1 downmodulation in HT29 colorectal and Du145 prostate
cancer cells. Therefore, neutralizing antibodies against
IGFR1 represent a valid approach to inhibit growth of
tumor cells.

Introduction
IGFs2 stimulate the proliferation of cultured human breast
cancer cells (1). This stimulation is mediated through the
receptor IGFR1, which is a member of the receptor tyrosine
kinase family (2, 3). When activated by its ligands (IGF-I or
IGF-II), IGFR1 phosphorylates tyrosine residues on two major substrates, IRS-1 and Shc, which subsequently signal
through the Ras/Raf and phosphatidylinositol 3⬘-kinase/AKT
pathways. IGFR1 plays a crucial role in transformation. Cells
derived from IGFR1 knockout mice are resistant to transformation by various viral and cellular oncogenes, including
SV40 large T antigen and activated ras, whereas fibroblast
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cells from wild-type mice can be readily transformed by
these oncogenes (4).
There is increasing epidemiological evidence to link elevated plasma IGF-I level with prostate, breast, and colon
cancer risk (5–7). Breast cancer tissues from patients exhibit
higher IGFR1 expression than adjacent normal tissue, suggesting a link between IGFR1 and breast epithelial cell transformation (8, 9). It has been reported that the transformation
capacity of tumor cells is attenuated when IGFR1 is inhibited
using an antisense strategy, neutralizing antibody (anti-IR3)
or dominant negative truncation of the receptor (10 –18).
To further investigate the antitumor activity and mechanism of anti-IGFR1 antibodies, we used two neutralizing
antibodies against IGFR1 and tested them in cell-based assays. Our data show that neutralizing antibodies against
IGFR1 can efficiently inhibit receptor autophosphorylation
and downstream activation of AKT by a mechanism that
includes induction of receptor degradation. This antibodyinduced disruption of IGFR1 signaling results in inhibition of
anchorage-independent growth of tumor cells. Therefore,
generation of humanized or human neutralizing antibodies
against IGFR1 may represent a valid approach to inhibit
tumor growth.

Materials and Methods
Cells and Reagents. MCF7 human breast carcinoma cells,
HT29 colorectal cancer cells, and Du145 prostate cancer
cells are from American Type Culture Collection. MAB391 is
purchased from R&D Systems, and anti-IR3 is from Oncogene Science. Antibodies against total AKT and phosphoAKT (serine 473) are obtained from Cell Signaling, and antiActin antibody is from Sigma. Anti-IGFR1 antibody C-20 is
purchased from Santa Cruz Biotechnology, and antiphosphotyrosine antibody 4G10 is from Upstate Biotechnology.
ECL developing solutions are from Amersham.
Receptor Autophosphorylation Assay. Antibodies were
added to cells for various lengths of times. Cells were then
stimulated with 10 ng/ml IGF-I for 5 min at 37°C. Cells were
washed twice with cold PBS containing 0.1 mM sodium
vanadate and lysed in lysis buffer (50 mM HEPES (pH 7.4),
150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM MgCl2,
protease inhibitors, and 2 mM sodium vanadate). Lysates
were incubated on ice for 30 min and then centrifuged at
13,000 rpm for 10 min at 4°C. Protein concentrations of the
lysates were measured by Coomassie Plus Protein Assay
(Pierce). Lysates were then subjected to immunoprecipitation and Western blot analysis.
Soft Agar Assay. Three ml of 0.6% agarose in complete
MEM were added to each well of 6-well tissue culture plates
and allowed to solidify (bottom layer). One hundred l of
MAB391 antibody at various concentrations was added to
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Fig. 1. Overexpression of IGFR1 in MCF7 human breast cancer cells.
Equal amounts of cell lysates from MCF7 and normal control MCF12A
cells (three levels for each line) were analyzed by Western blot. The filter
was probed with an anti-IGFR1 antibody and detected by ECL. The same
blot was then stripped and probed with an antiactin antibody as a control.

culture tubes. Aliquots of MCF7 cells (15,000 cells) were
added to the culture tubes containing antibody and incubated at room temperature for 10 –15 min. Three ml of a
0.35% agarose/complete MEM layer (top layer) were added
to the antibody/cell mixture and then plated onto the solidified bottom layer. The top layer was allowed to solidify. The
plates were then incubated for 3 weeks. 3-(4,5-dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium bromide was added to the
wells and incubated for 1–2 h. The plates were scanned with
an adapted Hewlett Packard Scanjet, and the colonies
counted and analyzed using a customized colony counter
application program.
Immunoprecipitation and Western Blot Analysis.
IGFR1 was immunoprecipitated using 1 g of antibody (C20; Santa Cruz Biotechnology) and 15 l of 50% protein G
agarose. The precipitates were washed four times with lysis
buffer. The washed precipitated proteins were separated on
10% SDS-PAGE, transferred to a nitrocellulose filter, probed
with either anti-IGFR1 or antiphosphotyrosine (4G10) antibodies, and visualized by ECL (Amersham).
For direct Western blot analysis, equal amounts of cell
lysates were separated on 10% SDS-PAGE, transferred to
nitrocellulose filters, probed with desired antibody, and visualized by ECL (Amersham).

Results
Overexpression of IGFR1 in Breast Cancer Cells. Using
Western blot analysis, we investigated the expression levels of
IGFR1 in various breast cancer cell lines. Among the lines that
we examined, 40% exhibited elevated IGFR1 expression (data
not shown). The estrogen-sensitive breast cancer cell line
MCF7 had the highest expression level (Fig. 1). Compared with
the immortalized normal breast epithelial cell line MCF12A,
MCF7 showed 10-fold overexpression. The receptor number
on MCF7 cell surface has been estimated at 43,000 by Scatchard analysis of IGF-I binding assay (data not shown). Therefore, we used the MCF7 cell line for additional analysis.
Inhibition of Receptor Autophosphorylation. Because
the MAB391 and anti-IR3 antibodies have been reported to be
neutralizing, we determined their effect on IGF-I-stimulated receptor autophosphorylation. Cells were treated with the antibodies for 1.0 or 1.5 h before they were stimulated with 10 or 20
ng/ml IGF-I ligand for 5 min. Phosphorylation of IGFR1 was

inhibited in a dose-dependent manner by treatment with
MAB391 with an IC50 of 0.58 nM in MCF7 cells (Fig. 2, A and B).
The anti-IR3 antibody had a similar effect (data not shown). An
isotype-matched mouse IgG1 had no effect on receptor phosphorylation (negative control). Another anti-IGFR1 mouse
monoclonal antibody 3B7 (Santa Cruz Biotechnology), which is
known not to be neutralizing, also did not inhibit IGFR1 autophosphorylation (data not shown). The inhibition observed with
MAB391 can be reversed by addition of excess IGF-I ligand
(Fig. 2C), suggesting that the antibody inhibits phosphorylation
in a manner that is competitive with IGF-I ligand. We have also
tested the effect of MAB391 on receptor autophosphorylation
in HT29 colorectal cancer cells and Du145 prostate cancer
cells. Data in Fig. 2, D and E, show that phosphorylation of the
receptor in both lines was inhibited in a dose-dependent manner by the antibody.
Inhibition of AKT Phosphorylation and Induction of
IGFR1 Down-Modulation. IGFR1 is known to signal through
phosphatidylinositol 3⬘-kinase and phosphoinositide-dependent kinase 1-dependent phosphorylation of AKT on threonine
308 and serine 473 (19, 20). To investigate the effect of neutralizing antibodies on the downstream targets of IGFR1, we
examined the phosphorylation of AKT. MCF7 cells were incubated with MAB391 for 20 h before they were stimulated with
10 ng/ml IGF-I for 5 min. Cell lysates were prepared and subjected to Western blot analysis. Long-term incubation with the
neutralizing antibody inhibited phosphorylation of AKT (top
panel, Fig. 3A) without affecting the total expression level of the
AKT protein (bottom panel, Fig. 3A). Unexpectedly, this longterm treatment caused down-modulation of the IGFR1 receptor
(Fig. 3B). The anti-IR3 antibody had the same effect on receptor
down-regulation (data not shown).
Degradation of the IGFR1 Is Dose Dependent and Partially Lysosome Dependent. To further study the downregulation of the IGFR1 receptor by neutralizing antibodies, we
conducted a time course experiment. MCF7 cells were treated
with MAB391 (20 nM), IgG1 control (20 nM), or IGF-I ligand (15
ng/ml) for various times, and IGFR1 levels were measured by
Western blot analysis (Fig. 4A). By 4 h, the anti-IGFR1 neutralizing antibody induced significant down-regulation of the receptor. Over the same time period, the IGF-I ligand did not
cause any measurable decrease in total receptor protein. The
down-modulation of the receptor induced by the antibody is
dose dependent (Fig. 4B). Similar dose-dependent receptor
down-modulation was also observed in HT29 colorectal cancer
cells and Du145 prostate cancer cells (Fig. 4, C and D). To
examine whether IGFR1 expression is down-regulated by extended antibody treatment at the transcription level, we made
RNAs from cells that were treated with MAB391 for 20 h and
analyzed the RNA samples by Taqman. The quantitative PCR
data indicated that the IGFR transcription level was not
changed after 20 h of treatment of MAB391 at concentrations
up to 100 nM (data not shown).
Because IGFR1 is internalized and degraded via a lysosome-dependent pathway (21), we tested the effects of
inhibitors of lysosomal function or intracellular trafficking
on anti-IGFR1 antibody-induced IGFR1 down-regulation.
Among the reagents tested, chloroquine and dansylcadaverine (Fig. 4E) partially inhibited IGFR1 degradation. Brefeldin
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Fig. 3. Inhibition of AKT activation and induction of IGFR1 degradation.
A, MCF7 cells were treated with IGF-I (10 ng/ml) and various concentrations of MAB391 antibody (Lane 4: 100 nM; Lane 5: 20 nM; and Lane 6: 4
nM) overnight. A total of 50 g of each cell lysate was separated by a 10%
SDS-PAGE and transferred to a nitrocellulose blot. The filter was first
probed with an antiphospho-AKT antibody (top panel). Then the blot was
stripped and reprobed with an anti-AKT antibody (bottom panel). Lane 1
is untreated cells. Lane 2 is IGF-I (10 ng/ml)-treated cells. Lane 3 is cells
treated with IGF-I (10 ng/ml) and IgG1 (100 nM) control antibody. B, the
blot was stripped once again and reprobed with anti-IGFR1 antibody.

A or the proteasome inhibitors ALLN and MG132 did not
affect receptor degradation induced by anti-IGFR1 neutralizing antibodies (data not shown). The down-modulation of
the receptor was also unaffected in the presence of protein
synthesis inhibitor cyclohexamide (Fig. 4F).
Inhibition of Anchorage-independent Growth. Ability to
grow independent of attachment is one hallmark of cancer
cells. IGFR1 null cells are resistant to transformation. Because
anti-IGFR1 neutralizing antibodies are able to attenuate the
signal cascade from IGFR1 by inhibiting receptor autophosphorylation (Fig. 2) and inducing receptor degradation (Fig. 3 and 4),
we investigated the effect of the neutralizing antibodies on
anchorage-independent growth of MCF7 cells. Consistent with
previously published data (15), both MAB391 (Fig. 5) and antiIR3 (data not shown) can inhibit the growth of MCF7 cells in soft
agar in the presence of serum. The isotype matched IgG1
control does not have any inhibitory effect.

Discussion
Fig. 2. Inhibition of receptor autophosphorylation upon IGF-I stimulation.
A, MCF7 cells were treated with IGF-I (10 ng/ml) and various concentrations of MAB391 antibody (Lane 4: 100 nM; Lane 5: 20 nM; Lane 6: 4 nM;
Lane 7: 0.8 nM; and Lane 8: 0.16 nM) for 1.5 h. A total of 400 g of each
cell lysate was subjected to immunoprecipitation with an IGFR1-specific
antibody. The precipitated cell lysates were separated on 10% SDSPAGE and transferred to a nitrocellulose blot. The filter was probed with
antiphosphotyrosine antibody 4G10. Lane 1 is untreated cells. Lane 2 is
IGF-I (10 ng/ml)-treated cells. Lane 3 is cells treated with IGF-I (10 ng/ml)
and IgG1 (100 nM) control antibody. B, graphic representation of the data
shown in top panel A (Lane 2 and Lanes 4 – 8). The bands on the Western
blot were scanned and quantified by Quantity One (PDI). C, MCF7 cells
were treated with 10 nM MAB391 in the presence of 10 ng/ml (Lane 3) or
700 ng/ml (Lane 4) IGF-I ligand for 1.5 h. A total of 400 g of each cell
lysate was subjected to immunoprecipitation with IGFR1-specific antibody. The precipitated cell lysates were separated on 10% SDS-PAGE
and transferred to a nitrocellulose blot. The filter was probed with antiphosphotyrosine antibody 4G10. Lane 1 is untreated cells. Lane 2 is
IGF-I (10 ng/ml)-treated cells. D, HT29 cells were treated with IGF-I (20
ng/ml) and various concentrations of MAB391 antibody (Lane 4: 20 nM;
Lane 5: 4 nM; Lane 6: 0.8 nM; and Lane 7: 0.16 nM) for 1.5 h. A total of
400 g of each cell lysate was subjected to immunoprecipitation with an

There are several lines of evidence indicating that the IGF-I/
IGFR1 system plays a role in breast cancer: (a) IGF-I is a
potent transforming and mitogenic agent. It is locally produced by breast stromal cells (1). (b) IGFR1 is overexpressed
on breast cancer cells (8, 9). (c) Antiestrogen therapy for

IGFR1-specific antibody. The precipitated cell lysates were separated on
10% SDS-PAGE and transferred to a nitrocellulose blot. The filter was probed
with antiphosphotyrosine antibody 4G10. Lane 1 is untreated cells. Lane 2 is
IGF-I (20 ng/ml)-treated cells. Lane 3 is cells treated with IGF-I (20 ng/ml) and
IgG1 (20 nM) control antibody. E, Du145 cells were treated with IGF-I (20
ng/ml) and various concentrations of MAB391 antibody (Lane 4: 20 nM, Lane
5: 4 nM; Lane 6: 0.8 nM, and Lane 7: 0.16 nM) for 1.5 h. A total of 400 g of
each cell lysate was subjected to immunoprecipitation with an IGFR1specific antibody. The precipitated cell lysates were separated on 10%
SDS-PAGE and transferred to a nitrocellulose blot. The filter was probed with
antiphosphotyrosine antibody 4G10. Lane 1 is untreated cells. Lane 2 is IGF-I
(20 ng/ml)-treated cells. Lane 3 is cells treated with IGF-I (20 ng/ml) and IgG1
(20 nM) control antibody.
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Fig. 5. Inhibition of anchorage-independent growth of MCF7 cells.
MCF7 cells together with various amounts of MAB391 antibody (Lane 2:
0.8 nM; Lane 3: 4 nM; Lane 4: 20 nM; and Lane 5: 100 nM) were added into
the top layer of agar. Cells were incubated in soft agar at 37°C for 3 weeks
before staining with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide. The total areas of the colonies were measured by a scanner with
an adapted Hewlett Packard Scanjet and analyzed using a customized
colony counter application program. The average of duplicate values is
shown here. Lane 1 is untreated cells, and Lane 6 is a mouse IgG1
negative control (100 nM).

Fig. 4. Degradation of the IGFR1 is dose dependent and partially
lysosome dependent. A, MCF 7 cells were treated for various times
with 20 nM IgG1 (Lanes 4, 7, 10, 13, and 16), 20 nM MAB391 (Lanes 5,
8, 11, 14, and 17), or 15 ng/ml IGF-I (Lanes 6, 9, 12, 15, and 18). A total
of 50 g of each cell lysate was separated by 10% SDS-PAGE and
transferred to a nitrocellulose filter. The filter was probed with antiIGFR1 antibody. Lane 1 is untreated cells. Lane 2 is cells that were
treated with IGF-I (15 ng/ml) for 5 min. Lane 3 is cells that were treated
with 20 nM nonneutralizing anti-IGFR1 antibody 3B7 for 4 h. B, MCF7
cells were treated with various concentrations of MAB391 antibody
(Lane 3: 100 nM; Lane 4: 20 nM; Lane 5: 4 nM; Lane 6: 0.8 nM; Lane 7:
0.16 nM; and Lane 8: 0.032 nM) overnight. A total of 50 g of each cell
lysate was separated by a 10% SDS-PAGE and transferred to a nitrocellulose blot. The filter was probed with anti-IGFR1 antibody. Lane 1
is untreated cells. Lane 2 is cells that were treated with control IgG1
(100 nM) overnight. C, HT29 cells were treated with various concentrations of MAB391 antibody (Lane 3: 20 nM; Lane 4: 4 nM; Lane 5: 0.8
nM; Lane 6: 0.16 nM; Lane 7: 0.032 nM; and Lane 8: 0.006 nM) overnight.
A total of 50 g of each cell lysate was separated by 10% SDS-PAGE
and transferred to a nitrocellulose blot. The filter was probed with
anti-IGFR1 antibody. Lane 1 is untreated cells. Lane 2 is cells that were
treated with control IgG1 (20 nM) overnight. D, Du145 cells were treated
with various concentrations of MAB391 antibody (Lane 3: 20 nM; Lane
4: 4 nM; Lane 5: 0.8 nM; Lane 6: 0.16 nM; Lane 7: 0.032 nM; and Lane 8:
0.006 nM,) overnight. A total of 50 g of each cell lysate was separated
by a 10% SDS-PAGE and transferred to a nitrocellulose blot. The filter
was probed with anti-IGFR1 antibody. Lane 1 is untreated cells. Lane
2 is cells that were treated with control IgG1 (20 nM) overnight. E, MCF7
cells were treated with chloroquine (400 M, Lane 3) or dansylcadaverine (400 M, Lane 4) for 30 min before 10 nM MAB 391 was added.
Cells were incubated for additional 3 h. A total of 50 g of each cell
lysate was separated on a 10% SDS-PAGE, transferred to a nitrocellulose filter, and probed with an anti-IGFR1 antibody. Lane 1 is untreated cells. Lane 2 is cells incubated with 10 nM MAB391 for 3 h. F,
MCF7 cells were treated with various concentrations of MAB391 antibody (Lanes 3 and 7: 20 nM; Lanes 4 and 8: 4 nM; and Lanes 5 and 9:
0.8 nM) overnight in the absence (Lanes 2–5) and presence (Lanes 6 –9)
of 1 g/ml cyclohexamide. A total of 50 g of each cell lysate was
separated by 10% SDS-PAGE and transferred to a nitrocellulose blot.
The filter was probed with anti-IGFR1 antibody. Lane 1 is untreated
cells. Lanes 2 and 6 are cells that were treated with control IgG1 (20 nM)
overnight.

breast cancer may achieve some of its antitumor effect by
modulating the growth hormone (GH):IGF-I axis. For example, tamoxifen administration causes a reduction in serum
IGF-I concentration by inhibiting both growth hormone secretion and local production of IGF-I (19). Antiestrogens also
down-regulate IGFR1 receptor expression. Therefore, the
IGF-I/IGFR1 ligand-receptor paracrine loop has been the
target of a variety of strategies to inhibit cancer cell growth.
Various ways of inhibiting the IGF-I/IGFR1 axis have been
documented in the literature. Antisense, dominant negative
truncation or anti-IR3 antibody all inhibited the growth of
cancer cells in soft agar and tumor formation in mice (10 –18).
We are interested in investigating the effects of anti-IGFR1
neutralizing antibodies on IGFR1 receptor signaling. We have
shown that short-term treatment with anti-IGFR1 neutralizing
antibodies inhibited receptor autophosphorylation (Fig. 2)
and that the long-term treatment induced receptor degradation (Fig. 3). The antibodies also inhibited the phosphorylation of AKT, a downstream antiapoptotic signaling component of the IGFR1 pathway (Fig. 3). Phosphorylation of AKT
on threonine 308 and serine 473 has been shown to correlate
with AKT activation (20, 21). The effectiveness of anti-IGFR1
antibodies to inhibit MCF7 cell growth in soft agar in the
presence of serum (Fig. 5), with no extra IGF addition, illustrates the critical dependence of breast cancer cells on IGF
stimulation. In addition to the MCF7 breast cancer cells, we
have also observed similar effects of anti-IGFR1 neutralizing
antibodies on HT29 colorectal cancer cells and Du145 prostate cancer cells.
Receptor internalization is a process by which cell surface
receptors are rapidly partitioned into intracellular vesicles. IGF-I
binding initiates the migration of IGFR1 to clathrin-coated pits
and the subsequent formation of early endosomes containing
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internalized but still active receptors. The ligand-receptor complex ultimately becomes dissociated and inactivated in the
acidic environment of late endosomes where ligands and receptors are sorted for degradation in lysosomes or recycling to
the cell surface (22, 23). The data presented here indicate that
long-term treatment with anti-IGFR1 neutralizing antibodies
causes receptor degradation. This down-modulation was inhibited only partially by the lysosome inhibitors chloroquine or
dansylcadaverine (Fig. 4). There are reports that some ligandreceptor complexes, including the highly homologous IGFR
family member insulin receptor, internalize and are degraded
via more than one pathway, including both a chloroquinesensitive lysosomal pathway and a chloroquine-insensitive
pathway (24). Our data suggest that IGFR1 is also internalized
and degraded by a combination of both lysosome-dependent
and lysosome-independent pathways. In contrast, proteasome
inhibitors do not affect the pathway.
Both anti-HER2 and anti-EGFR antibodies have been shown
to induce receptor internalization and down-regulation (25–27).
Herceptin has been approved for treatment of breast cancer
patients whose tumors overexpress Her2 receptor. The data
presented here indicate that similar humanized or human neutralizing antibodies against IGFR1 would provide a valid approach to inhibit cancer cell growth. In addition, the expression
of IGFR1 on many tumor cell types suggests that anti-IGFR1
therapy has the potential to treat a different and broader population of cancer patients than Herceptin.
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