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ABSTRACT

Innovative, more effective treatment modalities are needed for Ewing's

sarcoma (ES), a neoplasm with a disappointingly low survival rate despite
the use of aggressive multimodal therapeutic approaches. We have pre
viously shown (K. Scotland! et al., Cancer Res., 56: 4570-4574, 1996) the

existence and the pathogenetic relevance of an autocrine loop that is
mediated by the insulin-like growth factor-I receptor (IGF-IR) and is

crucial for the survival and proliferation of ES cells in vitro. In this study,
we report that the IGF-IR-blocking monoclonal antibody aIR3 may also
significantly inhibit ES cell growth in vivo. In particular, in almost one-
half of the animals tested, after s.c. inoculation with TC-71 ES cells, the
blockage of IGF-IR by aIR3 induced a complete regression of tumors that
developed, which suggests that IGF-IR is valuable as a specific target for

novel therapeutic strategies. In addition, suramin, a drug that can inter
fere with growth factor binding with their receptors, inhibited the tumor-
igenic and the met astatic ability of TC-71 cells and, therefore, is a prom

ising agent to be combined with conventional cytotoxic drugs for the
design of more effective therapeutic regimens.

INTRODUCTION

ES,3 the second most frequently occurring primary malignant bone

tumor, is an extremely aggressive, poorly differentiated neoplasm of
uncertain histogenesis, usually arising in children and young adults
(1). Combination treatments that include the surgical removal of the
primary tumor, with or without radiation therapy, and systemic con
trol of micrometastatic disease by aggressive chemotherapy are often
insufficient to prevent local or distant relapse (2). The identification of
new targets for innovative therapeutic approaches are, therefore,
strongly needed for this tumor.

In recent years, an increasing interest has developed in the role of
growth factors in the pathogenesis of human malignancies. These
proteins are able to stimulate the growth of tumor cells through
autocrine and paracrine mechanisms in vitro, and in clinical settings
the presence of autocrine loops has been recognized as an important
mechanism in the process of neoplastic transformation (3). Among the
growth factors and growth factor receptors that may be involved in
human carcinogenesis, the IGF signaling pathway seems to be note
worthy. The IGF system involves ligands, receptors, and binding
proteins that play key roles in several biological processes including
normal embryogenesis and development (4). Consistent evidence also
indicates the involvement of IGF signaling in tumorigenesis (5-9) and

further supports the hypothesis that the presence of this activated
pathway is important for cell growth and is mandatory for transfor-
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mation (10). The biological functions of IGFs are initiated by their
interaction with cell surface receptors, in particular the IGF-IR. When

switched on, this receptor initiates a cascade of events that starts with
the activation of tyrosine kinase and results in divergent effects
depending on specific cell types (4). Both the presence of active
IGF-IR and the autocrine production of IGF-I have been observed in
ES cells (11-13). In cell lines and tissue samples of this tumor, we
have reported (13) that, of different circuits analyzed, only the IGF-
IR-mediated loop is constantly present, which suggests a role for this

autocrine circuit in the pathogenesis of ES. In fact, the in vitro
blockage of IGF-IR-mediated circuit by aIR3 monoclonal antibody,
which specifically neutralizes IGF-IR, greatly inhibits the growth and

the migration ability of ES cells. These findings may have important
implications for the design of therapeutic strategies aimed at the
control of ES.

In this study, we investigated whether the IGF-IR-neutralizing

aIR3 antibody (14) may suppress the in vivo growth of ES cells. We
also tested the in vitro and in vivo effects of suramin, a nonspecific
growth factor antagonist that inhibits a number of autocrine circuits,
including the IGF-IR-mediated loop (15).

MATERIALS AND METHODS

Cell Lines. ES cell lines SK-ES-1, RD-ES, and SK-N-MC were obtained
from the American Type Culture Collection (Rockville, MD). TC-71 and 6647

cell lines were a generous gift from T. J. Triche (Childrens Hospital, Los
Angeles, CA). LAP-35 and IOR/EW4 cell lines were previously established at

the Istituti Ortopedici Rizzoli (Bologna, Italy). Cells were routinely cultured in
IMDM, supplemented with 100 units/ml penicillin, 100 /xg/ml streptomycin
(Life Technologies, Paisley. Scotland), and 10% inactivated PCS (Biological
Industries, Kibbutz Beth Haemek, Israel). Cells were maintained at 37Â°Cin a

humidified 5% CO, atmosphere.
In Vitro Cell Growth. To study the effects of the blockage of the IGF-IR-

mediated autocrine circuit, cells were seeded in 24-well plates (cells/well:
20,000 for TC-71, SK-N-MC, SK-ES-1, 6647, and RD-ES; 100,000 for
LAP-35 and IOR/EW4) in IMDM plus 10% FCS. After 24 h, the medium was
replaced by IMDM-1% PCS, with or without (control) suramin (kindly pro
vided by Bayer AG, Leverkusen, Germany), 100 ng/ml-100 Â¿Â¿g/ml.The

medium was renewed (with or without the drug) every 3 days. Cell growth was
evaluated on harvested cultures by trypan blue vital cell count.

BrdUrd Labeling Index. Five thousand cells/cm2 were seeded in IMDM

plus 10% PCS. After 24 h, the medium was changed with IMDM plus 1% PCS
(control), with IMDM plus 1% PCS with suramin (33 jig/ml), or with IMDM
plus 1% PCS with aIR3 ( l Â¿ig/ml;Calbiochem, La Jolla, CA). As an additional
control for aIR3 treatment, a class-matched mouse IgG (Sigma, St. Louis, MO;

1 ju.g/ml) was also used. After 72 h, cell cultures were incubated with 10 /XM
BrdUrd (Sigma) for 1 h in a CO2 atmosphere at 37Â°C.Harvested cells were

fixed in 70% ethanol for 30 min. After DNA denaturation with 2 N HC1 for 30
min at room temperature, cells were washed with 0.1 M Na2B4O7 (pH 8.5), and
IO6 cells were then processed for indirect immunofluorescence by using

a-BrdUrd (Euro-Diagnostics, Milan, Italy) diluted 1:4 as a primary antibody

and analyzed by flow cytometry.
Morphological Assessment of Apoptotic Nuclei. Cells were seeded and

treated as reported above. After a 72-h in vitro treatment, cells were fixed in
methanol-acetic acid (3:1) for 15 min and stained with 50 ng/ml Hoechst

33258 (Sigma). Cells with three or more chromatin fragments were considered
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Fig. l. Inhibition of ES cell growth after 6 days of continuous in vilro treatment with
different doses of suramin. A, results are expressed as percentage of growth inhibition
compared to controls. B, reversal of growth inhibition of TC-71 cells treated with aIR3
antibody or suramin by IGF-1. Data are from one experiment, representative of two

different experiments.

Â¿ig/ml)were then seeded in the upper compartment and incubated for 18 h at
37Â°C.Cells migrated toward the filter to reach the lower chamber base and

were counted after Giemsa staining. All of the experiments were made in
triplicate.

In Vivo Treatment with aIR3 Antibody or Suramin. Female athymic
4-5-week-old Crl/nu/nu (CD-I) BR mice (Charles River Italia, Como, Italy)
were used. Tumorigenicity was determined after s.c. inoculation with 5 X IO6

cells. Twenty-four h after cell inoculation, the animals were randomized into

control and treated groups. In the latter groups, each mouse received an s.c.
injection of aIR3 monoclonal antibody (50 jug/injection) or suramin (50
/j,g/injection or 500 /ig/injection) in proximity to the tumor, every 3 days
starting from the day after tumor implantation. Control mice received a s.c.
injection of PBS or of MOPC-21 (50 /j.g/injection; additional control group for

aIR3 treatment). The treatment period consisted of eight injections. Tumor
growth was assessed once weekly by measuring tumor volume, calculated as
ir/6 X [/(oe)]3, where a and b are the two maximum diameters. For ethical

reasons, mice were killed and necropsied when tumor volume was 5 cc.
Tumors were fixed in 10% buffered formaldehyde for at least 48 h and
processed for histolÃ³gica! examination. Sections of the tumors were stained
with H&E and analyzed microscopically. The presence of apoptotic nuclei was
assessed by morphological criteria (16). The number of pulmonary mÃ©tastases
was determined by counting with a stereomicroscope after staining with black
India ink.

To evaluate the ability of suramin to inhibit the metastatic ability of TC-71
cells in the skeleton, 2.5 X IO6 viable cells were injected i.v. into a tail lateral

vein; 24 h later, animals were divided into two groups and treated with suramin
(1 mg/injection) or PBS (control). The injections were done i.p. every 3 days
starting from the day after tumor-cell inoculation. The experimental design

consisted of 20 injections. The volume of bone mÃ©tastases was assessed
weekly, as described above for primary tumors. For ethical reasons, mice were
killed when bone mÃ©tastasesachieved a tumor volume of 5 ce. HistolÃ³gica!
sections obtained from the bone neoplastic masses were stained with H&E and
analyzed microscopically.

RESULTS

In Vitro Effects. The in vitro effects of suramin were analyzed in
comparison with the previously reported results obtained with the
IGF-IR neutralizing antibody aIR3 (13). In particular, similar to what

was observed after aIR3 treatment, continuous in vitro exposure to
suramin (100 ng/ml-100 /xg/ml) for 6 days induced a relevant dose-

dependent blockage of cell growth in all of the ES cell lines (Fig. L4).
Exposure of TC-71 cells to exogenously added IGF-I (10-100 ng/ml)
reversed the growth inhibition of aIR3 or suramin (Fig. IB), demon-

Table 1 Effects of treatments on proliferative rale and apoplosis of TC-71 cell line

Treatment"
BrdUrd

labeling index'' Apoptosis'

None
MOPC-2 1 (1 /Â¿g/ml)

aIR3 (1 /ig/ml)
Suramin {33 /ig/mi)44.1

Â±2.6
40.2 Â±3.0
31.0Â± 2.21'
35.2 Â±1.8rfI.I

Â±0.3
0.7 Â±0.1
4.4 Â±0.1''

6.7 Â±1.2rf

" Cells were treated for 72 h before analysis.
h Average Â±SD of three independent experiments.
' Percentage of apoptotic nuclei. Average Â±SD of three independent experiments.
'' Significantly different by Student's t test. P < 0.05.
e Significantly different by Student's / test, P < 0.001.

apoptotic. The percentage of apoptotic nuclei was evaluated out of a total of
1000-2000 nuclei.

Motility Assay. Motility assay was made using Transwell chambers
(Costar, Cambridge, MA) with 8-/^m pore size, polyvinylpyrrolidone-free,

polycarbonate filters (Nucleopore, Pleasanton, CA). IMDM plus 10% PCS
alone, or IMDM plus 10% PCS with IGF-I (100 ng/ml: United BiomÃ©dical,

Inc., Lake Placid, NY), were placed in the lower compartment of the chamber,
after which IO5 cells in IMDM plus 10% PCS with or without suramin (250

Â¿Â¿g/ml),aIR3 antibody (1 /xg/ml), or the class-matched IgG MOPC-21 (1

01 150 -

MOPC-21 O.IR3

Fig. 2. Motility response of TC-71 cells after treatment with MOPC-21 antibody. aIR3

antibody, or suramin. Cells (20,000) were incubated in the upper compartment of a
Transwell chamber with IMDM plus 10% PCS supplemented with MOPC-21 antibody (1
Mg/ml). alR3 antibody (I ng/ml). or suramin (250 ftg/ml). In the lower compartment.
IMDM plus 10% PCS or IMDM plus 10% PCS plus IGF-I (100 ng/ml) was used as the
source of chemoattractant. Columns represent the number of migrated cells (mean Â±SE).
Three independent experiments were performed. *. P < 0.05.
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Fig. 3. Treatment of athymic mice with aIR3 antibody after the inoculation with TC-71
cells prolonged the tumor-free period and decreased the incidence of tumor formation. The
animals received s.c. injection of aIR3 [50 jig/injection (â€”)], of the class-matched IgG
MOPC-21 150 fig/injection ( )], or of PBS ( ) every 3 days, starting at 24 h after
tumor cell s.c. inoculation. The tumor-free period is the time between the injection of
tumor cells and the appearance of measurable xenografts.

.
Fig. 4. Histological features of TC-71 xenografts. A. untreated tumors showed the

typical monomorphous characteristics of ES with some mitotic figures. B, alR3-treated

tumors showed, scattered among intact nuclei, the presence of several apoptotic nuclei as
evidenced by nuclear condensation and apoptotic body formation at the periphery of the
lesion near the site of injection.

strating the specific blockage of IGF-IR function. A consistent reduc
tion in the S-phase rate and a significant induction in apoptosis were

observed either after aIR3 treatment or after suramin treatment (Table
1). Moreover, suramin and aIR3 were both able to affect the migra
tory ability of TC-71 cells. In fact, a remarkable inhibition of the in

vitro migration of ES cells after a chemotactic stimulus was observed
with both treatments (Fig. 2).

In Vivo Effects of aIR3 Treatment. To analyze the effects of the
IGF-IR-neutralizing aIR3 antibody on the in vivo growth of ES,
randomized athymic mice that were s.c. injected with TC-71 cells
were locally treated with aIR3 (50 fÂ¿g/injection), MOPC-21 (50

jag/injection), or PBS. Treatment started 24 h after the injection of
5 X IO6 cells, a dose that is able to produce tumors in all untreated

animals. The time of appearance of detectable tumors (>0.03 cc) in
the three groups is shown in Fig. 3. At the end of treatment, the
number of tumor-free animals was 5 (56%) of 9 in the oIR3 group, 0
of 4 in the MOPC-21 group, and 0 of 8 in the PBS group. Moreover,

by considering the mice in which tumors developed, we observed a
growth inhibitory effect of aIR3 treatment. In fact, the mean volume
of tumors at the end of treatment was 2.9 Â±1.2 cc versus 1.4 Â±0.5
cc in controls and aIR3-treated mice, respectively. With regard to
mice that were found to be tumor-free after aIR3 treatment, only one

developed a tumor after the end of the treatment. Histological exam
ination of tumor specimens in treated animals showed the presence of
apoptotic cells at the periphery of tumors, particularly in the proximity
of the site of injection of aIR3 (Fig. 4).

Spontaneous lung mÃ©tastaseswere observed in 43% of the animals
in the control group, whereas mice locally treated with aIR3 did not
develop mÃ©tastases.

In Vivo Effects of Suramin. Compared to controls, local injection
of suramin significantly delayed the time of appearance of primary
tumors, at the dose of both 50 jag/injection and 500 fig/injection (Fig.
5). Only a slight dose-dependent effect was observed. In fact, the
number of tumor-free animals was 1 (20%) of 5 in the group treated

with suramin 500 jug/injection, 0 of 5 in the group treated with
suramin 50 /^g/injection, and 0 of 10 in the PBS-treated group. In
animals developing a tumor, a growth-inhibition effect of suramin was
generally observed, as shown by the in vivo growth curve of TC-71

cells in individual mice (Fig. 6, A and B). Mean tumor volume was
2.8 Â±0.8 cc versus 1.8 Â±1.6 in controls and suramin-treated mice,

respectively.
Spontaneous lung metastatic spread occurred in 40% of mice in the

control group and in only \0% of mice treated with suramin. Systemic
delivery of suramin remarkably delayed the occurence of bone mÃ©
tastases in animals inoculated i.v. with TC-71 cells (Fig. 7). In fact, at
the end of the treatment, the number of metastasis-free animals was 11

(61%) of 18 in the group of animals treated with suramin, and 7 (41%)
of 17 in the PBS-treated group. Moreover, treatment with suramin

also resulted in a lower number of bone mÃ©tastases.In fact, after 43
days from cell inoculation, when mice started to be killed for ethical
reasons, the total number of bone mÃ©tastaseswas 11 (controls) versus

Percentage of tumor-free mice

60 -1P<0.05J â€”i0

1 1 1 1 1

0 20 40 60 SO 100120treatment

Days since inoculation

Fig. 5. Treatment of athymic mice with suramin after the inoculation with TC-71 cells
prolonged the tumor-free period and decreased the incidence of tumor formation. Animals
received s.c. injection of suramin [500 jig/injection (â€”) or 50 jug/injection (â€”)] or PBS
( ) every 3 days starting at 24 h after s.c. tumor cell inoculation. The tumor-free
period is the time between the injection of tumor cells and the appearance of measurable
xenografts.
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3 (suramin-treated). No toxicity was recorded in animals treated with

suramin.

DISCUSSION

In the past decade, it has become evident that growth factors are
involved in the growth regulation of a variety of cancer types. Treat
ment modalities based on growth factor-receptor interactions or on

interference with their signal transduction pathways, therefore, seem
to be promising therapeutic possibilities, especially for those neo
plasms such as ES in which conventional chemotherapy, although
successful in many cases, has clearly shown an impasse. In a previous
study (13), we identified the IGF-IR-mediated loop as an important
autocrine circuit for ES. Inactivation of IGF-IR suppresses the in vitro

growth of ES cells and significantly inhibits their migratory ability
after the chemotactic stimulus of IGF-I or IGF-II, which suggests that
the inhibition of the IGF-IR signaling pathway may be used as a

specific therapeutic target for ES. In this study, we demonstrated that
the use of a neutralizing anti-IGF-IR antibody is effective not only in
vitro but also in vivo. After s.c. injection of TC-71 ES cells into

athymic mice, all of the animals developed tumors, with a remarkably
high growth rate that reflects the extremely aggressive behavior of ES.
Injection of aIR3 monoclonal antibody in close proximity to the
xenografts resulted in a complete regression of the tumor in about
one-half of treated mice and inhibited the growth rate of the tumor in
the remaining treated animals. Moreover, spontaneous lung metasta-

PBS

Percentage of metastasis-free mice

Days since inoculation

B Suramin

40 60

Days since inoculation

Fig. 6. In ri'i'o growth curve of TC-71 tumors in control group (A) and suramin-treated

groups (B: + . 50 jag/injection: *. 500 /Â¿g/injeclion). Each line corresponds to a single
animal.

30 40 5C

Days since inoculation

Fig. 7. Delayed appearance of bone mÃ©tastasesafter systemic treatment with suramin.
Mice received i.p. injections of suramin ( I mg/injection. â€”)or PBS ( ) every 3 days
starting at 24 h after i.v. tumor cell inoculation.

ses were never observed in aIR3-treated mice. Our results indicate
that IGF-IR signal transduction also plays a critical role in the in vivo

regulation of ES cell growth and are consistent with previous in vivo
studies that have demonstrated a significant growth inhibition of
xenografts derived from breast cancer, melanoma, and rhabdomyo-
sarcoma cells after treatment with aIR3 antibody (17-19).

Despite the specificity of this approach, the potential of anticancer
strategies based on the blockage of IGF-IR by the delivery of a murine

antibody is of limited practical value in clinical settings because of the
emergence of immune responses, the short half-life of the peptide in

the bloodstream, and the remarkable costs. An attractive alternative
may be the use of suramin. This molecule was originally synthesized
as a powerful antiprotozoal drug, but it has been recently reconsidered
for its anticancer properties and used for the treatment of adrenal and
prostate cancer (20-22). Suramin exhibits multiple activities against

tumor cell proliferation both in vitro and in vivo (15), but the main
mechanism of action of this drug is an interference with the binding
of several growth factors to their receptors, including IGF-I and
IGF-IR (23). A number of studies have shown the in vitro growth
inhibitory effects of suramin in tumor cell lines of different histogen-

esis (15), all revealing that suramin has reversible inhibitory effects.
In ES, we observed a dose-dependent in vitro growth inhibition in all
of the cell lines. In TC-71 cells, suramin decreased the growth rate,

because of a reduction of cell proliferation as well as an induction of
apoptosis. Moreover, suramin also inhibited the migratory ability of
ES cells at doses that are below the concentration of 300 Â¿ig/ml,the
maximum plasma concentration that can be achieved without severe
acute toxicity (21). in vivo, peritumoral injection of suramin signifi
cantly inhibited the growth of TC-71 cells with a slight dose-depen

dent effect, confirming its antitumoral action, both on primary tumors
and on lung mÃ©tastases.Moreover, after i.p. delivery, suramin seemed
to be active also against bone mÃ©tastases,as shown by a delayed
appearance and a reduction in the amount of secondary tumors in the
skeleton.

In vivo, both suramin and aIR3 antibody can presumably inhibit
tumor cell proliferation through a cytotoxic mechanism, as they do in
vitro. In fact, in addition to the reported inhibitory effects on the cell
cycle following the in vivo treatment with aIR3 or suramin (19, 24),
we also observed an induction of apoptosis after blockage of IGF-IR

in agreement with previous observations by Resnicoff et al. (25) in a
different tumor model. Inhibition of IGF-IR, either by specific anti

bodies or by suramin, may also affect an early step in the sequence of
events that lead to tumor formation, such as migration and adhesion to
the extracellular matrix. Suramin has been shown to inhibit laminin-
and thrombospondin-mediated cell adhesion (26), two proteins that
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are found in the extracellular matrix and are involved in cell attach
ment, spread, and migration. In this study, we were able to show that
the blockage of the IGF-IR-mediated circuit inhibits the migratory

ability of ES cells.
In conclusion, this study further supports the finding that inhibition

of ES growth may be successfully achieved in vivo by targeting
IGF-IR-mediated signal transduction. The IGF-IR-mediated circuit

regulates a crucial pathway in ES cell growth to be targeted for
innovative therapeutic strategies. Because ES cells seem to be partic
ularly sensitive to suramin, both in vitro and in vivo, this agent may be
advantageously used in combination with conventional cytotoxic
drugs.
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