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Abstract

Ligands transported by the mannose 6-phosphate/insulin-
like growth factor (IGF)-Il receptor (IGF2R) include
IGF-ll- and mannose 6-phosphate —-modified proteins.
Increased extracellular supply of IGF-Il, either secondary
to loss of the clearance function of IGF2R, loss of IGF
binding protein function, or increased IGF2 gene expres-
sion, can lead to embryonic overgrowth and cancer
promotion. Reduced supply of IGF-ll is detrimental to
tumor growth, and this suggests that gain of function of
IGF-ll is a molecular target for human cancer therapy.
Domain 11 of IGF2R binds IGF-Il with high specificity and
affinity. Mutagenesis studies have shown that substitu-
tion of glutamic acid for lysine at residue 1554 results in
a 6-fold higher affinity for IGF-Il (20.5 nmol/L) than native
domain 11 (119 nmol/L). Here, we generate a novel high-
affinity IGF-lIl ligand trap by fusion of mutated human
11875%%K {0 a COOH-terminal human IgG1 Fc domain
(11575%%K_F¢). The resulting homodimer has a significant-
ly increased affinity for IGF-Il (1.79 nmol/L) when
measured by surface plasmon resonance. IGF-Il signaling
via the IGF-I receptor and the proliferative effect of IGF-II
were specifically inhibited by 115"%%*“_F¢ in both HaCaT
and Igf2~’~ mouse embryonic fibroblast cells. These data
confirm that a novel engineered and soluble IGF2R-
11E75%4K_F¢ protein functions as an IGF-Il-specific and
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high-affinity ligand trap in vitro and that this protein has
potential application as an IGF-ll antagonist for cancer
therapy following in vivo experimental evaluation. [Mol
Cancer Ther 2007;6(2):607 -17]

Introduction

Insulin-like growth factor (IGF)-II (7.5 kDa) has significant
homology to IGF-I and both exert their growth effect
through the IGF-I tyrosine kinase receptor [IGF-I receptor
(IGF1R)], leading to phosphorylation of signaling mole-
cules, including mitogen-activated protein kinase (MAPK),
protein kinase B (PKB)/AKT, mammalian target of
rapamycin, FOXO transcription factors, glycogen synthase
kinase-3p, and MDM2, combining to promote growth and
antiapoptotic signaling (1, 2). Both IGFs can also bind the
insulin receptor and hybrids of the insulin and IGF1Rs,
with IGF-II binding particularly to isoform A of the insulin
receptor, resulting in stimulation of insulin signaling
pathways (3).

Unlike IGF-I, the potent growth-promoting functions of
IGF-II occur principally during embryonic growth and in
tumors where there is increased supply due to disruption
of regulatory mechanisms (2, 4). In mammals, the tight
regulation of IGF-II extracellular bioavailability is achieved
by high-affinity binding to six extracellular IGF binding
proteins (proteins 1-6), with IGF binding protein proteo-
lytic cleavage during development and in tumors leading
to increased local free ligand supply and IGF1R activation
(5-7). Mutation of IGFIR has not been frequently detected
in tumors, but protein overexpression has been observed
and is associated with malignant cellular transformation in
some instances (8, 9). Genetic disruption and transgene
overexpression of Igf2 in several murine models of tumor
susceptibility have established the role of the ligand in
tumor progression following initiating mutations (10-17).
Moreover, IGF-II supply is commonly increased within
high-grade human cancers, including hepatocellular,
breast, prostate, colorectal, ovarian, and sarcoma (18-23).

Increased supply of IGF-II can also occur following loss
of imprinting of the gene, leading to biallelic expression
and embryonic overgrowth (2). Loss of imprinting of
IGF2 has been described in many tumor types, including
pediatric solid tumors (24-26) and carcinomas (27, 28), and
is particularly associated with increased relative risk
of developing colorectal carcinoma (27, 29). In IGF-II-
overexpressing tumors, deregulated IGF-II proprotein
processing can also lead to delivery of high molecular
weight forms of IGF-II that retain the E peptide (30).
Increased circulating levels of big IGF-II produced by
tumors can lead to activation of the insulin receptor and
cause nonislet cell tumor-induced hypoglycemia (30).
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IGF-1I not bound to intact IGF binding protein may also
bind and be cleared by the mannose 6-phosphate/IGF-II
receptor (IGF2R), a 270-kDa P-type lectin that exists in both
transmembrane (type 1) and soluble forms (31-33). IGF2R
functions include binding and sequestering IGF-II for
degradation, trafficking lysosomal enzymes and mannosy-
lated proteins to and from the prelysosomal compartment,
and activation of transforming growth factor-p1 (31, 33, 34).
Of the 15 homologous extracellular domains, only domain
11 directly binds IGF-II with domain 13 important for high-
affinity binding (10~'° mol/L; refs. 35, 36). IGF2R loss of
heterozygosity and mutations occur frequently in common
cancers, such as hepatocellular (70%), breast (40%), and
cancers associated with mismatch repair defects, and
IGF2R is proposed to be a tumor suppressor gene (37-40).

The crystal structure of domains 1, 2, 3, and 11 of the
human IGF2R have been determined (41, 42). All domains
have a similar topology that consists of a flattened barrel
formed by nine R-strands. This structure is shared with the
cation-dependent mannose 6-phosphate receptor (14—28%
identity) and avidin (43). The crystal structure of domain 11
has been determined at 1.4A resolution using the anoma-
lous scattering of sulfur, although no structural alignments
with IGF-II have yet been determined (42). Domain 11 is
characterized by two hydrophobic binding sites, the first
being a shallow cleft that is located at the mouth of the
barrel and the second being a region that extends along an
external flattened surface. The former binding cleft volume
(400 A3) is formed by loops AB, CD, and FG (42). Mutation
of the solvent-exposed residues in this region (AB loop:
Y1542, S1543, and G1546; CD loop: F1567, G1568, T1570,
and I1572; and FG loop: 51596, P1597, and P1599) followed
by real-time analysis of affinity has led to the identification
of CD loop residues as essential for the initial hydrophobic
docking with IGF-II (44). In addition, AB loop residues
seem to act as second sphere residues that stabilize the
interaction (44). Moreover, mutation of E1544 to alanine,
lysine, arginine, and histidine significantly enhanced the
affinity of domain 11 to IGF-II (44).

Here, we sought to exploit our structural and functional
knowledge of IGF2R domain 11 to design a functional IGF-
IT ligand trap that could have therapeutic potential as a
soluble IGF-II-specific antagonist.

Materials and Methods

Materials

Restriction enzymes and CIAP were purchased from
New England Biolabs, Inc. (Hichin, United Kingdom). The
BIAcore 3000 biosensor, HBS-EP buffer, SA sensor chips,
and BlAevaluation software were from BIAcore, Inc.
(Uppsala, Sweden). Oligonucleotides were purchased from
MWG-Biotech (Ebersberg, Germany). Drosophila D.Mel-2
cells and medium, the Drosophila expression vector pMT/
BiP/V5-His B, DMEM/F-12 (1:1), and fetal bovine serum
were purchased from Invitrogen (Paisley, United King-
dom). Amicon Ultra filters were from Millipore (Watford,
United Kingdom). Recombinant human IGF-I and IGF-II
were from GroPep (Adelaide, South Australia, Australia).

Anti—phospho—(Ser473) PKB and anti—phospho-p44/42
MAPK (Thr*%?/ Tyr204) antibodies were from Cell Signaling
Technology (Danvers, MA). Enhanced chemiluminescence
and protein affinity purification reagents were from
Amersham Biosciences (Little Chalfont, United Kingdom).
Unless otherwise stated, all other reagents were purchased
from Sigma (Poole, United Kingdom).

Production of Monomeric Domain 11 Proteins in Pichia
Pastoris

Wild-type (WT) domain 11, enhanced mutant 115>*,
and null mutant 11"%?* proteins were produced in Pichia
Pastoris as described previously (44). Briefly, stable trans-
formants were cultured at 300 rpm in 200 mL BMGY
medium overnight at 30°C, then pelleted, and transferred
to 200 mL BMMY medium for 3 days with 1% methanol
added daily. The media were made according to Invitrogen
recipes. Supernatants were concentrated using 10-kDa
MWCO Centricon-Plus 70 filters. 6x His-tagged proteins
were affinity purified using nickel sepharose (Sigma).
Buffer exchange into PBS and protein concentration was
done using 10-kDa MWCO Amicon Ultra-15 filters.

Construction of Fc-Tagged IGF-Il Ligand Trap Expres-
sion Vectors

Domain 11 of M6P /IGF2R ¢cDNA was PCR amplified from
plasmid pEFBOS_1-15 (36) using Pwo polymerase (Roche,
Burgess Hill, United Kingdom) and the BgI1I site containing
forward primer Bgl-11-forward (5-AAAAAAAAA-
GATCTCCCATGAAGAGCAACGAGCATGAT-3) and the
Agel site containing reverse primer Age-1l-reverse (5-
AAAAACCGGTGCAGGCCAGCGGCGTGTG-3'). The PCR
product was desalted using Microcon YM-100 filters
(Millipore) and digested with the restriction enzymes BgIII
and Agel. The digested PCR product was gel purified using
Geneclean (QBiogene, Cambridge, United Kingdom) and
cloned into BgIIl and Agel double-digested, gel-purified
Drosophila expression vector pMT/BiP/V5-His B to create
pDesl11. This construct was then COOH-terminally tagged
with the human IgG1 Fc domain as a dimerization motif. To
achieve this, Fc domain cDNA was PCR amplified from
IMAGE clone 4851063 (ATCC-6878978) using Pwo poly-
merase and the Agel site containing primers Age-Fc-forward
(5-AAAAACCGGTGAGCCCAAATCTTCTGACAAAA-
CTC-3") and Age-Fc-reverse (5-AAAAACCGGTTT-
TTACCCGGAGACAGGGAGAGG-3') according to
rationale described previously (45). The PCR product was
cleaned with a Microcon YM-100, digested with Agel,
purified by Geneclean, and cloned into Agel-digested and
CIAP-dephosphorylated pDesl1 to create pDesl1-Fc. Ori-
entation of the cloned Fc gene was determined by PCR using
the Bgl-11-forward and Age-Fc-reverse primers. To facilitate
the future cloning of 11-Fc into other expression vectors, the
Age1 site linking domain 11 to the Fc tag was removed using
the Stratagene (La Jolla, CA) ExSite mutagenesis kit and
the 5" phosphorylated oligonucleotides Fc ExSite forward
(5-GAGCCCAAATCTTCTGACAAAACTCACAC-3) and
11 ExSite reverse (5-TTCGGTCGCTTGCTCGCAGG-3).
Site-directed null and enhanced mutant versions of domain
11 were made using the oligonucleotides and protocols
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described previously (i.e, 11E14K and 1115724, ref. 44).
Fc-tagged domain 117224 (null mutant) and Fc-tagged
domain 11E%*X (enhanced mutant) expression vectors
were thus generated and named pDes11''*’?*-Fc and
pDesllE1544K-Fc, respectively. All constructs were verified
by DNA sequencing, done by the University of Dundee
Sequencing Service. The proteins produced from these
vectors were named 11-Fc, 11'*72*-Fc, and 11"**%-Fc.

Production of Fc-Tagged IGF-Il Ligand Trap Proteins in
Drosophila Melanogaster Cells

D.Mel-2 serum-free adapted Drosophila melanogaster
Schneider 2 cells were maintained in 5 mL Drosophila—
serum-free medium supplemented with 16.5 mmol/L
L-glutamine, at 28°C in T-10 tissue culture flasks. The cells
were seeded at 1 x 10° per mL and split when they reached
1 x 107 per mL. Cells were transfected at 70% confluency in
a T-175 flask by complexing 48 ug pDes11-Fc plasmid DNA
with 96 uL Transfectin reagent (Bio-Rad, Hemel Hemstead,
Herts, United Kingdom) according to the manufacturer’s
instructions. Transfected cells were cultured in 30 mL of
medium total. Twenty-four hours post-transfection, 30 uL
of 500 mmol/L filter-sterilized copper sulphate were added
to induce transgene expression. The cells were maintained
in culture for a further 72 h to secrete folded protein
expressed from the transgene. Sodium phosphate was then
added to the cell supernatant to a final concentration of
20 mmol/L and the pH was adjusted to 7. The supernatant
was filter sterilized and Fc-tagged protein was affinity
purified with 3 mL ProteinA FastFlow Sepharose (Amer-
sham Biosciences) in a column according to the manufac-
turer’s instructions. Bound protein was washed with five
column volumes of 20 mmol/L sodium phosphate (pH 7)
and eluted in five column volumes of 0.1 mol/L sodium
citrate (pH 3.5). The eluted protein was rapidly neutralized
with 0.1 volume of 1 mol/L Tris (pH 9), and the pH was
adjusted to 7.4. Buffer exchange into PBS and protein
concentration was done using 30-kDa MWCO Amicon
Ultra-15 filters. The column was regenerated with 0.1 mol/L
sodium citrate (pH 3) and stored in 20% ethanol.

Measurement of Protein Size and Purity

The absorbance at 280 nm of purified protein was
measured, protein concentration was calculated using the
extinction coefficient, and mass was determined by the
ProtParam tool available on the ExPASy.org Web site.®
Fc-tagged proteins expressed in Drosophila cells are
N-glycosylated with two 982.9-Da molecules of Manj.
GlcNAc, (46), and so this was included in the mass
calculation. Purified protein was filter sterilized and stored
at 4°C in aliquots. Protein samples were denatured and
electrophoresed by SDS-PAGE and visualized by Coomas-
sie staining against Precision markers (Bio-Rad).

Analytic Gel Filtration (Fast Protein Liquid Chroma-
tography)

To further purify proteins and measure their native mass,
fast protein liquid chromatography was used as described

®http: / expasy.org/
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previously (44). For the Fc-tagged proteins, fast protein
liquid chromatography analytic gel filtration was carried
out on a Superdex 200 HR 10/30 column (Amersham
Biosciences) equilibrated with 10 mmol/L HEPES (pH 7.4),
150 mmol/L NaCl, and 3 mmol/L EDTA and linked to an
AKTA Purifier system (Amersham Biosciences). The
column was calibrated with amylase (200 kDa), alcohol
dehydrogenase (150 kDa), bovine serum albumin (66 kDa),
carbonic anhydrase (29 kDa), and cytochrome c (12.5 kDa).
Purified protein was loaded at ~5 mg/mL. The molecular
weights of the proteins were determined from a plot of the
Ve/Vo versus log (molecular weight) of the standards,
where Ve is the elution volume of the protein and Vo is the
void volume. The void volume for the column was
determined by the elution of blue dextran (2,000 kDa).

Surface Plasmon Resonance Experiments

Surface plasmon resonance analysis of protein binding to
IGF-II was done using a BIAcore 3000 biosensor. Biotiny-
lated IGF-II (GroPep, Adelaide, South Australia, Australia)
was immobilized to the surface of one flow cell in a
streptavidin-coated BIAcore SA sensor chip to a level of
50 resonance units. Biotinylated IGF-I (GroPep) was
immobilized to a level of 50 resonance units on a separate
flow cell. Kinetic binding experiments for Fc-tagged IGF2R
domain 11 proteins were carried out at 25°C at a 75 pL/min
flow rate in HBS-EP binding buffer. For kinetic assays, six
concentrations of Fc-tagged IGF2R domain 11 protein were
prepared by doing 2-fold serial dilutions (in HBS-EP)
ranging from 2.464 to 0.077 nmol/L. A buffer control and a
reference flow cell were included. Analytes were injected
over the ligand surface for 3 min, following which the
analyte solutions were replaced by HBS-EP buffer for 1 h.
Regeneration of the sensor chip for subsequent injections
was accomplished by a 60 pL injection of 2 mol/L MgCl,.
All experiments were repeated in triplicate. Data transfor-
mation and overlay plots were prepared with BIAevalua-
tion software version 4.0.1. The reference flow cell data
were subtracted and the regeneration and air spikes were
deleted. Curves were x and y transformed and the buffer
control was subtracted. Data were fitted simultaneously
and as much association and dissociation data were
included as possible. Injection start and stop points were
set precisely and the data fit using the bivalent analyte
model for curve fitting without bulk refractive index
change. Mass transfer control experiments were done by
injecting 0.616 nmol /L 11%'°***-Fc protein at five flow rates:
5, 20, 40, 60, and 75 pL/min. Binding curves were
compared for consistency.

Cell Culture

HaCaT human keratinocytes, a kind gift from Dr. A.
Hague (Department of Oral and Dental Science, University
of Bristol, Bristol. United Kingdom), were grown in
DMEM/F-12 (1:1) supplemented with 10% fetal bovine
serum, 0.5 pg/mL hydrocortisone, 50 IU/mL penicillin,
5 pg/mL streptomycin, and 1 mmol/L L-glutamine.
Immortalized Igf2~/~ mouse embryonic fibroblasts (MEF)
were derived by us from E14 embryos (Igf2~/") using estab
lished procedures. Briefly, the embryo was washed in PBS,
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the head and liver were removed, and the embryo was
disaggregated with forceps, and cells were allowed to grow
out to form a monolayer. These cells were immortalized
using the 3T3 method (47). Cells were grown in DMEM
supplemented with 10% fetal bovine serum, 50 IU/mL
penicillin, 5 pg/mL streptomycin, and 1 mmol/L
L-glutamine. All cells were maintained at 37°C in 5%
carbon dioxide with humidity.

Western Blot Signaling Analysis

Twenty-four hours after seeding onto six-well plates
(1 x 10° cells per well), cells were serum starved overnight
before stimulation. IGFs and domain 11 constructs were
preincubated as appropriate in serum-free medium at room
temperature for 10 min before placing on the cells for a
further 10 min. After stimulation, cells were washed twice
with ice-cold PBS and immediately scraped into 100 pL
lysis buffer [50 mmol/L Tris-HCl (pH 7.5), 1% NP40,
1 mmol/L EDTA, 120 mmol/L NaCl, 40 mmol/L g-
glycerophosphate, 1 mmol/L benzamidine, 1 mmol/L NaF,
1 mmol/L NagVO4 1 mmol/L phenylmethylsulfonyl
fluoride, 1 pg/mL leupeptin, 1 pg/mL antipain, 1 pg/mL
pepstatin]. Insoluble material was removed by centrifuga-
tion and proteins were separated under reducing condi-
tions on 12% SDS-PAGE and transferred to polyvinylidene
difluoride membrane (Millipore) before detection with
anti—phospho-(Ser*”®) PKB or anti-phospho-p44/42
MAPK (Thr**?/Tyr***) antibodies following the manufac-
turer’s instructions. Proteins were visualized using en-
hanced chemiluminescence reagents. Equal protein loading
was verified using an anti—a-tubulin antibody (Sigma).

[3H]thymidine Incorporation Assay

Cells were seeded onto 24-well plates (HaCaT, 1 X 10* cells
per well; MEFs, 3 x 10* cells per well) in growth medium.
After 24 h, HaCaT cells were serum starved for
24 h and then treated with appropriate IGF and domain
11 constructs preincubated at room temperature in 500 pL
serum-free medium for 10 min. After a further 24 h, 1 uCi
[3H]thymidine per well was added, and the cells were incu-
bated for 1 h. Medium was removed and cells were washed
twice with PBS before fixation in 500 pL of 5% Trichloroacetic
acid for 20 min at 4°C followed by extraction in 400 uL of
0.1 mol/L NaOH at 4°C for 1 h. MEFs were serum starved
overnight before stimulation with appropriate IGF, and
domain 11 constructs were preincubated in 500 uL of
serum-free medium at room temperature for 10 min.
[*H]thymidine (1 pCi) per well was added with the IGFs,
and cells were incubated for 24 h before fixation in 5%
TCA and extraction with 0.1 mol/L NaOH. Incorporation
of [3H]thymidine was analyzed by scintillation counting.

Statistical Analysis

Data were analyzed with the Student’s t test (Minitab
version 14 software, Minitab, Inc., College Station, PA).

Results
In this study, we have generated human IgG1 Fc domain

COOH-terminally tagged fusion proteins of the WT,
enhanced (11¥°**%), and null (11"%?4) mutant forms of

IGF2R domain 11 (Fig. 1A). These constructs were
expressed in Drosophila D.Mel-2 cells and secreted into
the serum-free growth medium at a concentration of
10 mg/L. A summary of the calculated physical properties
of the native Fc-tagged and untagged domain 11 proteins is
shown in Table 1. A denaturing Coomassie brilliant blue—
stained gel of the purified proteins (Fig. 1B) showed that
proteins ran as a single band and that their denatured
masses were very close to those predicted. Analytic gel
filtration revealed that the native Fc-tagged domain 11
proteins were dimeric and eluted as a single peak at
13.58 mL (Fig. 1C) with a mass (86 kDa), close to the
predicted mass (88.06 kDa; see Table 1).

Affinity of Fc-Tagged Domain 11 Proteins for IGF-II

The affinity of versions of Fc-tagged domain 11 fusion
proteins, and domain 11 constructs, for IGF-II were
compared using surface plasmon resonance (BIAcore
3000). Immobilization of biotinylated IGF-I and IGF-II on
separate flow cells of a streptavidin-coated sensor chip
(BIAcore) generated reproducible sensorgram profiles
when Fc-tagged and untagged domain 11 proteins were
passed over the surface as analytes (Fig. 2A and B). The
IGF-II binding kinetics of the monomeric domain 11
proteins (WT and 11%'°**€) have been published by us
and are only shown here for comparison (Fig. 2A; ref. 44).
The Fc-tagged domain 11 kinetic data done in triplicate
generated sensorgrams that were analyzed using a bivalent
analyte model (Fig. 2B). Global fits of the data with a
bivalent analyte model without bulk refractive index
change, generated no XZ >1.94 and provided optimal fits
to the data. As with the control monomeric domain 11 null
mutant (11'724), the 11'572A_F¢ homodimer had no
affinity for either IGF-II or IGF-I. Moreover, neither Fc-
tagged WT domain 11 (11-Fc) nor Fc-tagged enhanced
mutant domain 11 (11¥'°***-Fc) had an affinity for IGF-I
(data not shown), confirming that dimerization had not
altered ligand specificity. From the sensorgrams for IGF-II
binding (Fig. 2B), it was apparent that 11-Fc and 11%'°*¥-Fc
both had high affinity for IGF-II, with resonance units
responses for 115°**.Fc at approximately twice the
amplitude of those for 11-Fc at equal concentrations. Both
Fc-tagged proteins seemed to have reduced off-rates
compared with the untagged monomers (Fig. 2A). A
comparison of these data shows that dimerization by Fc
tagging increased the molar affinity (Kp) of WT domain 11
for IGF-II from 118.8 + 3.5 to 3.26 + 0.3 nmol/L and the
affinity of 11%'°*** from 20.5 + 2.0 to 1.79 + 0.08 nmol/L
(Table 2). The 11%***¥_Fc had the highest affinity of all the
proteins tested with the molar affinity of 115°**<.Fc
approximately twice that of 11-Fc. The improvement in
affinity of the Fc-tagged dimers compared with the
monomers was largely due to a substantial decrease in
the off-rate (kg1), from 7.87 + 029 x 1072 s~ ! to 0.445 +
0.04 x 107 s™" for 11-Fc and from 4.06 + 0.28 x 107 *s™" to
0401 + 0.03 x 102 s~' for 11*"**Fc. Fc tagging
approximately doubled the on-rate (k,;) for WT domain
11 from 6.62 + 0.13 x 10° mol/L™" s~ to 13.65 £ 0.01 x
10° mol/L™" s~! but had little effect on the on-rate for
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Figure 1. Protein expression and purifi-
cation. A, domain 11 of human IGF2R was
cloned into the expression vectors pPIC9K
and pMT/BiP/V5-His B; the latter vector,
including a COOH-terminal human IgG1 Fc
tag for dimerization. B, mutations were
introduced at IGF2R residues 1544 and
1572. Proteins 11-Fc, 118'%%*.F¢, and
11""972AF¢ were expressed in Drosophila
D.Mel-2 cells and purified via protein A-
Sepharose affinity chromatography. The
single domain proteins, WT domain 11,
11871544 "and 1175724 were expressed in
P. pastoris and purified via nickel affinity
chromatography. Aliquots of eluate (10 pL)

B
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115°*#K " which remained high at 22.27 + 0.74 X

10° mol/L™! s (Table 2). However, the substantially
higher on-rate of 11¥'°***-Fc compared with 11-Fc seemed
to account for its higher molar affinity. The molar affinity of
the Fc-tagged proteins was considered too high to verify by
isothermal titration calorimetry, as isothermal titration
calorimetry cannot be easily used to measure affinities
higher than 10 nmol/L. Minor kinetic variables were also
obtained from the sensogram data (Table 2) but were too
small to show any significant formation of the AB2

complex, where the analyte can form a bridge across two
ligand molecules. This second binding event is purely a
function of ligand immobilization. This is an example of
a linked reaction, where the formation of the AB2 complex
is entirely dependent on the prior formation of AB, and that
to dissociate, the AB2 must first decay back to AB. From the
fits, the calculated R,.x for the Fc-tagged proteins was
approximately 75% to 85% of the theoretical Rpax (286
resonance units) and we concluded that a high percentage
of the Fc-tagged proteins was therefore functional.
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Table 1. Calculated masses, isoelectric points, and molar
extinction coefficients of the proteins studied

Protein Molecular pI Extinction
weight (kDa) coefficient
(mol/L-1 cm~1 at 280 mm)
11wild-type 16.82 7.76 13,650
11E1544K 16.82 8.45 13,650
1111572A 16.77 7.76 13,650
11wild-type-Fc 88.06 8.02 94,420
11E1544K 88.06 8.36 94,420
11115724 87.98 8.02 94,420

Abbreviation: pl, isoelectric point.

Control for Mass Transfer Limitation

To confirm the absence of a mass transfer limitation, we
did a control experiment, whereby binding reactions at
different flow rates were compared (Fig. 2C and D). The
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11¥154K_Fc protein was injected over the IGF-II surface at a
concentration of 0.616 nmol/L and at flow rates of 5, 20, 40,
60, and 75 pL per min. By varying the flow rates, limitations
on the rate of transfer of 11¥"**_F¢ between bulk solution
and the sensor chip surface were identifiable. The binding
profiles obtained (Fig. 2C) represented differences in
amplitude of <5% between the three highest flow rates.
Further, the binding profiles seemed to plateau toward the
highest flow rates (Fig. 2D). The data presented here show
minimal mass transfer effects even at the low concentration
of analyte used, where mass transfer would be expected to
have its greatest effect. From these data, we conclude that
mass transfer at a flow rate of 75 pL per min (the flow rate
used for the kinetic experiments) had a minimal effect on
the calculation of binding kinetics.

Ability of the Domain 11 Constructs to Block Func-
tional Activity of IGF-II In vitro

We next investigated the ability of the domain 11
proteins to inhibit the actions of IGF-II in vitro, by

11E1 544K

Figure 2. Binding of Fc-tagged and
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Table 2. Kinetic and affinity constants for IGF-Il binding to IGF2R domain 11 proteins studied

Protein Major kinetic variables Minor kinetic variables

ka (X105 mol/L-1871) kg (x1072s71)  Kp (X102 mol/L) kap (X103 s71)  kap (X105 RU-1s1)  kgp (x10-4s71)
11wild-type 6.62 £ 0.13 7.87 £ 0.29 118.8 + 3.5 2.45 + 0.33 — 121 +£72
11E1544K 20.23 + 2.97 4.06 = 0.28 205 £ 2.0 3.83 = 1.10 — 79 + 28
1111572A _ — — — — —
11wild-type_F¢ 13.65 £ 0.01 0.445 £ 0.04 3.26 £ 0.3 — 712 £ 0.19 2.33 + 0.12
11E1544K 2227 + 0.74 0.401 £ 0.03 1.79 + 0.08 — 7.86 = 0.04 1.26 £ 0.03
1111572A — — — —

NOTE: The values given correspond to the average value + the SE of three independent experiments. We have published the kinetic constants for non-Fc-

tagged domain 11 proteins previously (44).
Abbreviation: RU, resonance unit.

assessing the phosphorylation of downstream targets of
IGFIR signaling and IGF-II-induced proliferation as
measured by [*H]thymidine incorporation into nascent
DNA. We used two different cell lines, HaCaT human
keratinocytes, which have been shown previously to
proliferate in response to IGF-II (48, 49), and immortalized
Igf2~~ MEFs, generated using a 3T3 protocol from an
inbred 12952 mouse line (50). Addition of IGF-II for
10 min to serum-starved HaCaT cells or Igf2/~ MEFs
lead to an increase in the phosphorylation of PKB in a
dose-dependent manner (Fig. 3A and B). In Ing’/ ~ MEFs,
a similar dose response pattern was observed for
phosphorylation of MAPK (Thr*®/Tyr**). However, a
high basal level of activation was observed in HaCaT cells
in serum-free medium with no further phosphorylation of
MAPK on addition of IGF-II for 10 min under our
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Figure 3.

experimental conditions (data not shown). This precluded
use of this marker as an IGF-II-dependent activation
assay. Stimulation of cells with increasing concentrations
of IGF-II for 24 h stimulated DNA synthesis, also in a
dose-dependent manner (Fig. 3C and D). Subsequent
experiments were done using 1.3 nmol/L IGF-II for
signaling experiments and 6.5 nmol/L IGF-II for prolifer-
ation experiments, as these concentrations of IGF-II gave
consistent maximal stimulation.

The domain 11 constructs 11Wid-tvype 11E544K (anhanced
mutation), 1115724 (null mutation) 11-Fc, 11¥**#¥_F¢, and
11¥1572A_Fc were investigated for their ability to block IGF-
I-stimulated proliferation and signaling in Igf2~/~MEFs.
Of the different constructs, only the Fc-tagged enhanced
mutant (11%°***-Fc) showed significant ability to inhibit
IGF-II-stimulated proliferation and activation of the IGF1R

IGF-Il [nM] 0 0.65 1.3 3.25 6.5

phospho-PKB(S473) [ﬁ Igf2-1-

MEF
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o-tubulin

O
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MEF

6 r ; ;
0 2 4
IGF-l[nM]

IGF-1l dose-dependent increase in phosphorylation of PKB and cell proliferation. A, HaCaT; B, MEF. Increasing doses of IGF-Il lead to an

increase in phosphorylation of PKB in immortalized MEFs homozygous null for Igf2 (Igf2’/’) and HaCaT cell lines. Samples were probed with an anti—
phospho-(Ser*”?) PKB antibody. Equal loading was confirmed by reprobing the blot with an antibody to a-tubulin. Increasing doses of IGF-Il lead to an
increase in cell proliferation as measured by [Hlthymidine incorporation in HaCaT cells (C) and Igf2~~ MEFs (D). The experiment was done at least thrice

with each dose done in triplicate. Points, mean; bars, SE.
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(Fig. 4). When equivalent numbers of IGF-II binding sites
were present for the single 11E154K domain, compared with
the Fc-tagged homodimer, only 11%***.Fc could inhibit
IGF-II-mediated activation of the cells significantly,
although it seems that both proliferation and signalin;
are slightly attenuated by 115'°**€ (Fig. 4A and B). 11F1°*-
Fc was also the construct with the highest measured affinity
for IGF-II (Table 2).

The inhibitory properties of 11%°*<.Fc were further
investigated by assessing its ability to inhibit IGF-II-
dependent proliferation in HaCaT cells (Fig. 5). Keeping
the concentration of IGF-II constant (6.5 nmol/L), we found
that 11%***X_Fc decreased the ability of IGF-II to stimulate
proliferation in a dose-dependent manner, with 650 and
1300 nmol/L significantly decreasing proliferation by 50%
(P = 0.005) and 73% (P = 0.013), respectively (Fig. 5A).
When the decrease in [*H]thymidine uptake was equated
to the concentration of functional IGF-II remaining in the
medium, 650 and 1,300 nmol/L 11F*K_E¢ reduced
the amount of active IGF-II by 82% and 90%, respectively
(Fig. 5A, inset).

Compared with 115°**K.F¢, the Fc-tagged null mutant
(11"%72A_Fc) that had no affinity for IGF-II was unable to
inhibit either IGF-II-stimulated proliferation (Fig. 5B) or
stimulation of IGFIR activation as measured by phosphor-
ylation of PKB (AKT; Fig. 5C). This suggests that the ability
of 11¥1°**K.F¢ to inhibit the actions of IGF-II is dependent
on its capacity to bind directly to the ligand. In addition,
11¥15*#K_Fc inhibitory function was specific for IGF-II, as
it was unable to block the actions of IGF-I either on
proliferation (Fig. 5B) or stimulation via IGF1R (Fig. 5C).
Overall, the surface plasmon resonance results combined
with functional assays indicate that 11%""**%-Fc is both
highly specific for IGF-II and that its inhibitory potency
reflects its enhanced affinity for the IGF-II ligand.

Discussion

Native IGF2R is too large and complex to mass produce,
and so we have manipulated domain 11 to make a stable,
soluble chimeric Fc-tagged protein with high affinity for
IGF-II that is similar to the affinity and selectivity of the
full-length version of the protein (36, 44). When expressed
as a fusion protein with human IgG1 Fc, the homodimer
that is generated has the potential added advantages of
increased valency, stability in vivo and clearance of trap
and ligand via Fc(Rn) receptors, and enhanced complement
activation (51).

Targeted mutagenesis of the AB, CD, and FG loops of the
IGF-1I ligand binding site of IGF2R domain 11 led us to the
identification of a second sphere residue in the AB loop,
which when mutated from glutamic acid to lysine
increased the affinity of monomeric domain 11 by 6-fold
(44). However, as a domain 11 monomer, this construct was
not functionally active as an IGF-II antagonist in vitro, even
at high molar ratio with respect to IGF-II (200:1). Increasing
the valency of a protein is a further mechanism that can
result in the enhanced functional affinity (avidity). Here,
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Figure 4. Inhibition of IGF-Il -induced signaling and cell proliferation by
domain 11 ligand traps. Domain 11 constructs with two different
mutations, E1544K (which enhances IGF-1l binding) and 11572A (which
inhibits IGF-Il binding), either with or without an Fc tag, were compared in
their ability to block the actions of IGF-Il in Igf2/~ MEFs. A, Igf2~/~ MEFs
were stimulated for 24 h with 6.5 nmol/L IGF-II preincubated for 10 min at
room temperature with the domain 11 constructs indicated at 650 or
1,300 nmol/L (100-fold and 200-fold molar ratio, respectively). At 1,300
nmol/L, 115'%%%K had the equivalent number of IGF-Il binding sites as 650
nmol/L 1181%44€.Fc. However, only the homodimer, 11E1844K F¢, signif-
icantly decreased [*H]thymidine incorporation compared with IGF-Il alone.
Columns, average (n = 3); bars, SE. *, P = 0.04. B, IGF-Il - stimulated
phosphorylation of PKB and MAPK was inhibited by preincubation with
1187%44K_E¢ only. Again, the domain 11 monomers were unable to inhibit
the actions of IGF-Il even with equivalent numbers of IGF-Il binding sites
present. Equal loading was confirmed by reprobing the blot with an anti—
a-tubulin antibody. C, comparison of Fc homodimer proteins. The
11E1844K_Ee construct significantly inhibited IGF-Il - stimulated prolifera-
tion compared with 11-Fc, although the affinity for IGF-Il is the same order
of magnitude (see Table 2). Columns, mean (n = 3 experiments with
triplicate samples); bars, SE. *, P = 0.024.
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the relative affinity of purified bivalent versions of domain
11 protein determined in vitro directly correlates with the
functional potency as antagonists of IGF-II-induced
signaling and growth. The highest affinity construct,
11K P, has an experimentally determined Kp of 1.79
nmol/L and was the only construct with the ability to
reduce the molar equivalent dosage of IGF-II by at least
80% when added at 100-fold molar excess. Introduction of a
mutation that stabilizes the ligand interaction by shortening
the “on-rate” and prolonging the “‘off-rate’”” has made a
substantial enhancement to the functional potency of the
homodimer, although the WT domain 11-Fc construct has
an affinity that is only 2-fold lower (3.26 nmol /L 11" 4vPe.
Fc compared with 1.79 nmol/L 11E154K_Ee). This result also
suggests that functional potency may also be determined
by the relative affinity of the trap to IGFIR and IGF binding
proteins, which also have relative affinities for IGF-II in the
low nanomolar range, similar to neutralizing anti-IGF-II
antibodies (52).

The observation that at least a 10-fold excess receptor is
required to inhibit function is not unlike previous results
obtained for other functional ligand traps (53). Importantly,
mathematical modeling of the competition for ligand by
soluble ligand traps is nonlinear and suggests that
complete inhibition of cell surface receptor binding may
be achieved by a concentration of soluble trap at least four
to eight orders of magnitude greater than the equilibrium
dissociation constant (Kp) for ligand binding to surface
receptors (54, 55). For the IGF1R/IGF-II interaction, the Kp,
is ~23 nmol/L when measured using BlIAcore (56),
suggesting the Kp of ~2 nmol/L for 11°°**Fc at 200-
fold excess would be predicted to be an inhibitor, shown by
the 73% inhibition of IGF-II-dependent growth. Even so,
further engineering of 11¥'***-Fc may still be required to
optimize in vivo potency.

Soluble cytokine and growth factor receptors occur
naturally, usually following cleavage of extracellular
domains, and have potential regulatory roles in several
systems (57). Soluble ligand traps based on soluble
receptors have been a successful mechanism to neutralize
several different ligands in model systems and as thera-
peutics in disease (58—-64). For example, soluble tumor
necrosis factor receptor has been exploited as an inhibitor
of inflammatory diseases, such as rheumatoid arthritis and
inflammatory bowel disease, and clinical trials have shown
efficacy and practical clinical benefit (65). Soluble trans-
forming growth factor-p receptor type II has been
developed and shown to have a negative regulatory role
in transforming growth factor-p—mediated tumor growth
(53, 66). The soluble vascular endothelial growth factor
(VEGF)-Trap based on soluble forms of the VEGF receptor
is a potent inhibitor of tumor growth, including established
tumors, and is currently undergoing clinical trials (67, 68).
Importantly, the engineered version of the VEGEF-Trap
exploits homodimerization to enhance inhibitory function
and affinity using Fc of human IgG1. The first generation of
Fc-VEGF receptor 1 constructs however still required
further protein engineering, including deletion of a stretch
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Figure 5. 115"%%*_Fc decreases IGF-Il-stimulated proliferation and
signaling in a dose- and IGF-Il - dependent manner. A, HaCaT cells were
stimulated with 6.5 nmol/L IGF-Il and increasing doses of 115'54*.Fc. A
significant decrease in [*HIthymidine incorporation was seen with 650
nmol/L (P = 0.005) and 1,300 nmol/L (P = 0.013) 115"%**.Fc. Points,
average (n = 3 experiments with triplicate samples); bars, SE. Inset, the
decrease in [Hlthymidine uptake was equated to nanomol per liter of
active IGF-II remaining. Six hundred fifty and 1,300 nmol/L
IGF2R115"%44K_F¢ reduced proliferation by 50% and 73%, respectively,
and the respective amount of active IGF-Il was reduced by 82% and 90%.
B, cells were stimulated with 6.5 nmol/L IGF-Il or IGF-I and 650 nmol/L
1181844 ¢ or 11'7872AFc. 11'7572A.F¢ failed to inhibit IGF-II - stimulated
[®HIthymidine incorporation in both HaCaT and immortalized Igf2’/’
MEFs. IGF-I, which also stimulates [*H]thymidine incorporation in HaCaT
cells, was not inhibited by addition of 650 nmol/L 115"54#<.F¢, 11E1544K
Fc significantly inhibited IGF-Il-stimulated proliferation in HaCaT cells
(**, P = 0.005) and Igf2~ MEFs (*, P = 0.034). Columns, average
(n = 6 experiments with samples in triplicate); bars, SE. C, 115'%44K_F¢
blocks IGF-Il - stimulated activation via the IGF1R. Cells were stimulated
with 1.3 nmol/L IGF-II or IGF-I and 130 nmol/L 115"%#*K.F¢c or 11'7%72A.Fc.
11E81544K_E¢ inhibited IGF-Il - stimulated but not IGF-I-stimulated phos-
phorylation of PKB in HaCaT and Igf2/~ MEFs. 11'"%72A_F¢ failed to inhibit
IGF-Il - stimulated phosphorylation. Equal loading was confirmed by
reprobing the blots with an antibody to a-tubulin.

HaCaT

of 10 basic amino acids and generation of chimeric VEGF
receptor 1/VEGF receptor 2 Ig domains resulting in a
higher affinity (1 pmol/L), improved in vivo kinetics,
and stability leading to efficient blockade at 1.5 molar
excess (67).
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The actions of IGF-II in vitro can be blocked by purified
soluble extracellular domains of IGF2R (69, 70), increased
expression of full-length IGF2R can limit the growth of
tumor xenografts (71, 72), and overexpression of soluble
extracellular domain of IGF2R in the ApcMi”/ * AH19~"P
mouse model can reverse the tumor-promoting effects of
biallelic expression of Igf2 in vivo (16). Alternative
approaches that target deregulation of the IGF system in
tumors include interruption of ligand receptor interactions
by increasing the supply of binding proteins, introducing
either ligand-specific or receptor antibodies (20, 52),
expressing soluble and ligand binding forms of IGF1R
(73), disruption of IGFIR receptor supply with RNA
targeting (74), and inhibition of kinase activity of the IGF1R
(75, 76). Each approach presents several practical problems
(e.g., binding proteins may need to be modified to prevent
proteolytic cleavage, antibody targeting of IGFIR may
down-regulate both IGF1R and insulin receptor and induce
feedback effects, targeting ubiquitously expressed IGF1R
may result in systemic toxicity, and kinase inhibitor
specificity may be a problem in view of the structural
similarity with the insulin receptor).

The potential benefits for an IGF-II-specific therapeutic
ligand trap include the targeting of IGF-II-producing
regions of tumors, the subsequent inhibition of tumor
progression and increased chemotherapy sensitivity in
established human cancers, and as a novel therapeutic in
nonislet cell tumor-related hypoglycemia.
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