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Abstract

Inhibition of the insulin-like growth factor 1 receptor (Igflr) is an approach being taken in clinical trials to

overcome the dismal outcome for metastatic alveolar rhabdomyosarcoma (ARMS), an aggressive muscle

cancer of children and young adults. In our study, we address the potential mechanism(s) of Igflr inhibitor
resistance that might be anticipated for patients. Using a genetically engineered mouse model of ARMS,

validated for active Igflr signaling, we show that the prototypic Igflr inhibitor NVP-AEW541 can inhibit cell

growth and induce apoptosis in vitro in association with decreased Akt and Mapk phosphorylation. However,

drug resistance in vivo is more common and is accompanied by Igflr overexpression, Mapk reactivation, and

Her2 overexpression. Her2 is found to form heterodimers with Igflr in resistant primary tumor cell cultures,

and stimulation with Igf2 leads to Her2 phosphorylation. The Her2 inhibitor lapatinib cooperates with NVP-

AEWS541 to reduce Igflr phosphorylation and to inhibit cell growth even though lapatinib alone has little

effect on growth. These results point to the potential therapeutic importance of simultaneous targeting of Igf1r
and Her2 to abrogate resistance. Mol Cancer Ther; 10(4); 697-707. ©2011 AACR.

Introduction

Rhabdomyosarcoma (RMS) is an aggressive muscle
cancer and the most common soft tissue sarcoma of
childhood (1). This malignancy is a paradigm for refrac-
tory and incurable solid tumors at all ages because more
than half of children with RMS at diagnosis have either
regional lymph node or distant metastases (2). RMS has 2
major subtypes, alveolar rhabdomyosarcoma (ARMS)
and embryonal rhabdomyosarcoma. The prognosis for
children with metastatic ARMS is dismal and has been
largely unchanged for decades despite tremendous
advances in surgical technique, radiation therapy, and
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chemotherapy intensification (3, 4). An exciting approach
to the treatment of metastatic ARMS in the current Chil-
dren’s Oncology Group trial, ARST08P1, is the addition
of a molecular targeted therapy to conventional che-
motherapy. The therapeutic agent in this trial is IMC-
A12, a fully human IgG1 monoclonal antibody (5) target-
ing insulin-like growth factor 1 receptor (Igf1r), whichis a
receptor tyrosine kinase (RTK) that is overexpressed in
RMS (6-8).

Insulin-like growth factor (IGF) signaling has a long
precedent of relevance in ARMS. Our study examining
gene expression profiles for RMS samples from the Inter-
group Rhabdomyosarcoma Study-IV was the first to
show that the IGF signaling axis is associated with
decreased disease-free survival in RMS (9). Complemen-
tary studies using primary tumor samples and cell lines
have shown similarly that the level of IGF signaling is
increased in RMS (6, 7). Mechanistic studies suggest that
the primary receptor for IGF ligands, Igflr, is a transcrip-
tional target of Pax3:Fkhr, which is the chimeric protein
formed as a result of a reciprocal chromosomal transloca-
tion found in most ARMS (10). Furthermore, in vivo and in
vitro studies using Igflr monoclonal antibodies (11-13),
Igfr-1 inhibitors (14, 15), and antisense technology (16)
have shown that Igfr-1 is functionally important for
tumor cell growth and cancer cell proliferation in RMS.
RTKSs have been targeted successfully in several cancers
(17, 18). However, experience with RTK inhibitors shows
that resistance and/or alternative signaling pathways can
evolve in nearly a third of all tumors, thereby limiting
efficacy of therapies targeting a single protein responsible
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for tumor maintenance and progression (19, 20). Despite
the potential impact of Igflr inhibition, we expect resis-
tance to evolve in a subset of patients. In this study, we
use the prototypic Igflr inhibitor, NVP-AEW541, to
investigate the mechanism(s) of resistance that evolve
in vivo using a genetically engineered mouse model of
ARMS (21).

Materials and Methods

Human tissue

All human tissue was obtained by means of an Institu-
tional Review Board approved study from the pediatric
cooperative human tissue network under the Institu-
tional Review Board approval.

Western blotting

For Western blotting, tumor tissues from mice were
collected in radioimmunoprecipitation (RIPA) buffer sup-
plemented with a cocktail of protease inhibitors and
Serine/Threonine and Tyrosine phosphatase inhibitors
(Thermo Fisher Scientific). Tumors were then homoge-
nized by a nonfoaming homogenizer for 1 minute and
then the lysate was centrifuged at 13,000 rpm for 10
minutes. Protein supernatants were separated by SDS-
PAGE at 150 V. Proteins were then transferred onto a
polyvinylidene difluoride membrane at 100 V for 1 hour.
The membrane was subsequently blocked with 5% nonfat
skim milk or 5% bovine serum albumin in TBS-T (TBS with
0.1% Tween 20) and then incubated with primary anti-
body at 4°C overnight. The following primary antibodies
were used: Rabbit anti-p70 S6 kinase-o. (catalogue no. sc-
230; Santa Cruz Biotechnology), mouse anti-insulin recep-
tor-B (catalogue no. sc-57342; Santa Cruz Biotechnology),
rabbit anti-IRS-1 (catalogue no. sc-7200; Santa Cruz Bio-
technology), rabbit anti-caspase-3 (catalogue no. 9662;
Cell Signaling Technology), rabbit anti-p44/42 mitogen
activated protein kinase (MAPK; Erk1/2; catalogue no.
9102; Cell Signaling Technology), rabbit anti-IGF-1 recep-
tor-B (catalogue no. 3027; Cell Signaling Technology),
rabbit anti-Akt (catalogue no. 9272; Cell Signaling Tech-
nology), rabbit anti-EGF receptor (catalogue no. 2232; Cell
Signaling Technology), rabbit anti-phospho-p70 S6 kinase
(Thr389; catalogue no. 9205; Cell Signaling Technology),
rabbit anti-phospho-IRS-1 (Tyr632; catalogue no. sc-17196;
Santa Cruz Biotechnology), rabbit anti-phospho-p44/42
MAPK (Erk1/2; catalogue no. 9101; Cell Signaling Tech-
nology), rabbit anti-phospho-Akt (Ser473; catalogue no.
4058; Cell Signaling Technology), rabbit anti-phospho-
Igflr (Tyr1161; catalogue no. sc-101703; Santa Cruz Bio-
technology), or rabbit anti-phospho-Her2 (catalogue no.
sc-12352-R, Santa Cruz Biotechnology). After washing
with TBS-T, the membrane was incubated with the appro-
priate peroxidase-conjugated secondary antibody (Vector
Laboratories) at 1:5,000 dilution. Chemiluminescence was
then detected using SuperSignal West Pico chemilumi-
nescent substrate or SuperSignal West Dura extended
duration substrate (Pierce Biotechnology) by autoradio-

graphy or filmless luminescence detection with a Xenogen
IVIS-Spectrum system (Caliper; Xenogen).

Immunoprecipitation

Cells were lysed in RIPA buffer supplemented with a
cocktail of protease inhibitors and Serine/Threonine and
Tyrosine phosphatase inhibitors. Total protein lysate (350
ug) was incubated with 1 ug of anti-Her2 antibody
(catalogue no. OP15; Calbiochem) or 1 pg of mouse
IgG1 (catalogue no. 14-4714-85; eBioscience) and rotated
for 4 hours in a cold room followed by incubation with
Protein A Sepharose CL-4B beads (catalogue no. 17-0780-
01; GE Healthcare Biosciences) with gentle rotation at 4°C
overnight. The beads were then washed thrice with cold
RIPA buffer supplemented with protease and phospha-
tase inhibitors, resuspended in 30 pL of sample buffer
and boiled at 95°C for 5 minutes. Finally, the beads were
centrifuged and the supernatant was immunoblotted to
detect Igflr with anti-IGF-1 receptor-f antibody (cata-
logue no. 3027; Cell Signaling Technology).

IGF2 stimulation

The cells were starved overnight in serum-free med-
ium and then they were stimulated for 30 minutes with 50
and 100 ng/mL IGF2 (R&D Systems). After 30 minutes,
cells were washed with cold PBS and were then lysed in
RIPA buffer supplemented with a cocktail of protease
inhibitors and Serine/Threonine and Tyrosine phospha-
tase inhibitors. Cell lysates were then used for immuno-
blotting to detect phospho-Her2 using an anti-phospho-
Her2 antibody (catalogue no. sc-12352-R, Santa Cruz
Biotechnology).

Immunohistochemistry

The tumor samples from mice were fixed in 10%
buffered formalin and then embedded in paraffin. Immu-
nohistochemistry was done by using rabbit anti-Igflr
antibody (catalogue no. 3027; Cell Signaling Technology)
at a dilution of 1:50. Custom Human tissue microarrays
were generated by coauthor R.D. LeGallo.

Mouse primary tumor cell cultures

Fresh tumor tissue from mice were cut into small pieces
and suspended in Dulbecco’s Modified Eagle’s Medium
(DMEM) containing collagenase (1 mg/mL) at 37°C for 12
hours. The collagenase containing medium was then
removed and the dissociated tumor cells were plated
in fresh DMEM supplemented with 10% fetal bovine
serum, penicillin (100 U/mL), streptomycin (100ug/
mL; Invitrogen) at 37°C with 5% CO; in the incubator.
The NVP-AEW541 innately resistant primary tumor cell
cultures U35429 and U44676 have been derived from
tumors that have been authenticated by a board certified
pathologist. Primary tumor cell cultures U20325 and
U21089 were previously described (22). C2C12 murine
myoblasts were obtained from the American Type Cul-
ture Collection. The structures of NVP-AEW541 and
lapatinib are given in Supplementary Fig. S1IA and B,
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respectively. For treatment of primary cell cultures these
drugs were dissolved in dimethyl sulfoxide (DMSO).

Cell viability assays

Mouse rhabdomyosarcoma cells were plated in a 96-
well plate at 5,000 cells/well. After 18 to 24 hours, the
Igflr tyrosine kinase inhibitor, NVP-AEW541 (Novartis)
and/or lapatinib (catalogue no. S1028; Selleck Chemicals)
was added to the cells at varying concentrations. After
growing the cells for 72 hours in the presence of the drug,
the effect of the drug on tumor cells was assessed by
using CellTiter-Glo Luminescent Cell Viability Assay
(Promega) and a SpectraMax M5 luminometer (Molecu-
lar Devices).

Colony formation assays

For anchorage-dependent colony formation assays,
mouse rhabdomyosarcoma cells were plated in a 6-well
plate at 500 cells/well. After 24 hours, NVP-AEW541 was
added to the wells at varying concentrations. The cells
were allowed to grow in the presence of NVP-AEW541
for 8 days and then the colonies were fixed in methanol
and visualized after staining with Giemsa. For soft agar
assays, 2 mL of 1.4% agarose in complete medium was
poured into the wells of a 6-well plate. In each well, 5,000
cells were suspended in 2 mL of 0.7% agarose (at 37°C) in
complete medium in the presence or absence of NVP-
AEWb541. The cells in agarose were plated atop a 1.4%
agarose layer and were allowed to grow for 3 weeks
before visualizing the colonies by light microscopy.

In vivo studies

Allanimals were treated humanely and the experiments
were conducted in accordance with the Institutional Ani-
mal Care and Use Committee approved protocols. A
detailed description of the transgenic mouse model of
alveolar rhabdomyosarcoma has been previously
reported (21, 23). The length, width, and height of the
tumors were measured with a digital calipers and the
tumor volume was calculated from the formula n/6 x
length x width x height. The tumor-bearing mice were
treated with NVP-AEW541 (Novartis) at a dose of 50 mg/
kg/12 hours by oral gavage (enterally). After 2 weeks of
treatment, the mice were euthanized and the tumor was
harvested for further analysis.

Growth of ARMS cells on quail chorioallanteic
membrane

Fertilized quail eggs were purchased from Boyd’s
Birds Co. Eggs were washed with water, dried, sprayed
with 70% ethanol, and incubated at 37.4°C until embryo-
nic day 3 (E3). Forceps were used to remove a small
portion of the shell and the contents of the egg were
transferred to a well of a 6-well plate. At E6, 1 x 10°
alveolar rhabdomyosarcoma cells grown on a 3D scaffold
(38D Biotek) were added to the chorioallantoic membrane
(CAM). Cells of this primary tumor cell culture from our
Pax3:Fkhr, p53 mouse model also harbor a genetically

engineered luciferase gene that allow their detection and
quantification (24). The day following xenoplantation, 20
uL of complete medium containing 10 pmol/L NVP-
AEW541 or 100 pmol/L imatinib was added to the cells.

Quantification of drug response of ARMS cells on
the quail CAM

Three days after adding the drug to the cells, 400 uL of
1.5 mg/mL luciferin diluted in PBS was added dropwise
to the surface of the CAM. After 30 minutes, the quail
embryo was imaged using a Xenogen IVIS-Spectrum
system (Caliper; Xenogen). The image acquisition para-
meters were 10 seconds exposure time, 4 x 4 binning, 4-
cm field of view, and f/stop of 1. Images were analyzed
using Living Image 3.2 (Caliper; Xenogen). The intensity
of the signal correlated with cell number (Supplementary
Fig. S2A, 7> = 0.983 for U48484) and was used as a
surrogate for cell number in subsequent experiments.

Statistical analysis

Student’s f-tests were done for determining statistical
significance in gene expression studies and probability
value of less than 0.05 was accepted as significant. Wher-
ever applicable all the experiments were done in tripli-
cates and repeated twice unless mentioned otherwise.

Results

Igf1r and Igf2 are overexpressed in human and
mouse alveolar rhabdomyosarcoma

To compare the mRNA expression level of IGFIR and
its ligands IGF1 or IGF2 in human skeletal muscle, alveo-
lar thabdomyosarcoma, and embryonal rhabdomyosar-
coma, a quantitative reverse transcriptase (RT)-PCR was
done using tumor tissue from diagnostic (clinical) biop-
sies and also from our immune-competent mouse model.
In the case of human alveolar and embryonal rhabdo-
myosarcoma, the IGF receptors IGFIR and IGF2R along
with their ligand IGF2 showed significantly increased
mRNA levels compared to the normal skeletal muscle
(Supplementary Fig. S3A). The expression of IGF1 in
normal skeletal muscle and rhabdomyosarcoma tumors
were not significantly different.

In our mouse model, we observed a significant increase
in Igflr for both the primary and metastatic tumor tissue
compared to the normal skeletal muscle, whereas the
levels of Igf2 and Igf2r were significantly elevated only
in the tumor samples. Preneoplastic tissue showed very
low expression of IGF ligands and receptors (Supplemen-
tary Fig. S3B). Together these results suggest that over-
expression of Igflr and Igf2 but not Igfl may play a
differential role in the initiation and progression of alveo-
lar rhabdomyosarcoma.

Igfir is expressed and activated in human and
mouse alveolar rhabdomyosarcoma

To confirm our RT-PCR data, we did immunohistochem-
istry for Igflr on human and mouse rhabdomyosarcoma
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U20325

Figure 1. High expression of Igf1r
in human and mouse alveolar
rhabdomyosarcoma. A,
immunohistochemistry for Igfir
showing tumor cells over-
expressing Igfir in primary tumors
from human (top, left) and mouse
(top, right) alveolar rhabdomyo-
sarcoma. B, Western blots
showing very high expression of
Igf1rin the primary and metastatic
tumor lysates compared to the
normal skeletal muscle from the
mouse model of alveolar
rhabdomyosarcoma. SKM,
normal skeletal muscle; Tu,
primary tumor; Met, metastatic
tumor. C, immunoblotting
showing stochastically varied

SKM Mouse primary tumors

levels of Igfir expression in the
mouse tumors; most of the tumor
lysates were also positive for p-
Igfir indicating that Igf1r signaling
pathway was active in these
mouse tumors. D, reverse
transcriptase PCR showing the
expression of insulin receptor
isoforms IR-A and IR-B in mouse
skeletal muscle and ARMS.

—= =-_--_=B8
<—IR-A

samples. The results showed strong focal staining for Igf1r
in tumor cells without any significant staining in the
surrounding stroma or myofibers (Fig. 1A). Western blot-
ting done with murine rhabdomyosarcoma tumor and
metastatic samples showed very high expression of Igflr
compared to the normal skeletal muscle (Fig. 1B). To
confirm that Igflr is activated, we did immunoblotting
for phospho-Igflr on mouse tumor lysates and cell lines,
revealing that Igflr is stochastically activated in murine
tumors (Fig. 1C). We next turned to examination of expres-
sion of the Igflr heterodimer partner, insulin receptor
isoform A (IR-A). IR-A has been shown to bind Igf2 with
high affinity and cause mitogenic effects; furthermore, IR-
A has also been found to be overexpressed in breast and
colon cancers compared to normal tissues (25). Our RT-
PCR results showed that IR-A is expressed both in normal
skeletal muscle and rhabdomyosarcomas from our mouse
model (Fig. 1D), but not differentially. Collectively, these
results validated the study of an Igflr tyrosine-kinase
inhibitor.

Treatment with Igf1r siRNA inhibits growth and
IGF signaling

To test whether Igflr is functionally important for
tumor cell growth, we transfected a mouse primary
tumor cell culture (U21089) with Igflr small-interfering
RNA (siRNA). Rhabdomyosarcoma cells were very sen-
sitive to Igflr siRNA whereas murine C2C12 myoblasts
were not (Supplementary Fig. S4A). Western blotting
confirmed significant reduction in the protein levels of
Igflr (Supplementary Fig. S4B). We also found that Igflr
knock-down caused a reduction in the phosphorylated
forms of Igflr, MAPK, Akt, IRS, and P70 S6 kinase,
thereby indicating that Igf1r siRNA treatment prevented
the activation of Igflr signaling pathway (Supplementary
Fig. 54B).

Mouse tumor cell growth is significantly inhibited
by NVP-AEW541

Similar to the primary tumors from our mouse model,
the tumor primary cell cultures highly expressed Igflr at
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Figure 2. NVP-AEW541 inhibits
the growth of mouse tumor
primary cell cultures. A, cell
viability assay for mouse rhabdo-
myosarcoma cultures treated with
various doses of NVP-AEW541
and immunoblot showing
expression levels of Igf1r in mouse
rhabdomyosarcoma primary cell
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0.2

Relative luminescence

cultures (U20325 and U21089) 0 02 05 075

compared with the mouse
myoblast cell line C2C12. B,
anchorage-dependent colony
formation assay showing
increased inhibition of colony c
formation by mouse
rhabdomyosarcoma cultures
compared to mouse myoblast cell
line C2C12 on treatment with
increasing doses of NVP-
AEWS541. C, anchorage-
independent colony formation by
mouse rhabdomyosarcoma
cultures (U20325) is inhibited on
treatment with NVP-AEW541,
indicated by a decrease in colony
size. The scale bar represents 50
um. The number of colonies
formed in soft agar also is reduced
on treatment with NVP-AEW541.
D, Western blot showing decrease
in the phosphorylation of Igfir,
P70 S6 kinase, IRS1, Akt, Mapk,
and Shc on treatment of the
mouse rhabdomyosarcoma
primary cell cultures (U20325) with
increasing amounts of NVP-
AEW541.
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the protein level in comparison to the normal mouse
myoblast cell line C2C12 (Fig. 2A). To examine whether
an Igflr tyrosine kinase inhibitor would affect the growth
of mouse primary tumor cell cultures expressing low
versus high baseline Igflr levels, we treated the tumor
cell cultures (U20325 and U21089, respectively) with
NVP-AEWb541 at concentrations ranging from 200 nm
to 5 umol/L. NVP-AEW541 inhibited tumor cell growth
better in the primary cell culture with the higher baseline
Igflr level (IC50 1.5 pmol/L vs. 300 nmol/L for low and
high Igflr expressing cells, respectively; Fig. 2A). Ancho-
rage-dependent colony formation assays showed that the
colony forming ability of the tumor cells was drastically
reduced on treatment with 1 umol/L NVP-AEW541
(Fig. 2B), but again sensitivity was increased for the cell
culture with the higher baseline level of Igflr expression.
Similar results were obtained for anchorage-independent
soft agar colony formation assays (Fig. 2C). Biochemical
interrogation revealed that phosphorylation of Igflr and
downstream mediators Mapk, Akt, IRS-1, and P70-S6
kinase were inhibited on treatment with NVP-AEW541

(Fig. 2D). These results suggest that Igflr is an important
mediator of tumor cell growth and proliferation and that
inhibition of the Igflr signaling axis in tumor cells is most
effective when baseline Igflr expression is elevated.

NVP-AEW541 causes cell cycle arrest and induces
apoptosis in tumor cells

To determine whether the decrease in rhabdomyosar-
coma cell growth in vitro was due to cell cycle arrest
and/or induction of apoptosis, we treated primary tumor
cell cultures with NVP-AEW541 for 48 hours and then
performed cell cycle analysis by FACS. NVP-AEW541
treatment of mouse primary tumor cell cultures caused
cell cycle arrest in G; phase (Fig. 3A). The proportion of
cells in G; phase increased from 52.2% in untreated cells
to 68.4% cells in G; phase when cells were treated with 2
umol/L NVP-AEW541 (P < 0.05). Western blotting
showed the presence of cleaved caspase-3 in tumor cells
treated with 5 umol/L NVP-AEW541 but not at lower
concentrations (Fig. 3B). These results indicate that NVP-
AEWb541 reduces tumor cell growth primarily by causing

www.aacrjournals.org

Mol Cancer Ther; 10(4) April 2011

Downloaded from mct.aacrjournals.org on April 11, 2011
Copyright © 2011 American Association for Cancer Research

701


http://mct.aacrjournals.org/
http://www.aacr.org/

702

Published OnlineFirst March 29, 2011; DOI:10.1158/1535-7163.MCT-10-0695

Abraham et al.

P=0.0008
7.4 4.6 4.2
e S

A 120

100

80

% of cells

Opmolll DMSO ~ 0.2 pmoll 1 pmoliL

NVP-AEWS41

Opmoll DMSO 0.2 pmollL 1pmobl Spmelll  (NVP-AEWS41)

Caspase-3

o4
e —
NVP-AEWS541
10°
D P=0006
g 10
g 1
=
5 10
8
10¢
DMSO  Imatinib  NVP-AEWS41
(n=6) (n=6) (n=5)

Figure 3. NVP-AEW541 induces tumor growth inhibition, cell cycle arrest,
and apoptosis in primary tumor cell cultures. A, treating the mouse
rhabdomyosarcoma primary cell cultures (U20325) with increasing amount
of NVP-AEW541 induces cell cycle arrest in the G4 phase. B, at moderately
high concentrations of NVP-AEW541, the mouse rhabdomyosarcoma
cells (U20325) show increased apoptosis as evident by the presence of
cleaved caspase-3 at 5 umol/L (but not at 2 umol/L, unpublished data). C,
representative (median) images of luminescence emitted by rhabdomyo-
sarcoma primary cell cultures grown on quail CAM and being treated with
DMSO, imatinib, and NVP-AEW541. The images are displayed with a
minimum-maximum scale of 2 x 10%to 2 x 107 photons/s/cm?/steradian.
D, graphical representation of the intensity of bioluminescence signal
emitted by rhabdomyosarcoma primary cell cultures grown on quail CAM
that were being treated with DMSO, imatinib (100 pmol/L), or NVP-
AEW541 (10 pmol/L).

cell cycle arrest and secondarily by inducing apoptosis in
rhabdomyosarcoma.

NVP-AEW541 significantly inhibits the growth of
tumor cells in ovo

To test whether NVP-AEWb541 can affect the growth of
rhabdomyosarcoma tumor cells grown in the context of a
vascularized tissue, i.e., the quail CAM, tumor cells
grown on 3D scaffolds were added to shell-free CAMs
incubated in a 6-well plate format. The next day, NVP-

AEW541 or control treatment (vehicle as a negative con-
trol, imatinib as a positive control) was added to the cells
growing on the CAM. Since tumor cells carry a geneti-
cally engineered luciferase gene, the growth of the tumor
cells could be quantified by adding luciferin to the CAM
and measuring the bioluminescence 3 days after treat-
ment (Supplementary Fig. S2A). Although quail embryo
viability and growth were unaffected (Supplementary
Fig. S2B), CAM harboring tumor cells treated with
NVP-AEW541 showed 87% less growth compared to
the DMSO treated tumor cells (P = 0.006), which was
better than the growth inhibition seen for imatinib (P =
0.039) at the dosages tested (Fig. 3C and 3D). No sig-
nificant difference in growth inhibition was observed in
CAM harboring tumor cells treated with NVP-AEW541
compared to cells treated with imatinib (P = 0.19).

In vivo effect of NVP-AEW541

Since NVP-AEW541 was found to significantly inhibit
proliferation in primary tumor cell cultures and by the
CAM assay, we investigated the effect of NVP-AEW541
on the tumor growth and progression in our mammalian
(mouse) model. Tumor-bearing mice were treated with 50
mg/kg NVP-AEW541 2 times a day by oral-gavage. Out
of the 15 mice treated a majority (9) of the mice did not
respond to treatment. Most of these tumors appeared to
have innate/rapidly developing resistance (Fig. 4C),
whereas other tumors showed initial sensitivity and
but gradually evolved resistance over a several days
(Fig. 4B). A minority of tumors exhibited partial response
(tumor regression; Fig. 4A). A side effect commonly
observed with NVP-AEW541 administration was body
weight loss in the range of 10% to 20% (data not shown).
These results suggest that even though targeting Igflr
might be a valid therapeutic strategy, preventing weight
loss and overcoming innate or slowly evolving resistance
to Igflr tyrosine-kinase inhibitors will be crucial for this
therapeutic approach in rhabdomyosarcoma.

Dissecting the resistance mechanism(s) to NVP-
AEW541

To investigate the mechanism of resistance to Igflr
inhibitors, protein lysates from tumors resistant to
NVP-AEW541 were subjected to immunoblotting for
components of the Igflr signaling axis as well as parallel
RTKs. Surprisingly, the resistant tumor samples showed
increased expression of Igflr compared to the untreated
tumor samples (Fig. 5A). The levels of other tyrosine-
kinase receptors that have been implicated in Igflr inhi-
bitor resistance for other cancers including Her2, epider-
mal growth factor receptor (EGFR), and insulin-receptor
were examined in the untreated and resistant samples
(Fig. 5A). Stochastically increased expression levels of
Her2, IR, and EGEFR in the resistant samples in compar-
ison to the untreated samples were observed. Cells from a
sensitive tumor cell mass present at the end of 1-week
treatment also showed significant expression of Her2, IR,
and EGFR (this sample could represent a preresistant
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Figure 4. Effect of NVP-AEW541 on rhabdomyosarcoma in vivo. A, mice
bearing tumors were treated with 50 mg/kg of NVP-AEW541 every 12
hours by oral gavage. This figure shows tumor bearing mice (n = 8) treated
with NVP-AEW541 and representative of the (n = 15) total mice tested. A,
mice that were partially sensitive to treatment (overall 3 out of 15 were
sensitive). B, mice that responded to treatment initially, but slowly evolved
drug resistance (3 out of 15). C, mice that showed innate (rapidly
developing) resistance (9 out of 15 mice).

state). RT-PCR showed that IR-A was present in both in
untreated and resistant tumors (Fig. 5B).

Importantly, we detected Igflr activation in most of the
resistant tumor samples, as well as a high level of p-Igflr
in the sensitive tumor that had persisted despite several
days’ therapy. We also found stochastic activation of
MAPK signaling but not Akt in the resistant tumor
samples (Fig. 5A). High MAPK activity was also observed
for the sensitive tumor sample, consistent with the pos-
sibility of a preresistant state. These results led us to

investigate whether resistance to NVP-AEW541 is
mediated by overexpression of Igflr and possibly
through activation of MAPK, which might be the con-
sequence of heterodimerization of Igflr and Her2.

Her2 associates with Igflr and is activated by Igf2

As stated above, NVP-AEW541 treated tumor lysates
showed consistent overexpression of both Igflr and
Her2 receptors. To examine whether these receptors
heterodimerize and to investigate whether there is
crosstalk between the 2 signaling pathways, we gener-
ated 2 primary tumor cell cultures (U35429 and U44676)
from our tumor samples that were innately resistant to
NVP-AEW541 for use in biochemical and functional
studies. Immunoprecipitation of Her2 from the NVP-
AEWb41 resistant cell lysates and subsequent immuno-
blotting with an Igflr antibody showed that Igflr inter-
acts with Her2 in resistant cell cultures. Conversely, no
interaction between Igflr and Her2 was observed in a
naive (untreated) murine rhabdomyosarcoma primary
cell culture (Fig. 5C). When the tumor cell lysates were
immunoprecipitated with a mouse IgG1 (control), no
Igflr was detected, suggesting that the interaction
between Igflr and Her2 was specific. To investigate
whether crosstalk exists between Igflr and Her2 in
the NVP-AEWb541 resistant rhabdomyosarcoma cells,
we serum starved cultures overnight then treated cul-
tures with 50 or 100 ng/mL IGF2 for 30 minutes.
Western blot analysis of the cells stimulated with
IGF2 showed an increase in the levels of phospho-
Her?2 in the NVP-AEW541 resistant rhabdomyosarcoma
primary cell culture but not in the naive rhabdomyo-
sarcoma cells (Fig 5D). These results suggest that Igflr
heterodimerizes with Her2 in NVP-AEWb541 resistant
rhabdomyosarcoma cells and that direct or indirect
crosstalk exists between these 2 receptors.

Tyrosine-kinase inhibition of both Igfir and Her2
has an additive effect on NVP-AEW541 resistant
rhabdomyosarcoma cells

To investigate the functional significance of Igflr
overexpression and Igflr-Her2 complex formation in
NVP-AEWb541 resistant rhabdomyosarcoma, we treated
a NVP-AEW541 resistant rhabdomyosarcoma primary
cell culture with NVP-AEWb541, lapatinib (a small mole-
cule inhibitor of Her2 and EGFR) or a combination of
both for 72 hours. The results of the cell viability assay
showed that NVP-AEW541 alone led to an unexpected
increase in cell growth at moderate doses for the NVP-
AEWb541 resistant cell culture (see Discussion). How-
ever, the cell growth inhibition could be cooperatively
improved by addition of lapatinib (cooperativity index
0.1), although lapatinib alone had no substantial effect
on naive or resistant tumor cells (Fig. 6A and 6B). To
examine the activity of Igflr and Her2 in NVP-AEW541
resistant primary tumor cell lines, we treated the cells
with 5 umol/L NVP-AEW541, 5 umol/L lapatinib or
their combination for 25 minutes and did Western
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blotting for p-Her2 and p-Igflr. Resistant cell cultures
treated with lapatinib showed decreased p-Her2 levels;
however, no difference in Her2 activity was observed in
cells treated with NVP-AEW541. When the resistant
cells were treated with lapatinib, a surprising increase
in the levels of p-Igflr was observed in comparison
vehicle treated cells (Fig. 6C). This effect was not
observed in naive tumor cells (data not shown). Resis-
tant cells treated with NVP-AEW541 still harbored
detectable levels of p-Igflr, but cells treated with the
combination of lapatinib and NVP-AEW541 showed a
substantial reduction in p-Igflr. These results suggest

that the combination of lapatinib and NVP-AEW541 is a
feasible therapeutic strategy for abrogating resistance to
Igflr inhibitors in ARMS.

Discussion

Resistance to RTK inhibitors is known to emerge in a
third of cancer cases and this resistance could arise by
multiple mechanisms including RTK transcriptional
overexpression, gene amplification, RTK mutation, or
parallel pathway activation (26-29). Activating mutations
in Igflr responsible for conferring resistance to Igflr
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Figure 6. Combination of NVP-AEW541 and lapatinib cooperatively
inhibits the growth of NVP-AEW541 resistant murine rhabdomyosarcoma
primary cell cultures with Igfir/Her2 complexes. Cell viability assay for
naive, untreated (U20325; A) and NVP-AEW541 innately resistant mouse
rhabdomyosarcoma primary culture (U44676; B) treated with varying
concentrations of NVP-AEW541, lapatinib, or a combination of both. Naive
cells (U20325) were sensitive to NVP-AEW541, but lapatinib had no
cooperativity. In contrast, NVP-AEW541 at moderate doses increased cell
growth in resistant cell cultures (U44676). However, this paradoxical effect
was reduced by the addition of lapatinib, although lapatinib treatment
alone had very little effect. C, the NVP-AEW541 resistant primary tumor
cell line (U44676) was treated with DMSO, 5 umol/L lapatinib, 5 umol/L
NVP-AEW541, and a combination of 5 umol/L NVP-AEW541 + lapatinib
for 25 minutes and Western blot analysis was done on lysates for p-Igfir
and p-Her2.

inhibitors have not been reported, but in some cancers
Hsp90 has been found to stabilize Igflr and thus confer
resistance to anti-Igflr treatment (30) and in other cases
differential IGF binding protein expression has altered
ligand stability and led to resistance to Igflr small-mole-
cule inhibitors (31). A recent report of a drug-selected
rhabdomyosarcoma cell line has also shown the possibi-
lity that PDGFR-A can confer resistance to an Igflr small
molecule inhibitor through receptor switching (32). How-

ever, this resistance mechanism was not observed in vivo
in our Igflr inhibitor studies, despite the important role of
Pdgfr-a as an a priori therapeutic target that we have
established in this same model (22).

Our current report adds to an emerging body of evi-
dence highlighting the important reciprocity of Igflr and
Her2 in resistance to targeted therapies in cancer (33-39).
Trastuzumab is a humanized recombinant monoclonal
antibody that targets the Her2 receptor and is an Food
and Drug Administration approved drug for the treat-
ment of metastatic breast cancer (40-42), yet resistance to
Trastuzumab is a very common in breast cancers over-
expressing Her2 (34). One of the mechanisms leading to
Trastuzumab resistance is the formation of Igflr and
Her2 heterodimers resulting in Her2 phosphorylation
in Trastuzumab resistant cells (35). A caveat to the Tras-
tuzumab example, however, is that resistance mechanism
(s) may vary depending on whether Igflr inhibition is
mediated by monoclonal antibodies or tyrosine kinase
inhibitors.

Reciprocal to the evidence that Igflr can mediate Her2
resistance, other evidence shows that the HER family
receptors can also mediate resistance to Igflr inhibitors.
Studies in ovarian cancer cell lines show that activation of
EGFR and Her2 receptors confers resistance to a small
molecule inhibitor targeting Igflr. These ovarian cancer
cells showed elevated expression and activation of the
HER family receptors on treatment with the Igflr inhi-
bitor. Interestingly, not only did inhibition of Igflr in the
ovarian cancer cell lines lead to an increase in Her2
phosphorylation, but treatment with a pan-HER inhibitor
resulted in increased Igflr phosphorylation, suggesting a
bidirectional crosstalk between these 2 pathways in ovar-
ian cancer cells. In these studies, simultaneously targeting
Igflr and Her family receptors led to a higher degree of
cell death compared to single agent therapy (33). The
heteromeric association between Igflr and Her?2 has also
been observed in MCF-7 human breast cancer cells, and
this association was triggered by the presence of ligands
heregulin and Igf1 (43).

In our study we have shown that Igflr and Her2
interact only in those mouse rhabdomyosarcoma tumor
cells that are innately (rapidly) resistant to the Igflr
inhibitor, NVP-AEW541, but not in naive, untreated cells.
An increase in Her2 phosphorylation was observed on
stimulation with IGF2 only in the resistant cells, whereas
there was no change in the level of phosphorylated Her2
in untreated rhabdomyosarcoma cells stimulated with
IGF2. Our study suggests that while Her2 may be of some
biological importance for naive rhabdomyosarcoma
tumors, Her2 may become a critical Igflr signaling path-
way adjunct for the survival of tumor cells under selec-
tion pressure by an Igflr inhibitor.

Our results also suggest that the mechanism of Igflr/
Her2 crosstalk may be more complex than a simple
receptor—receptor interaction. Since treatment with Lapa-
tinib did not block the phosphorylation of Igflr and
instead caused an increase in phosphorylation of Igflr,
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we speculate that yet-unidentified third party adapter
molecules (possibly non-RTKs) with opposing actions
may mediate Her2/Igflr interactions in NVP-AEW541
resistant cells. Displaced from Her2 by a Her2 antagonist,
these nonreceptor kinases would be free to interact with
and stimulate Igf1r phosphorylation. Studies by Belsches-
Jablonski and colleagues have shown that c-Src physi-
cally interacts with Her2 in breast carcinoma cell lines
and related studies have shown that Src can phosphor-
ylate Igflr (44, 45). While additional studies are required
to explore this possible mechanism of third party cross-
talk, the observation of lapatinib-induced Igf1r phosphor-
ylation highlights the potential importance of
simultaneous targeting of Igflr and Her2 as a therapeutic
strategy.

In summary, we have shown that formation of Igflr
and Her2 heterodimers is one of the mechanisms of
rapidly developing resistance to Igflr inhibitors in rhab-
domyosarcoma (an important mechanism, but perhaps
not the only mechanism). Our results have also shown
that there is a functional crosstalk between these 2 recep-
tors in that IGF ligand leads to Her2 phosphorylation and
that a Her2 inhibitor improves sensitivity to an Igflr
inhibitor. This study has clinical significance because
Igflr inhibitors are currently being used in clinical trials
and because resistance to Igflr inhibitors can be reason-
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Supplementary Materials and Methods:

Gene expression analysis: For gene expression studies in mice, total RNA was extracted from tumor samples using

TRIZOL according to the manufacturer’s instructions (Invitrogen, Carlsbad, CA). RNA was then purified using Qiagen
RNeasy miniprep cleanup kit per manufacturer instructions (Qiagen, Valencia, CA). cDNA was generated using oligo-dT
primers as previously described (1). Real time PCR (RT-PCR) was then performed on an ABI Prism 7500 Fast Real-Time
PCR system using SYBR Green PCR Master mix according to the manufacturer’s recommendations (Applied Biosystems,
Foster City, CA). The following primers were used: mouse Igf2-r (5’'-CTGGAGGTGATGAGTGTAGCTCTGGC-3’and 5’-
GAGTGACGAGCCAACACAGACAGGTC-3’), mouse Igf1 (5'-GGACCAGAGACCCTTTGCGGGG-3’and 5’-
GGCTGCTTTTGTAGGCTTCAGTGG-3’), mouse Igfir (5'-GCTTCGTTATCCACGACGATG-3’ and 5'-
GAATGGCGGATCTTCACGTAG-3’), mouse Igf2 (5'-GTCGATGTTGGTGCTTCTCATC-3’ and 5'-GGGTATCTGGGGAAGTCGT-3’),
mouse /R-A and IR-B isoforms (5’-CAGAAGCACAATCAGAGTGAG-3’ and 5'-GTGTGGTGGCTGTCACATTC-3’). Expression of
gene products was normalized to levels of GAPDH. Primer sequences for mouse GAPDH were: 5’-
TGCACCACCAACTGCTTAG-3’and 5'-GGATGCAGGGATGATGTTC-3’. For human samples, RT-PCR was performed by using
TagMan probes as previously described (2). Expression levels in human tumors were reported previously (2) but

comparison to skeletal muscle expression is newly reported here.

RNA-interference: Unpooled mouse Igflr siRNA (Cat# J-056843-06; Dharmacon, Lafayette, CO) was transfected into

mouse tumor cells using Lipofectamine-2000 (Invitrogen). The cells were incubated with Igfir siRNA for 6 days, after
which the cells were lysed and the lysate was used for western blot analysis. Scrambled siRNA (Dharmacon) was used a

control.

Supplementary Figure Legends:

Figure S1. Chemical structures for compounds in this study (a) NVP-AEW541 (b) Lapatinib.

Figure S2. Characterization of CAM assay properties. (a) Standard curve showing a concomitant increase in

bioluminescence signal with the increase in the number of tumor cells growing on a quail CAM. (b) Average weight of
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quail embryos three days after tumor cells on a 3D scaffold were placed on quail CAMs and treated with vehicle (DMSO)

or drugs (Imatinib, NVP-AEW541).

Figure S3: Quantitative RT-PCR showing increased mRNA levels of Igfir in human and mouse alveolar
rhabdomyosarcoma. (a) Igfir and Igfr2 along with their ligand Igf2 are over expressed in human ARMS and ERMS
compared to normal skeletal muscle [top panel]. (b) Igfir, Igf2 and Igf2r are highly expressed in the primary tumors
compared to the normal skeletal muscle in the mouse model of alveolar rhabdomyosarcoma. The Igf1 receptor not only

is highly expressed in the primary tumors but also in metastatic tumors [bottom panel].

Figure S4: Igflr siRNA treatment inhibits cell proliferation and phosphorylation of Igflr and downstream mediators. (a)
Cell viability assay performed on naive rhabdomyosarcoma primary cell cultures (U21089) treated with Igfir siRNA. (b)
Immunoblots showing that treatment of mouse rhabdomyosarcoma cell line (U21089) with 100nm /gf1r siRNA causes a

reduction in the phosphorylation of Igf1r, Mapk, Akt, IRS1 and P70 S6 kinase.

Supplementary References:

1. Nishijo K, Chen QR, Zhang L, McCleish AT, Rodriguez A, Cho MJ, et al. Credentialing a preclinical mouse model of
alveolar rhabdomyosarcoma. Cancer Res. 2009;69:2902-11.
2. Blandford MC, Barr FG, Lynch JC, Randall RL, Qualman SJ, Keller C. Rhabdomyosarcomas utilize developmental,

myogenic growth factors for disease advantage: a report from the Children's Oncology Group. Pediatr Blood Cancer.
2006;46:329-38.
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Cover image

Genetically-engineered mouse models often represent some of the most physiologically accurate models of
cancer from which to understand the tumor microenvironment and with which to perform preclinical trials.
Abraham and colleagues present studies of a prototypic insulin-like growth factor receptor inhibitor using
both genetically-engineered mouse models and the shell-free quail chorioallantois membrane (CAM) assay.
Remarkably, the inexpensive short term (2 week) CAM assay offers xenografted tumors a scaffold of
lymphatics, arteries, and veins that mimic short-term in vivo growth with all the advantages of intravital
imaging. Photograph credits, Elaine Huang and Audra Lee. For details, see article by Abraham and

colleagues on page 697.
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