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An Integrin Binding-defective Mutant of Insulin-like Growth
Factor-1 (R36E/R37E IGF1) Acts as a Dominant-negative
Antagonist of the IGF1 Receptor (IGF1R) and Suppresses
Tumorigenesis but Still Binds to IGF1R"
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ternary complex formation (integrin-IGF1-IGF1R).

cell viability, and tumorigenesis.

Significance: R36E/R37E has potential as a therapeutic agent.
\_

(Bacl(ground: The integrin binding-defective mutant of IGF1 (R36E/R37E) is functionally defective and does not induce
Results: R36E/R37E suppressed signaling induced by WT IGF1, the binding of WT IGF1 to cells, ternary complex formation,

Conclusion: R36E/R37E is a dominant-negative antagonist of IGF signaling.
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Insulin-like growth factor-1 (IGF1) is a major therapeutic tar-
get for cancer. We recently reported that IGF1 directly binds to
integrins (avB3 and «6B4) and induces ternary complex forma-
tion (integrin-IGF1-IGF1 receptor (IGF1R)) and that the integ-
rin binding-defective mutant of IGF1 (R36E/R37E) is defective
in signaling and ternary complex formation. These findings pre-
dict that R36E/R37E competes with WT IGF1 for binding to
IGFIR and inhibits IGF signaling. Here, we described that
excess R36E/R37E suppressed cell viability increased by WT
IGF1 in vitro in non-transformed cells. We studied the effect of
R36E/R37E on viability and tumorigenesis in cancer cell lines.
We did not detect an effect of WT IGF1 or R36E/R37E in cancer
cells under anchorage-dependent conditions. However, under
anchorage-independent conditions, WT IGF1 enhanced cell
viability and induced signals, whereas R36E/R37E did not. Nota-
bly, excess R36E/R37E suppressed cell viability and signaling
induced by WT IGF1 under anchorage-independent conditions.
Using cancer cells stably expressing WT IGF1 or R36E/R37E, we
determined that R36E/R37E suppressed tumorigenesis in vivo,
whereas WT IGF1 markedly enhanced it. R36E/R37E sup-
pressed the binding of WT IGF1 to the cell surface and the sub-
sequent ternary complex formation induced by WT IGF1. R36E/
R37E suppressed activation of IGF1R by insulin. WT IGF1, but
not R36E/R37E, induced ternary complex formation with the
IGF1R/insulin receptor hybrid. These findings suggest that 1)
IGF1 induces signals under anchorage-independent conditions
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and that 2) R36E/R37E acts as a dominant-negative inhibitor of
IGFIR (IGF1 decoy). Our results are consistent with a model in
which ternary complex formation is critical for IGF signaling.

Insulin-like growth factor-1 (IGF1)? is a polypeptide hor-
mone that has a high degree of structural similarity to proinsu-
lin (1). IGF1 has been implicated in cancer progression (2).
Many cancer cells secrete abnormally high levels of IGF1 and
IGF2 (3). Most IGF1 is synthesized in the liver (3). IGF1 acts
through binding to the IGF1 receptor (IGF1R), a receptor tyro-
sine kinase. Ligand binding induces phosphorylation of specific
tyrosine residues of IGF1R. These phosphotyrosines then
bind to adaptor molecules such as Shc and insulin receptor
substrate-1. Phosphorylation of these proteins leads to acti-
vation of PI3K and ERK1/2 signaling pathways, which release
strongly anti-apoptotic signals (3). IGF1 thereby confers
resistance to chemotherapy and radiation therapy. Several
strategies to target IGF1 signaling have been developed,
including siRNA and monoclonal antibodies for IGF1R and
kinase inhibitors to inhibit the enzymatic activity of the
receptor (4).

Integrins are a family of cell adhesion receptors that recog-
nize extracellular matrix ligands and cell surface ligands (5, 6).
It has been well established that integrin av3 plays a critical
role in regulating IGF1 signaling (2). It has been proposed that
“ligand occupancy” of avB3 (i.e. the binding of extracellular
matrix proteins such as vitronectin to av33) enhances signaling

2The abbreviations used are: IGF1, insulin-like growth factor-1; IGF1R,
IGF1 receptor; poly-HEMA, poly(2-hydroxyethyl methacrylate); PPP,
picropodophyllin; IR, insulin receptor; MTS, 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium;
ANOVA, analysis of variance; HB-EGF, heparin-binding EGF; SCID, severe
combined immunodeficiency.
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induced by IGF1 binding to IGFIR (2). Indeed, antagonists to
avB3 block IGF1 signaling. Anti-av33 mAb and echistatin, a
snake venom disintegrin that specifically inhibits av33, block
IGF1-induced cell migration (7). Also, echistatin blocks IGF1-
stimulated DNA synthesis and insulin receptor substrate-1
phosphorylation and attenuates IGF1R-linked downstream sig-
naling events such as activation of PI3K and ERK1/2 (8).

We have reported that IGF1 directly and specifically binds to
avP3 and developed an integrin binding-defective mutant
(R36E/R37E) of IGF1 (9). R36E/R37E is defective in enhancing
cell viability and in inducing intracellular signals, although the
mutant still binds to IGF1R (9). Also, WT IGF1 induces ternary
complex formation (avB3-IGF1-IGF1R), but R36E/R37E does
not. This suggests that the direct binding of integrins to IGF1 is
critical for IGF signaling and a potential mechanism of integrin-
IGFIR cross-talk. We have recently reported that IGF1 signals
are more clearly detectable under anchorage-independent con-
ditions (poly(2-hydroxyethyl methacrylate) (poly-HEMA)-
coated plates) than under anchorage-dependent conditions
(10). This suggests that IGF signaling is masked by signals from
cell-matrix interaction under anchorage-dependent condi-
tions. IGF signaling requires av33 expression, and R36E/R37E
is defective in inducing signals under anchorage-independent
conditions. These results suggest that av33-IGF1 interaction,
but not avB3-extracellular matrix interaction, is essential for
IGF signaling. Inhibitors of IGF1R, Src, AKT, and ERK1/2 does
not suppress avf33-IGF-IGFIR ternary complex formation,
suggesting that activation of these kinases is not required for
ternary complex formation. Also, mutations of the 83 cytoplas-
mic tail (Y747F and Y759F) that block 83 tyrosine phosphory-
lation do not affect IGF1R phosphorylation or AKT activation.
We propose a model in which IGF1 binding to IGF1R induces
recruitment of integrin avB3 to the IGF-IGF1R complex and
then B3 and IGF1R are phosphorylated. It is likely that av33 is
needed with the IGF1-IGF1R complex for triggering IGF sig-
naling (10).

We recently reported that IGF1 binds to integrin a6f34,
another integrin that is overexpressed in cancer cells. Using
CHO cells expressing recombinant a634, we demonstrated
that WT IGF1, but not R36E/R37E, induced intracellular sig-
nals in an a64-dependent manner under anchorage-indepen-
dent conditions (in soft agar and in poly-HEMA-coated wells)
(11). Thus, it is possible that «6B4-IGF interaction, rather than
a6B4-extracellular matrix interaction, plays a role in a6B4-
overexpressing cancer cell lines.

In this study, we determined that R36E/R37E suppressed cell
viability increased by WT IGF1 (a dominant-negative effect by
definition) in two non-transformed and five transformed cell
lines. Using cancer cells stably expressing WT IGF1 or R36E/
R37E, we demonstrated that WT IGF1 markedly enhanced
tumorigenesis, but R36E/R37E suppressed it. Also, R36E/R37E
suppressed the binding of WT IGF1 to the cell surface and
subsequent ternary complex formation. These results suggest
that R36E/R37E acts as a dominant-negative antagonist of IGF
signaling and suggest a mechanism of the inhibitory action of
R36E/R37E at the cell surface.
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EXPERIMENTAL PROCEDURES

Materials—Recombinant WT IGF1 and R36E/R37E were
synthesized as described (9). NIH3T3, C2C12, Colo205 human
colon cancer, M21 human melanoma, MCF-7 human breast
cancer, MBA-MB231 human breast cancer, and B16F10 mouse
breast cancer cells were obtained from American Type Culture
Collection. Anti-integrin (4, anti-phospho-AKT (Thr-308),
anti-phospho-ERK1/2, anti-ERK1/2, anti-AKT, anti-phospho-
IGFIRB (Tyr-1135/Tyr-1136), and anti-IGF1R antibodies were
purchased from Cell Signaling Technology, Inc. (Danvers,
MA). Picropodophyllin (PPP) was purchased from Santa Cruz
Biotechnology. Bovine insulin was obtained from Sigma.

Signaling Assays—IGF signaling in regular tissue culture was
performed as described (10). We analyzed cell lysates by West-
ern blotting using specific antibodies. Bound IgG was detected
using HRP-conjugated second antibody and SuperSignal
West Pico chemiluminescent substrate (Thermo Scientific).
We analyzed images using a Fuji LAS 4000mini luminescent
image analyzer and MultiGauge V3.0 software (Fujifilm, Tokyo,
Japan). Under anchorage-independent conditions, poly-HEMA-
coated plates were prepared as described (12), except that the
final poly-HEMA concentration was 1.2 mg/cm” We per-
formed signaling assays as described above, except that the cells
were serum-starved for 3 h in DMEM without FCS.

Transfection of Cancer Cells—W e subcloned the cDNA frag-
ment encoding WT or mutant IGF1 (9) into the BamHI/EcoRI
sites of the pSecTagB secretion vector, which has been modi-
fied to have the His, and S tags at the N terminus of the protein
(13). We generated MCE-7 cells stably secreting WT or mutant
IGF1 by transfecting WT or mutant IGF1 cDNA in the modi-
fied pSecTagB vector together with plasmid with a neomycin-
resistant gene as described (9). After selection with G418, the
cells were used without further enrichment. To detect the
expression of IGF1 (Hiss-tagged) from cells stably expressing
WT IGF1 or R36E/R37E, we inoculated 5 X 10° cells (DMEM +
10% FCS, 5 ml) and cultured them for 24 h and then concen-
trated the culture medium 5 times by ultrafiltration. We
detected WT IGF1 and R36E/R37E in the medium by Western
blotting using anti-His, antibody.

In Vivo Tumorigenesis Assays—We injected MCF-7 and
Met-1 cells expressing WT IGF1 or R36E/R37E or vector-only
mock-transfected cells into the mammary fat pads of female
severe combined immunodeficiency (SCID) or FVB mice (3
weeks old, two injections per mouse, 10° cells per injection),
respectively. Tumor size was measured in two dimensions
using calipers. Tumor size was calculated as described (14).

IGF1 Binding to the Cell Surface—Cells were cultured to near
confluency in DMEM and 10% FCS, resuspended in DMEM
and 0.1% BSA, and incubated for 30 min at room temperature
to block nonspecific protein-binding sites. WT IGF1 was
labeled with FITC. FITC-labeled WT IGF1 (20 ug/ml) was
mixed with unlabeled WT IGF1, R36E/R37E, or FGF R50E
(irrelevant control) and incubated for 15 min at room temper-
ature. The cells were then incubated with the mixture for 5 min
at room temperature. The cells were washed with PBS and
0.02% BSA, and bound FITC-labeled WT IGF1 was determined
using a FACSCalibur (BD Biosciences).
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Co-precipitation of Integrin B4, IGF1R/Insulin Receptor, and
IGF—Cells were cultured to near confluency in DMEM and
10% ECS, plated in poly-HEMA-coated plates, and serum-
starved in DMEM for 3 h. The cells were incubated with WT
IGF1 and/or R36E/R37E for 30 min and lysed in lysis buffer (20
mMm HEPES (pH 7.4), 100 mm NaCl, 10% glycerol, 1% Nonidet
P-40, 1 mm MgCl,, 1 mm PMSF, and protease inhibitor mixture
(Sigma-Aldrich)). Cell lysates were incubated overnight with
anti-IGF1IR or anti-insulin receptor (IR) antibody at 4 °C, and
the immune complex was recovered by incubation with protein
A-Sepharose (GE Healthcare) for 1 h at 4 °C and washed three
times with wash buffer (20 mm HEPES (pH 7.4), 100 mm NaCl,
10% glycerol, 0.5% Nonidet P-40, 1 mm MgCl,, 1 mm PMSF, and
protease inhibitors). The immunoprecipitated materials were
analyzed by Western blotting with anti-integrin 84 antibody.

Other Methods—Cell viability was determined using 3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium (MTS) assays as described (15).
Treatment differences were tested using analysis of variance
(ANOVA) and Tukey’s multiple-comparison test to control the
global type I error.

RESULTS

Dominant-negative Effect of R36E/R37E on IGF Signaling—
IGF1 binds directly to integrin avf33, and this interaction is
critical for IGF signaling (9). The integrin binding-defective
R36E/R37E IGF1 mutant is defective in inducing IGF1R phos-
phorylation, AKT activation, ERK1/2 activation, and enhanc-
ing cell viability in non-transformed NIH3T3 fibroblasts and
C2C12 myoblasts, whereas R36E/R37E binds to IGF1R at a level
comparable to WT IGF1 (9). WT IGF1 induces ternary com-
plex formation (avB3-IGF1-IGF1R), but R36E/R37E is defec-
tive in this function (9). These previous results suggest that
direct integrin-IGF interaction and subsequent ternary com-
plex formation are critical for IGF signaling. These results pre-
dict that R36E/R37E, which is defective in inducing ternary
complex formation, suppresses IGF signaling by competing
with WT IGF1 for binding to IGFIR (a dominant-negative
effect). To test this prediction, we studied the effect of excess
R36E/R37E on cell viability increased by WT IGF1 in NIH3T3
and C2C12 cells. R36E/R37E by itself does not affect cell viabil-
ity in these cell types (9). We found that excess R36E/R37E
suppressed cell viability increase by WT IGF1 (Fig. 1, a and b).
These results suggest that R36E/R37E acts as a dominant-neg-
ative mutant in these non-transformed cell types.

IGF Signaling in Transformed Cells under Anchorage-inde-
pendent Conditions—We recently reported that WT IGF1
induces signals in transformed cells under anchorage-indepen-
dent conditions (11). Under anchorage-dependent conditions,
we did not clearly detect the effect of WT IGF1 or R36E/R37E
on the cell viability of five transformed cell lines (MCE-7 human
breast cancer, Met-1 mouse breast cancer, M21 human mela-
noma, Colo205 human colon cancer, and B16F10 mouse mela-
noma cells) (10) (Fig. 2). MCF-7 and Colo205 cells have been
widely used to evaluate antagonists of IGF signaling (16 -18).
To determine the effect of WT IGF1 and R36E/R37E on trans-
formed cells, we measured cell viability (using MTS assays)
because we obtained essentially the same results for cell viabil-
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FIGURE 1. R36E/R37E suppresses cell viability increased by WT IGF1 in
NIH3T3 and C2C12 cells in regular tissue culture. g and b, effect of R36E/
R37E on cell viability. NIH3T3 (a) and C2C12 (b) cells were serum-starved over-
night in DMEM and 0.4% FCS and cultured with 10 ng/ml WT IGF1 in the
presence or absence of excess R36E/R37E (100 (Mut100) or 200 (Mut200)
ng/ml) for 24 h. Cell viability was measured by MTS assays. Data are means =
S.E.(n = 4for NIH3T3 cells and n = 12 for C2C12 cells). Statistical analysis was
performed using ANOVA and Tukey’s multiple-comparison test.

ity, colony formation in soft agar, and DNA synthesis (using
BrdU incorporation assays) in our recent studies (10). We
tested the effect of exogenous R36E/R37E on cell viability in
these cancer cells under anchorage-independent conditions.
WT IGF1 enhanced cell viability in these cells in a dose-depen-
dent manner, whereas R36E/R37E was defective in this func-
tion (Fig. 3). We found that WT IGF1 induced phosphorylation
of AKT, ERK1/2, and IGF1R in all five cell types under anchor-
age-independent conditions, but R36E/R37E was defective in
these functions (Fig. 4a). These results suggest that WT IGF1
induces signaling, but R36E/R37E is defective in inducing sig-
nals under these conditions in five cancer cell lines.

Notably, we found that excess R36E/R37E suppressed IGF1R
phosphorylation and AKT phosphorylation induced by WT
IGF1 (10 ng/ml) in MCEF-7 cells under anchorage-independent
conditions (Fig. 4b). We obtained essentially identical results
with 5 ng/ml WT IGF1. These findings suggest that R36E/R37E
may have potential as an antagonist of IGF1R. Consistent with
the results described above, excess R36E/R37E suppressed cell
viability increased by WT IGF1 in five different cancer cell
lines under anchorage-independent conditions (Fig. 5). Taken
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FIGURE 2. Transformed cells do not respond well to IGF1 in regular tissue culture. a, MCF-7 human breast cancer cells. b, Met-1 mouse breast cancer cells.
¢, Colo205 human colon cancer cells; d, M21 human melanoma cells. e, B16F10 mouse melanoma cells. Cells were plated in regular tissue culture plates and
incubated with 0, 10, and 100 ng/ml WT IGF1 or R36E/R37E for 48 h. Cell viability was measured by MTS assays. Data are means = S.E. (n = 6).

together, our results suggest that R36E/R37E acts as a domi-
nant-negative mutant in transformed cells as well.

R36E/R37E Suppresses Tumorigenesis, whereas WT IGFI
Enhances It—We recently generated MCF-7 cells that stably
express WT IGF-1 or R36E/R37E (11). The transfected cells
secrete WT IGF1 or R36E/R37E at comparable levels (11).
MCE-7 cells that express WT IGF1 grow much faster in soft
agar than mock-transfected cells, but there is no difference in
growth in soft agar between mock-transfected and R36E/R37E-
expressing cells (11). In the present study, we found that WT
IGF1-transfected MCE-7 cells showed enhanced viability
under anchorage-independent conditions, as expected. There
was only a small difference in cell viability between R36E/R37E-
transfected MCF-7 and mock-transfected cells (Fig. 6a). To test
the effect of R36E/R37E on tumorigenicity, we orthotopically
injected WT IGF1l-expressing and R36E/R37E-expressing
MCE-7 cells into SCID mice and monitored tumorigenesis. We
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found that WT IGF1 markedly enhanced the tumorigenicity of
MCE-7 cells compared with mock-transfected cells (Fig. 6b),
whereas there was only a small difference between R36E/R37E-
expressing and mock-transfected MCE-7 cells.

It is possible that because MCE-7 cells do not grow very well
in vivo, we did not detect an effect of R36E/R37E on tumorigen-
esis. Therefore, we decided to use Met-1 cells, which grow
much faster in vivo. Met-1 cells contain the polyoma virus mid-
dle T transgene, form highly vascularized tumors, and metas-
tasize effectively in nude mice (19, 20). We generated Met-1
cells that stably express WT IGF1 or R36E/R37E (11). The
transfected cells secrete WT IGF1 or R36E/R37E at comparable
levels (11). WT IGF1-transfected Met-1 cells grow much faster
in soft agar compared with mock-transfected Met-1 cells.
There is no difference between R36E/R37E-transfected and
mock-transfected Met-1 cells in colony formation in soft agar
(11). Consistently, in the present study, WT IGF1-transfected

S
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FIGURE 3. R36E/R37E is defective in enhancing cell viability in cancer cell lines under anchorage-independent conditions. Cells were plated in poly-
HEMA-coated plates and incubated with 0, 1, 10, and 100 ng/ml WT IGF1 or R36E/R37E for 48 h. Cell viability was measured by MTS assays. Data are means =
S.E. (n = 6). Statistical analysis was performed using ANOVA and Tukey’s multiple-comparison test.

Met-1 cells showed enhanced viability under anchorage-inde-
pendent conditions, as expected. There was only a small differ-
ence in cell viability between R36E/R37E-transfected and
mock-transfected Met-1 cells (Fig. 6¢). To test the effect of
R36E/R37E on tumorigenesis in Met-1 cells, we orthotopically
injected R36E/R37E-transfected and mock-transfected Met-1
cells into syngeneic FVB mice. As with MCF-7 cells, WT IGF1-
transfected Met-1 cells grew much faster than mock-trans-
fected cells in vivo. Notably, R36E/R37E-transfected cells grew
significantly slower than mock-transfected cells (p < 0.05) (Fig.
6d). Our results suggest that R36E/R37E suppresses tumorigen-
esis in Met-1 cells, whereas WT IGF1 markedly enhances it.

JULY 5,2013-VOLUME 288+NUMBER 27

R36E/R37E Suppresses the Binding of WT IGF1 to Cell Sur-
face IGFIR and Ternary Complex Formation Induced by WT
IGF1—Our results so far suggested that excess R36E/R37E sup-
pressed the signaling functions of WT IGF1 in different cell
lines, but it was still unclear how R36E/R37E suppressed WT
IGF1. We measured the binding of FITC-labeled WT IGF1 to
cell surface IGF1R in the presence of R36E/R37E by flow cytom-
etry. Notably, excess R36E/R37E suppressed the binding of WT
IGF1 to the cell surface in Met-1 and MCE-7 cells (Fig. 7, a—c) ,
suggesting that R36E/R37E inhibits the binding of WT IGF1 to
IGF1R on the cell surface. We have reported that the binding of
WT IGF1 to IGF1R recruits integrins av3 and a634 to the
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FIGURE 4. R36E/R37E is defective in inducing IGF1 signaling in cancer cell lines under anchorage-independent conditions and suppresses IGF signal-
ing induced by WT IGF1. g, R36E/R37E is defective in inducing IGF1 signaling in cancer cell lines under anchorage-independent conditions. Cells were plated
in poly-HEMA-coated plates, serum-starved for 3 h, and stimulated with 100 ng/ml WT or R36E/R37E (R) IGF1 for 5 min. Cell lysates were analyzed by Western
blotting. b, excess R36E/R37E suppresses IGF signaling induced by WT IGF1 in MCF-7 cells under anchorage-independent conditions. MCF-7 cells were
stimulated for 5 min with WT IGF1 (10 ng/ml (wt IGF1 10)) alone and in the presence of R36E/R37E (50 (wt 10 + R 50) or 100 (wt 10 + R 100) ng/ml), and cell lysates

were analyzed by Western blotting as described for a.

IGF1-IGF1R complex, resulting in ternary complex formation
(10, 11). Thus, R36E/R37E (integrin binding-defective) was
expected to suppress recruitment of integrins and the resulting
ternary complex formation induced by WT IGF1. To address
this hypothesis, MCEF-7 cells were stimulated with WT IGF1 in
the presence of excess R36E/R37E, the complex was immuno-
purified with anti-IGF1R antibody, and the purified materials
were analyzed by Western blotting using anti-34 antibodies.
We found that excess R36E/R37E reduced the levels of B4 in the
complex (Fig. 7, d and e), suggesting that R36E/R37E effectively
suppressed the ternary complex formation (a6B4-1GF1-
IGF1R) in MCEF-7 cells, as predicted. We propose a potential
mechanism of inhibitory actions of R36E/R37E in which R36E/
R37E competes with WT IGF1 for binding to IGF1R on the cell
surface and R36E/R37E thereby suppresses subsequent recruit-
ment of integrins and ternary complex formation.

R36E/R37E Suppresses Insulin-induced IGFIR Activation—
Insulin binds to IGF1R at a much lower affinity compared with
IGF1 (100-fold) and activates IGF1R (21, 22). If IGF1 competes
with insulin for binding to IGF1R, we expected that R36E/R37E
would suppress IGF1R activation by insulin. To address this
hypothesis, we investigated whether R36E/R37E suppresses
insulin-induced IGF1R activation. We stimulated MCF-7 cells
with insulin (1 ug/ml = ~100 nm) in the presence or absence of
R36E/R37E (50 and 100 ng/ml) (Fig. 8a). R36E/R37E at these
concentrations effectively suppressed IGFIR activation by
insulin. This suggests that R36E/R37E suppresses IGF1R acti-
vation by insulin.

Ternary Complex Formation with the IGFIR/IR Hybrid—
Most human cancers overexpress both IGFIR and IR (21, 23,
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24). Thus, it is reasonable to expect that they also overexpress
the IGF1R/IR hybrid. It is unclear, however, if the hybrid recep-
tor forms a ternary complex with integrins. We investigated
whether IGF1 induces ternary complex formation with the
hybrid receptor using MDA-MB231 cells expressing the hybrid
receptor at high levels (21). We stimulated MDA-MB231 cells
with IGF1 (100 ng/ml), immunopurified the ternary complex
with anti-IR antibodies, and analyzed the immunopurified
materials using anti-B4 antibodies. We detected B4 in the
immunopurified complex when cells were stimulated with WT
IGF1, but not with R36E/R37E (Fig. 8b). The immunopurified
materials contained both IGF1R and IR. Because 1) IGF1 at 100
ng/ml did not bind to the IR homodimer and 2) MDA-MB231
cells express high levels of the hybrid receptor, it is highly likely
that the immunopurified materials are predominantly hybrid
receptors. This suggests that the hybrid receptor also forms a
ternary complex with IGF1 and 634 through direct integrin
binding to IGF1.

Comparison of the Ability of R36E/R37E and PPP, an Inhibi-
tor of IGFIR Activation, to Suppress IGF1 Signaling—R36E/
R37E is very similar to WT IGF1 and is expected to bind to
IGF1R with an affinity and specificity comparable to those of
WT IGF1. Thus, R36E/R37E has several potential advantages
over currently tested antibodies or small compounds (see “Dis-
cussion”). We compared the ability of R36E/R37E to suppress
IGF1 signaling with a currently available inhibitor of IGFIR
phosphorylation, PPP, with an IC, of 50 nm for blocking IGF1IR
activation (25). Under our experimental conditions, PPP at 100
nM and R36E/R37E at 5.5-20 nM effectively suppressed the
IGF1-enhanced cell viability of MCF-7 cells (Fig. 8c). These
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FIGURE 5. R36E/R37E suppresses cell viability increased by WT IGF1 in cancer cell lines under anchorage-independent conditions. Cells were plated in
poly-HEMA-coated plates and cultured with 10 ng/ml WT IGF1 in the presence or absence of excess R36E/R37E mutant (Mut) for 48 h. Cell viability was
measured by MTS assays. Data are means = S.E. (n = 6). Statistical analysis was performed using ANOVA and Tukey’s multiple-comparison test.

results suggest that R36E/R37E is as effective as PPP in sup-
pressing IGF1R activation.

DISCUSSION

In previous studies, we proposed a model in which direct
binding of integrins to IGF1 and subsequent formation of a
ternary complex (integrin-IGF1-IGF1R) play a role in IGE-
IGFIR signaling (9, 11). We recently reported that IGF1-in-
duced ternary complex formation does not require IGF1R or
Srcactivation (10). We propose that ternary complex formation
occurs before IGFIR or Src is activated. This model predicts
that the integrin binding-defective R36E/R37E mutant is a
dominant-negative mutant (IGF1 decoy) because R36E/R37E

JULY 5,2013+VOLUME 288+-NUMBER 27

(functionally defective) is defective in inducing ternary com-
plex formation and because it competes with WT IGF1 for
binding to IGFIR. In the present study, we first demonstrated
that excess R36E/R37E suppressed cell viability increased by
WT IGF1 in two non-transformed cell lines under anchorage-
dependent conditions. This is consistent with the prediction.
In transformed cells, however, we did not clearly detect
effects of exogenous WT IGF1 or R36E/R37E on the cell viabil-
ity of transformed cells under anchorage-dependent condi-
tions. We suspect that cell-matrix interaction masks IGF sig-
naling in the cancer cells. The potential effect of cell-matrix
adhesion on another growth factor, heparin-binding EGF (HB-
EGF), has been reported. Expression of HB-EGF in cancer cells
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FIGURE 6. R36E/R37E suppresses cell viability and tumorigenesis, whereas WT IGF1 enhances them in MCF-7 and Met-1 cells expressing WT IGF1 or
R36E/R37E. MCF-7 (a) and Met-1 (c) transfectants were cultured in poly-HEMA-coated plates in DMEM for 48 h, and cell viability was measured by MTS assays.
Data are means = S.E. (n = 6). Statistical analysis was performed using ANOVA and Tukey’s multiple-comparison test. Stably transfected MCF-7 (b) or Met-1 (d)
cells were injected into the mammary fat pads of SCID or FVB mice, respectively (two injections per mouse, 10° cells per injection). Tumor growth was
monitored by measuring tumor size using calipers. Statistical analysis was performed using Student’s t test (n = 8 (day 48) for MCF-7 cells and n = 10 (days

25-31) for Met-1 cells).

enhances tumorigenesis in vivo, but expression of HB-EGF
does not enhance the growth of cancer cells in vitro under
anchorage-dependent conditions (26). This is probably because
cell-matrix adhesion provides cells with sufficient proliferative
signals. However, it is possible to detect the proliferative effect
of HB-EGF on cancer cells in vitro in three- or two-dimensional
culture in which cell-matrix interaction is reduced (26). It is
likely that cell-matrix interaction masks signaling by exogenous
growth factors. Notably, the results in an in vivo xenograft
model correlate well with the results in three- or two-dimen-
sional cultures in which cell-matrix interaction is reduced, but
not with the results in regular tissue cultures (26). Thus, we
studied the effect of exogenous IGF1 under anchorage-inde-
pendent conditions.

We demonstrated that, under anchorage-independent con-
ditions, WT IGF1 enhanced the viability of five cancer cell lines
and that R36E/R37E was defective in this function. This sug-
gests that 1) WT IGF1 induces signaling under anchorage-in-
dependent conditions and that 2) integrin-IGF1 interaction,
rather than integrin-matrix interaction, is critical for IGF sig-
naling in cancer cells under anchorage-independent condi-
tions. IGF1 induced few or no signals in NIH3T3 or C2C12 cells
under anchorage-independent conditions (data not shown),
probably because these cells do not survive under anchorage-
independent conditions.
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We demonstrated that excess R36E/R37E suppressed signal-
ing and cell viability increased by WT IGF1 in five cancer cell
lines under anchorage-independent conditions. If the results
under anchorage-independent conditions correlate with those
in in vivo tumorigenesis as in HB-EGF (see above), it is expected
that R36E/R37E would suppress in vivo tumorigenesis. Impor-
tantly, R36E/R37E suppressed tumorigenesis iz vivo in rapidly
growing Met-1 cells but with only a small difference in MCEF-7
cells, whereas WT IGF1 markedly enhanced tumorigenesis in
both cases. These findings suggest that R36E/R37E acts as a
dominant-negative mutant iz vitro and in vivo, as predicted.
We also demonstrated that excess R36E/R37E suppressed the
binding of WT IGF1 to the cell surface and WT IGF1-induced
ternary complex formation (a6B4-IGF1-IGFIR) in MCEF-7
cells, suggesting a mechanism of the inhibitory action of R36E/
R37E at the cell surface as a decoy. Interestingly, R36E/R37E
suppressed IGF1R activation by insulin, suggesting that insulin
activates IGF1R in a manner similar to IGF1. Importantly, WT
IGF1 induced ternary complex formation with the hybrid
receptor, whereas R36E/R37E did not, suggesting that R36E/
R37E can suppress activation of the hybrid receptor by IGF1.
We demonstrated that R36E/R37E and PPP at comparable con-
centrations suppressed cell viability increased by IGF1, suggest-
ing that R36E/R37E is as effective as PPP in suppressing IGF
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FIGURE 7. R36E/R37E competes with WT IGF1 for binding to IGF1R on the cell surface and ternary complex formation induced by WT IGF1.
a-c, effect of R36E/R37E on the binding of WT IGF1 to the cell surface. Cells were incubated with FITC-labeled WT IGF1 (20 wg/ml) in the presence of
unlabeled WT IGF1 (20, 50, and 200 wg/ml), R36E/R37E (20, 50, and 200 wg/ml), or FGF1 R50E (200 wg/ml) for 5 min at room temperature. Bound
FITC-labeled WT IGF1 was determined using a FACSCalibur. The results suggest that R36E/R37E blocked the binding of WT IGF1 to the cell surface.
d, effect of R36E/R37E on ternary complex formation (integrin 84-IGF1-IGF1R) induced by WT IGF1. MCF-7 cells were plated in poly-HEMA-coated plates
and serum-starved in DMEM for 3 h. Cells were stimulated with WT IGF1 (20 ng/ml) in the presence of R36E/R37E (R; 50 and 200 ng/ml) for 30 min. IGF1R
was immunopurified (/P) with anti-IGF1R antibodies from cell lysates. The immunoprecipitated materials were analyzed with anti-IGF1R or anti-B4
antibodies by Western blotting. The results suggest that R36E/R37E blocked the ternary complex formation (integrin f4-IGF1-IGF1R) induced by WT
IGF1./B,immunoblot. e, quantification of the density of B4 in the ternary complex in d. The experiments described for d were repeated three times, and
the density of B4 was digitally quantified using a Fuji LAS 4000mini luminescent image analyzer. The density of 84 in the complex was normalized with
that of IGF1R in the immunopurified materials.

signaling. We propose that R36E/R37E is a novel antagonist of
IGFIR.

We propose that R36E/R37E IGF1 may have potential as an
IGF1R antagonist and an anticancer agent. R36E/R37E is highly
specific to IGF1R, in contrast to kinase inhibitors, which are
selective rather than specific. R36E/R37E also has high affinity
for IGF1R. The currently used therapeutic agents for targeting
therapy (antibodies and kinase inhibitors) almost always induce
resistance after a while. This is partly due to point mutations in
antibody epitopes or inhibitor-binding sites. Cancer cells

JULY 5,2013-VOLUME 288+NUMBER 27

obviously benefit from mutations that block the binding of
antagonists. We expect that R36E/R37E may not induce such
mutations in IGFIR because R36E/R37E and WT IGF1 bind
to IGF1R exactly the same way, and blocking the binding of
WT IGF1 to IGF1R by mutations in the IGF-binding site
would not benefit cancer cells. Our discoveries are impor-
tant because we can potentially exploit the property of
R36E/R37E (IGF1 decoy) for targeting therapy. The poten-
tial of R36E/R37E as an inhibitor of IGF1R needs to be fully
evaluated.
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FIGURE 8. R36E/R37E suppresses IGF1R phosphorylation induced by
insulin, does not induce ternary complex formation of the hybrid recep-
tor, and suppresses cell viability increased by IGF1 at levels comparable
to PPP. a, R36E/R37E suppresses IGF1R phosphorylation induced by insulinin
MCEF-7 cells. Cells were plated in poly-HEMA-coated plates and serum-starved
in DMEM for 3 h. Cells were stimulated with a high concentration of bovine
insulin (1 pg/ml) in the presence of R36E/R37E (50 (Mut(50)) and 100
(Mut(1000)) ng/ml) for 30 min. Cell lysates were analyzed by Western blotting.
The results suggest that R36E/R37E blocked IGF1R phosphorylation induced
by insulin. b, WT IGF1, but not R36E/R37E, induces ternary complex formation
with the IGFTR/IR hybrid (integrin B4-IGF1-IGF1R/IR). MDA-MB231 cells were
plated in poly-HEMA-coated plates and serum-starved in DMEM for 3 h. Cells
were stimulated with WT IGF1 or R36E/R37E (100 ng/ml) for 30 min.IGF1R was
immunopurified (/P) with anti-IR antibodies from cell lysates. The immuno-
precipitated materials were analyzed with anti-IR, anti-IGF1R, or anti-34 anti-
bodies by Western blotting. The results suggest that WT IGF1, but not R36E/
R37E, induced ternary complex formation with the hybrid receptor (integrin
B4-IGF1-IGF1R/IR). ¢, PPP and R36E/R37E comparably suppress cell viability
increased by WT IGF1 in MCF-7 cells under anchorage-independent condi-
tions. Cells were plated in poly-HEMA-coated plates and cultured with 10
ng/ml (1.1 nm) WT IGF1 in the presence or absence of R36E/R37E (5.5-22 nm)
or PPP (100 and 1000 nm) for 48 h. Cell viability was measured by MTS assays.
Data are means =+ S.E. (n = 6). Statistical analysis was performed using ANOVA
and Tukey’s multiple-comparison test.

Using strategies similar to that used for IGF1, we have
reported that FGF1 (27), neuregulin-1 (15), and fractalkine (28)
directly bind to integrins. Direct binding of integrins to these
growth factors/cytokines and ternary complex formation (e.g.
integrin-FGF1-FGF1 receptor for FGF1) are critical for signal-
ing. The integrin binding-defective mutants of these growth
factors/cytokines are defective in signaling functions and act as
antagonists in signaling in vitro and in vivo (28-30). Thus,
integrin binding to growth factors/cytokines may be a common
mechanism of integrin-growth factor/cytokine receptor cross-
talk. The integrin binding-defective mutants of these growth
factors/cytokines, including R36E/R37E IGF1, will be useful for
studying the role of integrins in growth factor/cytokine signal-
ing in future studies.
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