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The insulin-like growth factor binding proteins (IGFBPs) represent a unique class of IGF

antagonists regulating the bioavailability of the IGFs extracellularly. Accordingly, they

represent an important class of proteins for cancer therapeutics and chemoprevention.

IGF-F1-1 is a cyclic hexadecapeptide identified by high throughput phage display that binds

to the IGFBP-binding domain on IGF-1. It acts as an IGFBP-mimetic, capable of inhibiting IGF-

1 binding to the IGFBPs. To further examine the utility of IGF-F1-1 as an IGF-1 antagonist we

tested its ability to inhibit IGFBP-2 and IGFBP-3 binding to IGF-1, 125I-IGF-1 binding to IGF-1Rs

and to block IGF-1 induced Akt activation, cell cycle changes and [3H]thymidine incorpora-

tion in MCF-7 cells. These biological activities were inhibited by treatment with IGFBP-2,

wortmannin or the IGF-1R tyrosine kinase inhibitor, NVP-AEW541, but not by IGF-F1-1. Our

findings confirm previous studies indicating that IGF-F1-1 is a weak antagonist of IGF-1

binding to the IGFBPs and the IGF-1R and suggest that it does not effectively inhibit

downstream events stimulated by IGF-1. We further demonstrated that IGF-F1-1 treatment

of MCF-7 cells results in the paradoxical activation of Akt, S-phase transition and [3H]thy-

midine incorporation. These results suggest that IGF-F1-1 is a weak agonist, exhibiting

mitogenic actions. IGF-F1-1 may act in conjunction with IGF-1 at the IGF-1R or indepen-

dently of IGF-1 at the IGF-1R or another receptor.
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BCA, bicinchoninic acid

BLOTTO, bovine lacto transfer

technique optimizer

BSA, bovine serum albumin

Erk, extracellular-signal-

regulated kinase

FBS, fetal bovine serum

Flt-1, fms-like tyrosine kinase-1

HRP, horse radish peroxidase

IGF-1, insulin-like growth factor 1

IGF-1R, IGF-1 receptor

IGFBP, IGF binding protein

IP, immunoprecipitation

IB, immunoblot
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MAPK, MEK/mitogen-activated

protein kinase

PBS, phosphate-buffered saline

PI 3-K, phosphatidylinositol

3-kinase

TBS, Tris-buffered saline

WCE, whole cell extract
1. Introduction

The IGF-1R plays a crucial role in cell transformation and

tumorigenesis [1], with numerous epidemiological studies

indicating IGF-1 as a positive risk factor for the develop-

ment of breast, prostate, colon, and lung cancer [2–6]. More

recent analyses of these data indicate that the association

of IGF-1 and cancer is modest [7]. Altered IGF-1R levels in

tumor versus normal tissue have been observed [8–15], with

IGF-1R overexpression occurring in the earlier stages

followed by IGF-1R downregulation in the later, dediffer-

entiated stages of breast [16–19] and prostate [20,21] cancer.

Consistent with these observations, IGFBP-3 may be a

negative risk factor for lung cancer [6,22]. Accordingly, the

use of multiple strategies to block activation of the IGF-1R

have been applied toward reducing tumor growth in vitro

and in vivo [23].

The IGFBPs represent a class of IGF-1/2 antagonists that act

by binding their ligands with high affinity and blocking their

access to the IGF-1R [23]. Accordingly, the IGFBPs or IGFBP-

mimetics may serve as lead compounds for development of

small molecule IGF antagonists. Using high-throughput

phage display to screen for IGF-1 interacting peptides,

Deshayes et al. [24] identified a cyclic hexadecapeptide,

IGF-F1-1, that specifically binds to IGF-1 with mM affinity. NMR

analysis of the IGF-F1-1:IGF-1 complex revealed that the

hydrophobic surface of IGF-F1-1 comprised of residues Phe-4,

Val-7, Leu-10 and Met-14, contributes �75% of the IGF-1

binding interface [25]. A similar hydrophobic region on IGF-1,

including Leu-5, Ala-13, Phe-16, Val-17 and Leu-54 contri-

butes �55% of the IGF-F1-1 binding site. The importance of

IGF-F1-1 residues, Phe-4, Ser-6, Val-7, Leu-10, Arg-11 and Met-

14 has been confirmed by a shotgun alanine scanning phage

display technique [25,26].

Following IGFBP-binding, IGF-1 (and IGF-2) are seques-

tered from the IGF-1R, resulting in the natural antagonism of

IGF-1R function. As such, the IGFBPs are candidate ther-

apeutics with applications in diseases where IGF-1R signaling

exacerbates clinical outcomes. Thus, any information regard-

ing IGF-1:IGFBP binding or its disruption, may provide

important insight into the design of more effective IGF-1

inhibitory drugs. Given that IGF-F1-1 interacts with the IGFBP-

binding domain on IGF-1, additional studies on the biologic

utility of IGF-F1-1 in blocking IGF-1 action may yield

additional information regarding the IGF-1:IGFBP interaction.

In this study we examined the efficacy of IGF-F1-1 in

inhibiting IGF-1 action. To this end, our goal was to establish

whether blockade of IGF-1 residues known to interact with

IGF-F1-1 is sufficient to disrupt IGF-1 binding to the IGF-1R and

downstream signaling.
2. Materials and methods

2.1. Materials

Recombinant human IGF-1 was kindly provided by Genen-

tech, Inc. (South San Francisco, CA) or Tercica, Inc. (Brisbane,

CA). IGFBP-2 was prepared as previously described [27]. The

peptide, IGF-F1-1 (RNCFESVAALRRCMYG-NH2), was synthe-

sized by SynPep Corp. (Dublin, CA) or kindly provided by Dr.

Sachdev Sidhu (Genentech, Inc). The HPLC column (Dis-

covery1 BIO Wide Bore C18, 25 cm � 4.6 mm, 5 mm) was

obtained from Supelco (Bellefonte, PA). The MCF-7 cell line

was obtained from the American Type Culture Collection

(ATCC; Manassas, VA). The somatostatin analogue, octreo-

tide (SMS 201-995) was a gift from Bristol-Myers Squibb (New

York, NY). The IGF-1R tyrosine kinase inhibitor, NVP-

AEW541, was a gift from Dr. Francesco Hofmann (Novartis,

Basel, Switzerland). The PI-3 kinase inhibitor, wortmannin

was obtained from Calbiochem (San Diego, CA). Anti-pAkt

(S473) and anti-Akt polyclonal antibodies were obtained

from Cell Signaling Technology (Danvers, MA). Anti-IGF-1Rb

subunit polyclonal antibody was obtained from Santa Cruz

(Santa Cruz, CA). Recombinant human IGFBP-3 (N109D) [28],

anti-phosphotyrosine monoclonal antibody 4G101 and anti-

IGFBP-2 polyclonal antibody were obtained from Upstate

(Charlottesville, VA). All secondary antibodies were obtained

from Chemicon (Temecula, CA). All other materials were of

reagent grade or higher.

2.2. IGF-binding analysis of IGF-F1-1

125I-IGF-1 (15–20,000 cpm, 10 nCi, 15 pM; Amersham Bios-

ciences; Piscataway, NJ) IGFBP-2 or IGFBP-3 (2 ng) were

combined with increasing amounts of IGF-F1-1. In some

experiments the cyclic decapeptide, octreotide was added in

place of IGF-F1-1 as a control. Binding assays were carried out

at 4 8C for 16 h using polyethylene glycol precipitation to

separate bound from free ligand as described [27]. For

comparison, IGF-1 binding to IGFBP-2 and IGFBP-3 was also

evaluated. Bound 125I-IGF-1 was quantified in a Compugamma

spectrometer (LKB-Wallac; Turku, Finland). Counts precipi-

tated in the absence of IGFBP or IGF-F1-1 (non-specific binding)

were subtracted to determine specific binding. IC50 and Hill

slope values were calculated using the equation B ¼ Bmin þ
Bmax=ð1þ 10ðlogIC50�log½ligand�ÞÞ �Hill slope where B is the con-

centration of bound ligand, Bmin the minimum binding

observed and Bmax is the maximal binding observed. Prism1

v. 4 (GraphPad Software, Inc., San Diego, CA) was used to

minimize the sum of the squares of the differences from the

mean IC50 values for each concentration of IGF-1 to generate
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best-fit curves for each sample set. Results were compared

using a one-way analysis of variance. A Bonferroni post-test

was performed on individual data sets if the p < 0.05 for the

overall analysis. t-Tests (two-tailed, unpaired) in which

individual Hill slopes were compared to each other as well

as to the value of �1.0, which is indicative of a simple

bimolecular ligand–receptor interaction, were also performed.

2.3. Cell culture

MCF-7 cells were maintained in RPMI medium pH 7.4 supple-

mented with L-glutamine (0.3 mg/ml), NaHCO3 (2 mg/ml), and

10% FBS and penicillin (100 U/ml)–streptomycin (100 mg/ml).

Cells were incubated at 37 8C in an atmosphere of 95% O2 and 5%

CO2 in a humidified incubator. Cell lines were not passaged

more than 30 times following placement in culture.

2.4. 125I-IGF-1 binding to MCF-7 cells

MCF-7 cells (�1.9 � 106) were plated in 12-well dishes and

supplemented with growth medium. After 24 h the growth

medium was removed and replaced with serum free medium

(SFM) for 24 h. At this time cells were incubated with 125I-IGF-1

(15–20,000 cpm, 10 nCi, 15 pM) � various concentrations of

IGF-F1-1 (0.1–100 mM) or octreotide (1–10 mM) � 500 nM unla-

beled IGF-1. Treatment components were combined in

HMS � buffer (25 mM HEPES, 104 mM NaCl, 5 mM MgCl2,

0.01% soybean trypsin inhibitor, 0.2% BSA pH 7.4) and pre-

incubated at 37 8C, with nutating, for 1 h and then added to the

cells for 30 min at 23 8C with constant nutating. Cells were

washed once with HMS � buffer followed by addition of 2N

NaOH to dissolve the cells. The extracts so generated were

collected into tubes and bound 125I-IGF-1 quantified in a

Compugamma spectrometer (LKB-Wallac; Turku, Finland).

IC50 and Hill slope values were calculated as described above.

2.5. IGF-1Rb subunit phosphorylation and Akt
phosphorylation in MCF-7 cells

For IGF-1R phosphorylation experiments, MCF-7 cells

(�5 � 106) were plated on 10 cm dishes and supplemented

with growth medium for 24 h. Cells were serum-starved and

treated with the indicated compounds as described in the

figure legends. Equal amounts of whole cell lysate protein

(1–2 mg) were diluted with STE (100 mM NaCl, 100 mM Tris

pH 7.4, and 1 mM EDTA pH 7.4) to a final concentration of 0.1%

Triton X-100 and incubated with protein A conjugated

agarose (40 ml of a 1:1 slurry) plus anti-IGF-1Rb subunit

polyclonal antibody (15 ml) for 16 h at 4 8C. The beads were

then centrifuged at 3000 rpm for 15 min at 4 8C and washed

three times with lysis buffer containing 0.1% Triton X-100 and

eluted with SDS-sample buffer containing dithiothreitol

(100 mM). Proteins were resolved on a 10% SDS-polyacryla-

mide gel and transferred to a nitrocellulose membrane and

immunoblotted with anti-phosphotyrosine (anti-pY) 4G101

monoclonal antibody (1:1000 dilution). The blot was devel-

oped with goat anti-mouse-horse radish peroxidase (HRP) IgG

(1:4000 dilution) and the ECL reagent. The blot was then

stripped with Re-blot mild stripping reagent and reprobed

with anti-IGF-1Rb subunit polyclonal antibody (1:500 dilu-
tion). For the analysis of Akt phosphorylation�1 � 106 MCF-7

cells were plated in 60 mm dishes and prepared for experi-

ments as detailed above. Blots were probed with anti-pAkt

(S473) antibodies and reprobed with anti-Akt polyclonal

antibody (1:1000 dilution). When possible, densitometry

was performed on the bands to assess differences between

intensities using the program NIH Image1 v. 1.61.

2.6. Cell cycle analysis of MCF-7 cells

MCF-7 cells (�1 � 106) were plated in 60 mm dishes and serum

starved as described. Following treatment, the cells were

harvested by trypsinization, washed with PBS, pH 7.4 and

resuspended in 0.5 ml PBS in new tubes. Cells were fixed in ice-

cold ethanol (70% final) for 16 h at 4 8C, washed twice with PBS

and stained with 0.5–1 ml of propidium iodide staining

cocktail (30 mM propidium iodide, 0.1 M EDTA, 0.1 mg/ml

(7.5 U/ml) RNAse, and 0.1% Triton X-100 in PBS) for 15 min,

at 37 8C in the dark. Samples were analyzed in the Hollings

Cancer Center Flow Cytometry Facility using CellQuest Pro

software optimized for cell cycle analysis using doublet

discrimination on a FACSCaliburTM analytical flow cytometer

(Becton Dickinson; San Jose, CA). Cell cycle analysis was

performed on ModFit LT modeling software. Results were

compared using a one-way analysis of variance within Prism1

v. 4. A Bonferroni post-test was performed on individual data

sets if the p < 0.05 for the overall analysis.

2.7. [3H]Thymidine incorporation in MCF-7 cells

MCF-7 cells (5 � 104) were plated in 48-well dishes and

serum-starved. At this time cells were treated for 21 h as

indicated in the figure legend. Incubations were terminated

by aspirating the medium and washing the cells with PBS.

[3H]thymidine (1 mCi/ml, 200 ml) in SFM containing 0.5% BSA

was added to each well and incubated for 4 h at 37 8C in an

atmosphere of 95% O2 and 5% CO2 in a humidified incubator.

Medium was removed and the cells were washed three

times with PBS. Cold TCA (12.5%, 0.5 ml) was then added to

each well. After 15 min at 4 8C the TCA was removed and

replaced with fresh TCA. This was repeated two more times

after which the TCA was removed and 0.2N NaOH (250 ml)

was added. After 25 min at 23 8C with constant mixing,

200 ml aliquots of the NaOH solution was removed from each

well, transferred to a scintillation vial and combined with

5 ml EcoLume scintillation fluid (MP Biomedicals, Irvine, CA)

for analysis in a 1900TR Liquid Scintillation Analyzer

(Perkin-Elmer; Wellesley, MA). Results were compared using

one-way analysis of variance (Prism1 v. 4). A Bonferroni

post-test was performed on individual data sets if p < 0.05

for the overall analysis.
3. Results

3.1. IGFBP competition binding studies

Competition binding studies were carried out using 125I-IGF-1

(15–20,000 cpm, 10 nCi, 15 pM) plus IGFBP-2 or IGFBP-3

(2 ng) and increasing amounts of IGF-F1-1 (0.1 nM–2.6 mM
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Fig. 1 – Competition binding analyses of IGF-F1-1 vs. IGFBP-

2 or IGFBP-3 for IGF-1 binding. Solution phase-binding

studies were conducted to evaluate the IC50 for IGF-F1-1

inhibition of IGF-1 binding to IGFBP-2 and IGFBP-3.

Constant concentrations of 125I-IGF-1 and IGFBP-2/IGFBP-3

were incubated with increasing doses of IGF-F1-1. Binding

analyses were also performed with each IGFBP using

unlabeled IGF-1 as competitor. Data points shown are the

average values of three independent experiments

performed in triplicate. Binding curves were generated as

described under Section 2.

Fig. 2 – Inhibition of IGF-1 binding to MCF-7 cell IGF-1Rs.

Competition binding analysis was performed on MCF-7

cells to determine the effect of IGF-F1-1 on cell surface

binding of 125I-IGF-1. (A) A full range of IGF-F1-1 doses on
125I-IGF-1 binding was examined. Data points shown are

the average values of three independent experiments

performed in triplicate. Binding curves were generated as

described under Section 2. (B) Addition of IGF-F1-1 as well

as IGFBP-2 significantly inhibited 125I-IGF-1 binding to the

cells. p values represent comparisons made to total

binding (bar 1). Octreotide had no effect on 125I-IGF-1

binding. *p < 0.05, ***p < 0.001.
for IGFBP-2 experiments; 0.1 nM–66.7 mM for IGFBP-3

experiments). The IC50 for IGF-F1-1 competition with IGFBP-

2 was 331 � 36.4 nM (Fig. 1). The IC50 for IGF-F1-1 competition

with IGFBP-3 was 6.8 � 0.88 mM (Fig. 1). Hill slopes for both the

IGFBP-2 and IGFBP-3 curves were not significantly different

from each other (p > 0.05, t-test) nor were they significantly

different from �1.0 (p > 0.05, t-test). Addition of octreotide

(2.6 mM (IGFBP-2) or 66.7 mM (IGFBP-3)) in place of IGF-F1-1

had no effect on IGF-1 binding to either binding protein

(data not shown).

For comparison, competition binding analyses were

performed using unlabeled IGF-1 as the competing ligand

(Fig. 1). The IC50 for IGF-1 binding to IGFBP-2 was

0.42 � 0.058 nM and for IGFBP-3 was 0.35 � 0.05 nM, indicat-

ing IGF-1 had a 1.2-fold higher affinity for IGFBP-3 than for

IGFBP-2. As observed with IGF-F1-1, Hill slopes were not

significantly different from each other ( p > 0.05, t-test). In

summary, IGF-F1-1 competed with IGFBP-2 for IGF-1 binding

with low affinity (331 � 36.4 nM) compared to the affinity of

IGF-1 for IGFBP-2 (0.42 � 0.058 nM). An even more dramatic

difference in affinities was observed with IGFBP-3.

3.2. Inhibition of IGF-1 binding to MCF-7 cells by IGF-F1-1

To determine whether IGF-F1-1 binding to IGF-1 could also

block IGF-1 binding to the IGF-1R, competition binding studies

were carried out using MCF-7 cells. Increasing doses of IGF-F1-

1 (0.1–100 mM) were pre-incubated with 125I-IGF-1 (15–

20,000 cpm, 10 nCi, 15 pM) for 1 h prior to addition to MCF-7

cells for a 30 min binding assay. IGF-F1-1 inhibited the cell

surface association of 125I-IGF-1 in a dose-dependent manner

(Fig. 2A). The IC50 for inhibition of MCF-7 cell binding was

2.8 � 0.3 mM. Addition of 1 mM and greater concentrations

of IGF-F1-1 caused significant inhibition of 125I-IGF-1 binding

to MCF-7 cells compared with total binding (p < 0.05 for 1 mM,
p < 0.001 for 5 and 10 mM). IGFBP-2 (100 nM) inhibited 125I-IGF-1

binding by 75% while addition of octreotide (10 mM) had no

effect on 125I-IGF-1 binding (Fig. 2B). ANOVA analysis showed

that IGFBP-2 significantly inhibited 125I-IGF-1 binding com-

pared to 125I-IGF-1 alone (p < 0.001), while cell binding

observed in the presence of octreotide was not significantly

different from total binding achieved in the absence of

competing ligand (p > 0.05).

3.3. IGF-1R phosphorylation

The effects of either IGF-1 or IGF-F1-1 alone or combined on

IGF-1Rb-subunit tyrosine phosphorylation were examined

using in MCF-7 cells and an immunoprecipitation:immunoblot

(IP:IB) protocol (Fig. 3). IGF-1 stimulated IGF-1R phosphoryla-

tion was detectable within 5 min of exposure to MCF-7 cells.

IGF-1 induced IGF-1R phosphorylation was inhibited by the

addition of the IGF-1R tyrosine kinase inhibitor, NVP-AEW541
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Fig. 3 – Effect of IGFBP-2 and NVP-AEW541 on IGF-1-

induced IGF-1R tyrosine phosphorylation in MCF-7 cells.

MCF-7 cells were treated with the indicated reagents for

5 min. Immunoprecipitation (IP) followed by immunoblot

(IB) of MCF-7 whole cell extracts (WCE) was completed. (A)

IGF-1 stimulated IGF-1R phosphorylation, which was

inhibited by NVP-AEW541 and IGFBP-2 (lanes 4–7). IGF-F1-

1 had no detectable effect on IGF-1R phosphorylation. (B)

Co-addition of IGF-1 and IGF-F1-1 did not significantly

alter IGF-1R tyrosine phosphorylation compared to that

stimulated by IGF-1 alone. (C) Densitometric analysis of gel

shown in (B). Similar results were obtained in three

separate experiments.

Fig. 4 – Dose dependent phosphorylation of Akt by IGF-

F1-1 A/B, cells were treated with the indicated reagents

for 15 min. WCEs were prepared and equal amounts of

total protein was immunoblotted with anti-pAkt and

anti-Akt antibodies. IGF-1 and IGF-F1-1 stimulated Akt

phosphorylation was inhibited by NVP-AEW541 and

IGFBP-2. IGF-1 and IGF-F1-1 stimulated phosphorylation

was inhibited by NVP-AEW541 and IGFBP-2. The

control cyclic peptide octreotide did not stimulate

phosphorylation of Akt. C, Cells were treated with

IGF-1 or IGF-F1-1 for 15 min. Equal amounts of total

protein from WCEs was immunoblotted with anti-pAkt

and anti-p44/42 MAPK antibodies. IGF-1 stimulated

phosphorylation of Akt as well as Erk1 and Erk 2. A

positive dose-response effect on Akt phosphorylation

was observed with IGF-F1-1. Each blot shown is

representative of at least three independent experiments.
[29] and by IGFBP-2 (Fig. 3A). IGF-F1-1 addition had no

detectable effect on IGF-1Rb-subunit phosphorylation when

added alone or in the presence of IGF-1 (Fig. 3B).

3.4. Analysis of Akt phosphorylation

IGF-1R signaling via PI-3 K leads to Akt activation and

downstream growth and anti-apoptotic signals. IGF-1 stimu-

lated Akt phosphorylation in MCF-7 cells was inhibited

by NVP-AEW541 and IGFBP-2 addition, but not by IGF-F1-1

(Fig. 4A and B). Rather, a slight increase in Akt phosphor-

ylation over IGF-1 treatment alone was seen with the co-

addition of IGF-1 and IGF-F1-1. Treatment of MCF-7 cells

with IGF-F1-1 alone caused Akt phosphorylation (Fig. 4A and

B) comparable to IGF-1 treatment. IGF-F1-1 stimulated Akt

phosphorylation was inhibited by NVP-AEW541 or IGFBP-2
treatment, suggesting IGF-1R involvement in IGF-F1-1

stimulated Akt activation. IGF-F1-1 caused a dose-depen-

dent stimulation of Akt phosphorylation while having no

effect on Erk 1/2 phosphorylation (Fig. 4C). Octreotide had no

effect on Akt phosphorylation (Fig. 4B).

3.5. Cell cycle analysis

To examine the biologic effects of IGF-F1-1 on MCF-7 cell

function, cell cycle analysis was performed (Fig. 5). Growth of

cells in SFM (control) yielded a low percentage of cells in S-

phase (4.45 � 0.86%) with the majority in G1 (91.15 � 2.16%).

IGF-1 treatment significantly increased the percentage of cells

in S-phase (19.18 � 0.76%, p < 0.001), which coincided with a

decrease in the number of cells in G1 (65.72 � 1.52%). Co-

addition of IGFBP-2 and IGF-1 significantly reduced the

number of cells in S-phase compared to IGF-1 treatment

alone (p < 0.05). Co-addition of IGF-1 with IGF-F1-1 (5 or 10 mM)



b i o c h e m i c a l p h a r m a c o l o g y 7 2 ( 2 0 0 6 ) 5 3 – 6 158

Fig. 5 – IGF-1 and IGF-F1-1 regulated MCF-7 cell cycle

changes. IGF-1 promoted the transition of cells from G1 to

S-phase. This effect was inhibited by co-addition of IGFBP-

2 but not by IGF-F1-1. A statistically significant increase in

the number of cells transitioning from G1 to S-phase was

observed upon addition of IGF-F1-1. Bars represent the

mean of three independent experiments performed in

duplicate. Error bars indicate standard error from the

mean. *p < 0.05, **p < 0.01, ***p < 0.001.
did not significantly change the cell cycle profile compared

to IGF-1 treatment alone. However, IGF-F1-1 treatment alone

significantly increased the percentage of cells in S-phase

(14.8 � S.E. 2.8%; p < 0.01) and decreased the percentage of

cells in G1 (74.9 � S.E. 4.9%; p < 0.01) compared to control.

3.6. [3H]thymidine incorporation in MCF-7 cells

To further verify that the effects of IGF-F1-1 on cell cycle

changes reflected growth responses, IGF-F1-1 stimulated

[3H]thymidine incorporation was evaluated. IGF-1 stimulated

an 11.8-fold increase in [3H]thymidine incorporation com-

pared to control cells exposed to SFM alone ( p < 0.001; Fig. 6).

IGFBP-2 (100 nM) significantly reduced IGF-1 stimulated

[3H]thymidine incorporation (1.9-fold, p < 0.001) (Fig. 6).
Fig. 6 – IGF-1 and IGF-F1-1 stimulated [3H]thymidine incorporatio

indicated for 21 h. [3H]thymidine incorporation was then allowe

analysis. IGF-1 and IGF-F1-1 each stimulated a significant incre

cells, which was inhibited, in each case, by IGFBP-2. Bars repre

performed in triplicate. Error bars represent standard error of th

compared to IGF-F1-1, ***p < 0.001 compared to IGF-1.
Wortmannin and NVP-AEW541 each caused a pronounced

inhibition of IGF-1 induced [3H]thymidine incorporation

(Fig. 6). IGF-F1-1 stimulated a 7.6-fold increase in [3H]thymi-

dine incorporation ( p < 0.001), which was reduced to control

levels by the addition of either IGFBP-2, wortmannin or NVP-

AEW541. Addition of IGF-F1-1 in the presence of IGF-1 had no

appreciable effect on [3H]thymidine incorporation over IGF-1

treatment alone ( p > 0.05, ns). However, the level of inhibi-

tion obtained with IGFBP-2 was reduced when IGF-1 was

added with IGF-F1-1, compared to that observed for IGFBP-2

inhibition of IGF-1. This difference reflected the increased

activity accompanying IGF-F1-1 treatment. A more pro-

nounced inhibition of [3H]thymidine incorporation was

obtained when the combined actions of IGF-1 and IGF-F1-1

were inhibited with wortmannin or NVP-AEW541 treatment.
4. Discussion

In standard competition binding assays IGF-F1-1 competed

with IGFBP-3 (IC50 6.8 � 0.88 mM) and IGFBP-2 (IC50

331 � 36.4 nM) for IGF-1 binding. This represents a 20.5-fold

lower IC50 for IGFBP-2 compared to IGFBP-3. The value

obtained for IGFBP-3 was �2.3-fold lower than what was

reported for IGF-F1-1 competing with IGFBP-3 in phage ELISA

assays with IGFBP-3 (IC50 2.9 mM) and IGFBP-1 (IC50 1.4 mM)

competing with IGF-F1-1 for IGF-1 [24]. The Hill slopes for

IGFBP-2 and IGFBP-3 were not significantly different from

each other nor from a value of �1.0, suggesting the existence

of a simple, bimolecular or one-site model for the binding of

IGF-1 to IGFBP-2 and IGFBP-3. Importantly, these data further

suggest the potential for a differential binding interaction

with respect to the manner in which IGFBP-2 and IGFBP-3

contact IGF-1. This suggests that IGF-F1-1 possesses struc-

tural characteristics that are more comparable to IGFBP-2

than for IGFBP-3. Recent NMR studies on bovine IGFBP-2

bound to IGF-1 or IGF-2 revealed an interaction between the

C-terminus of IGFBP-2 and IGF-1 residues Leu-14, Gln-15,

Gly-22-Phe-25; all of which are important in IGF-1R receptor

binding [30]. Mutagenesis studies have revealed the impor-

tance of residues within the C-terminus of IGFBP-2 in IGF
n in MCF-7 cells. Serum-starved MCF-7 cells were treated as

d to proceed for 4 h, followed by processing of the cells for

ase in [3H]thymidine incorporation compared to control

sent mean values of three independent experiments

e mean. §§§p < 0.001 compared to control, yyyp < 0.001
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binding [27,31–35] while N-terminal residues have been

implicated in IGFBP-3 binding [28,35]. Taken together, these

observations imply that these two IGFBPs bind IGF-1 by

somewhat different mechanisms. The higher affinity IGF-1

has for IGFBP-3 compared to IGFBP-2, may, in part, contribute

to the differences in affinity observed with IGF-F1-1 in our

binding assays. The affinities reported here are in agreement

with those observed by Deshayes et al. [24].

To examine whether the IGF-F1-1:IGF-1 interaction impacts

the ability of IGF-1 to bind to and engage the IGF-1R, binding

studies with MCF-7 cells were carried out. IGF-F1-1 inhibited
125I-IGF-1 binding to MCF-7 cells in a dose-dependent manner

with an IC50 = 2.8 � 0.3 mM and a Hill slope �1.1 � 0.62. These

data were in agreement with those reported by Deshayes et al.

who observed an IC50 = 5.1 mM for binding to the IGF-1R [24].

We did not observe IGF-F1-1 inhibition of downstream IGF-

1 signaling. Essentially no change was observed in IGF-1

stimulated IGF-1R phosphorylation, Akt phosphorylation, cell

cycle profile, or [3H]thymidine incorporation in MCF-7 cells

upon co-addition of IGF-1 and IGF-F1-1. Based on the observed

inhibition of IGF-1 binding to the IGF-1R and the inhibition of

IGF-1 binding to IGFBP-2 and IGFBP-3, blockade of IGF-1

induced signaling events was expected. We used 15 pM 125I-

IGF-1 in our MCF-7 cell binding studies, whereas Deshayes

et al. [24] used 2 nM 125I-IGF-1. Given the inability of IGF-F1-1 to

significantly inhibit IGF-1-induced IGF-1R phosphorylation,

Akt phosphorylation, S-phase transition, and [3H]thymidine

incorporation, we conclude that IGF-F1-1 has a very low

potency for inhibiting IGF-1 binding to the IGF-1R.

Paradoxical effects were observed upon addition of IGF-F1-

1 alone to MCF-7 cells. IGF-F1-1 stimulated Akt phosphoryla-

tion, S-phase entry, and [3H]thymidine incorporation. On this

basis, it is capable of eliciting mitogenic effects. However, IGF-

F1-1 did not stimulate Erk activation. The effect of IGF-F1-1 on

Akt phosphorylation was inhibited by IGFBP-2 and the IGF-1R

tyrosine kinase inhibitor, NVP-AEW541. Similarly, induction of

[3H]thymidine incorporation in MCF-7 cells by IGF-F1-1 was

blocked by addition IGFBP-2, NVP-AEW541, and the PI-3K

inhibitor, wortmannin. These results suggest that the effects

of IGF-F1-1 are IGF-1, IGF-1R, and PI-3K dependent. Although,

Akt phosphorylation and [3H]thymidine incorporation were

blocked by NVP-AEW541, IGF-F1-1 stimulated IGF-1R phos-

phorylation was not detected. The simplest explanation for

this is that the low signal intensity achieved in anti-

phosphotyrosine immunoblot analysis was likely too weak

to enable detection of IGF-F1-1-dependent IGF-1R phosphor-

ylation. Along these lines, it is also possible that the IP:IB

approach used was ineffective at identifying select popula-

tions of phosphotyrosines within the IGF-1R b-subunit, either

due to antibody specificity for phosphotyrosines in select

environments or the presence of interacting proteins bound to

these phosphotyrosines following IGF-F1-1 treatment, thereby

blocking antibody access. Related to this, phosphorylation of

tyrosines 1250 and 1251 are essential for Erk activity, but

unnecessary for PI3K/Akt activation [36]. If our assay was more

effective at reporting the phosphorylation of these tyrosines, it

may not accurately reflect signaling to Akt.

Significantly, the observation that IGFBP-2 blocked the

effects of IGF-F1-1 suggests that it may be acting in an IGF-

dependent manner. Binding of IGFBP-IGF complexes to the
ECM creates a reservoir for IGF-1 near IGF-1Rs in the cell

membrane [37–40]. The interaction of IGFBPs with the ECM

reduces their affinity for the IGFs thereby facilitating IGF

release for subsequent IGF-1R activation. Several studies have

demonstrated association of IGFBP-3, IGFBP-5, IGF-1, and IGF-2

as well as complexes of IGFBPs and IGFs with ECM proteins in

MCF-7 cell cultures [41]. On this basis, we propose that the low

affinity binding of IGF-1 by ECM associated IGFBPs, may

facilitate IGF-F1-1 induced dissociation of IGF-1. This provides

an explanation for the observed inhibition of IGF-F1-1 induced

Akt phosphorylation and [3H]thymidine incorporation by

exogenously added IGFBP-2. Alternatively, IGF-F1-1 may itself

bind to IGFBP-2. In this case, inhibition of IGF-F1-1 induced Akt

phosphorylation and [3H]thymidine incorporation may be due

to a direct interaction/inhibition of IGF-F1-1 with IGFBP-2. This

would be consistent with the direct stimulation of the IGF-1R

or an alternative receptor tyrosine kinase by IGF-F1-1.

An alternative explanation for the paradoxical effects

observed is that IGF-F1-1 via IGF-1 release is stimulating

another pathway. Crosstalk between the IGF-1R and the G-

protein coupled chemokine receptors CXCR4 [42] and CCR5

[43] have recently been observed. Akekawatchai and collea-

gues [42] demonstrated a direct interaction between CXCR4

and the IGF-1R, resulting in IGF-1 mediated cell migration in

MDA-MB-231 cells that was partially inhibited by CXCR4

RNAi or pertussis toxin. IGF-1R activation also causes CCR5

activation via induction and autocrine action of RANTES [43].

Finally, the IGF-1R also transactivates EGFR1 through

proteinase-dependent release of heparin-binding EGF [44]

and EGFR-2 (HER-2) via physical association [45]. Thus,

CXCR4, CCR5, EGFR-1 and HER-2 are examples of receptors

known to engage in crosstalk with the IGF-1R and represent

alternative pathways that may be affected either directly or

indirectly by IGF-F1-1.

In summary, we have examined the biologic actions of the

phage display peptide, IGF-F1-1 using in vitro and cell-based

assays. We confirmed previous reports demonstrating that

IGF-F1-1 competes with IGFBP-3 for binding to IGF-1 and

extended them to IGFBP-2 binding. Our results indicated

different inhibition profiles for IGFBP-2 and IGFBP-3 consis-

tent with the notion that the interactions of these binding

proteins with IGF-1 differ. We further showed that treatment

of MCF-7 cells with IGF-F1-1 results in Akt phosphorylation,

[3H]thymidine incorporation and S-phase transition. All of

these effects could be abrogated by the addition of IGFBP-2 or

NVP-AEW541, suggesting that IGF-F1-1 acts as an indirect

agonist, releasing IGFBP-bound IGF-1.
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