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LEARNING OBJECTIVES
1. Evaluate the components that make up the insulin-like growth factor family.
2. Differentiate between different strategies to modulate IGF-1R.
3. Determine when to utilize the rationale for therapeutic targeting of IGF-1R in childhood malignancies.
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ABSTRACT
The insulin-like growth factor (IGF) family consists of
ligands (IGF-I, IGF-II, insulin), several receptors (including IGF-1R), and six binding proteins (IGFBP-1
through IGFBP-6). Members of this family regulate key
cellular activities and they also play an important role in
the development and progression of both adult and
childhood cancers. Binding of a ligand to the receptor
leads to its activation, followed by signal transduction
along several pathways. In some childhood malignan-

cies, IGF-1R can be activated by endocrine, autocrine,
or paracrine mechanisms. Although mutations in
IGF-1R have not been identified, this signaling pathway
is upregulated in many childhood cancers. These findings have led to the development of a host of IGF-1R signaling modulators that are currently being tested in
clinical trials. This review explores the role of IGF-1R in
a range of childhood malignancies. The Oncologist 2009;
14:83–91
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LIGANDS AND BINDING PROTEINS

IGF RECEPTORS
Three receptors form six distinct receptor combinations:
IGF receptors type 1 and type 2 (IGF-1R and IGF-2R), insulin receptors A and B (IR-A and IR-B), and hybrid receptors (IGF-1R/IR-A and IGF-1R/IR-B) [10]. The possible
role of insulin and hybrid receptors in human cancers has
been reviewed [11]. IGF-2R preferentially binds IGF-II [5,
11]. However, IGF-2R lacks an intracellular kinase domain, precluding its ability to mediate cell signaling [4, 10].
This also helps explain the finding that loss of IGF-2R results in increased tumorigenicity, presumably by increasing
the availability of IGF-II to bind to IGF-1R [12]. The remainder of this review focuses on IGF-1R.
All of the IGF receptors have significant homology,
thus resulting in structural similarity and the possibility of
signaling crosstalk [10]. IGF-1R is a tetrameric receptor
consisting of two ␣-subunits and two transmembrane
␤-subunits that are linked by disulfide bonds [13, 14]. The
␣-subunits are extracellular and bind IGF. Each transmembrane ␤-subunit contains an intracellular tyrosine kinase
domain.
Binding of IGF-I or IGF-II ligand to IGF-1R leads to

Figure 1. Downstream targets of IGF-1R. The binding of
IGF-I or IGF-II to IGF-1R results in autophosphorylation of
tyrosine residues in the receptor. This leads to activation of the
kinase domain and also provides the docking sites necessary
for adaptor proteins to bind, thereby beginning a diverse cascade of intracellular signaling. Pathways that have been well
described include Grb2, which then signals though Ras, Raf,
and ultimately MAPK, leading to cell proliferation. Additionally, recruitment of PI3K results in cell survival by diminishing
apoptotic signals. More recently, investigators have shown
that the mTOR pathway is important in regulating protein
translation, and that inhibition of mTOR results in a feedback
loop, leading to an increase in Akt phosphorylation.
Abbreviations: 4EBP, eukaryotic translation initiation factor 4E binding protein; Grb2, growth factor receptor-bound
protein 2; IGF-1R, insulin-like growth factor receptor 1; IRS,
insulin receptor substrate; MAPK, mitogen-activated protein
kinase; mTOR, mammalian target of rapamycin; PIP3, phosphatidylinositol 3,4,5-triphosphate; PI3K, phosphatidylinositol 3⬘ kinase; Rheb, Ras homolog enriched in brain; SAPK/
JNK, stress-activated protein kinase/c-Jun NH2-terminal kinase; SGK, ribosomal S6 kinase; TSC, tuberous sclerosis
complex.

phosphorylation of three key tyrosine residues in the kinase
domain, leading to phosphorylation of downstream substrates [13, 14]. In addition, phosphorylation of additional
tyrosine residues in other areas of the ␤-subunit provide
“docking sites” that allow for the recruitment of adaptor
proteins [14]. Insulin receptor substrate family members
are some of the many adaptor proteins that are known to
have an important role in IGF-1R signaling [15]. Phosphorylation of adaptor proteins leads to binding of additional
proteins, allowing for signal transduction along several specific pathways (Fig. 1). Some of the key pathways and their
endpoints include phosphorylation of mitogen-activated
protein kinase (MAPK) and a subsequent increase in proliferation, activation of phosphatidylinositol 3⬘ kinase
(PI3K), leading to decreased apoptosis, and modulation of
mammalian target of rapamycin (mTOR), resulting in
translational adaptation [13–15].
In normal cells, tyrosine kinase receptor activity is
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Three ligands are involved in insulin-like growth factor
(IGF) signaling: IGF-I, IGF-II, and insulin. The latter has
been reviewed extensively and is not discussed here. IGF-I
and IGF-II form the basis of signaling in the IGF pathway.
Epidemiological studies first suggested that high levels of
IGF-I correlated with a higher risk for cancer [1, 2]. Conversely, patients who have a congenital deficiency of IGF-I
seem to be protected from the development of malignancies
[3]. Modulation of IGF family members in various animal
models, using genetic manipulation or pharmaceutical
treatment, has supported this hypothesis and also extended
its role to disease progression and tumor spread [4]. IGF-II
is involved in normal growth, and higher levels of IGF-II in
tumors and cancer cell lines suggest its importance in carcinogenesis [5– 8].
Both of these ligands exist as complexes in the circulatory system, bound to one of six IGF binding proteins
(IGFBP-1 to IGFBP-6) [9]. IGFBP-3, in conjunction with a
third molecule, acid labile subunit, forms a complex that accounts for the majority of circulating IGF [1, 4, 9]. IGFBPs
have a higher affinity for IGF than their cognate receptors,
suggesting that they sequester IGF from the receptor. However, other models indicate that the binding proteins may
potentiate IGF activity, either by extending its half-life in
circulation or by binding to certain molecules on the cell
surface, thus providing a reservoir of available IGF to the
cell [4, 9].
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tumor types are identified, rational therapeutic combinations can be investigated.

Reduction of Circulating IGF-I

tightly regulated, allowing for homeostatic growth. In tumor cells, these same molecules are activated, either by mutation, chromosomal translocation, abnormal stimulation
(autocrine, endocrine, or paracrine), or loss of genomic imprinting. For the IGF pathway, dysregulation of the latter
two appears to be most relevant. There is considerable evidence for a key role of IGF signaling in many pediatric malignancies. Specifics for each tumor type are discussed in
subsequent sections.

STRATEGIES TO TARGET IGF-1R
The IGF-1R signaling pathway can be inhibited at many
points, from regulation of ligand to blockade of cellular signaling components (Fig. 2). There are several important
points that must be considered to determine which tumor
types are best suited for targeting. First, the tumor must express IGF-1R. With current technology, quantification of
the number of receptors on the tumor is difficult. However,
advances using sandwich enzyme-linked immunosorbent
assay technology are being made to reliably quantitate expression. For rhabdomyosarcoma, a recent report shows a
high correlation between the number of IGF-1R molecules
on the surface of cells and response to its inhibition in mice
[16]. Second, reliance upon IGF-1R should be shown, including demonstration of an intact signaling pathway and
susceptibility of the tumor to its blockade. Ideally, an IGF1R– directed pharmaceutical agent would be antitumorigenic when administered as a single agent. However, as the
pathways that are affected by IGF-1R blockade in different
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Figure 2. Many opportunities to block IGF-1R activity.
Abbreviations: IGF, insulin-like growth factor; MAPK,
mitogen-activated protein kinase; PI3K, phosphatidylinositol
3⬘ kinase; rIGFBP, recombinant insulin-like growth factor
binding protein.

The IGF pathway begins at the level of the hypothalamus
and the release of growth hormone–releasing hormone and
somatostatin [1, 4]. In the pituitary gland, these two factors
promote or inhibit the secretion of growth hormone (GH)
into the circulation. GH is the primary determinant of
IGF-I synthesis and expression, most of which occurs in
the liver. However, many physiological factors, such as
nutrient deprivation, can also cause GH-independent
production of IGF.
Excitement for targeting IGF-I grew in the 1980s after
experiments in rats showed that hypophysectomy resulted
in complete abrogation of osteosarcoma metastases, suggesting an endocrine effect on the metastatic cascade [17].
This led to a phase I study of octreotide pamoate longacting release (OncoLar威; Novartis, East Hanover, NJ), a
somatostatin analog that inhibits GH secretion, thereby decreasing IGF-I levels [18]. Patients with metastatic osteosarcoma treated with OncoLar did not have a longer
survival duration. However, only 50% inhibition of circulating IGF-I was obtained in these patients. Similar results
were seen when OncoLar was given in combination with
chemotherapy to treat pet dogs with primary osteosarcoma
[19]. Unfortunately, multiple attempts to pursue this in preclinical models have been hampered by the inability to further reduce the concentration of circulating IGF levels to
those obtained with hypophysectomy.
Pegvisomant is a pegylated growth hormone receptor
(GHR) antagonist that binds GHR but does not activate
downstream signaling [20]. It is currently indicated for the
treatment of acromegaly, in which patients have elevated
GH levels, increased GHR activation, and overproduction of IGF-I. Clinical pharmacodynamic studies revealed that daily dosing reduced the mean total IGF-I
concentration by 62%.
These findings continue to demonstrate the major
downfall of this approach, which is the inability to completely suppress levels of circulating IGF-I. Another theoretical concern is that, although IGF-I reduction may be
effective in mice, it is unclear if these findings will extend
to humans, who have high levels of IGF-II [5]. Innovative
approaches to decrease IGF or increase IGFBP are necessary to obtain suppression to therapeutically relevant low
concentrations. The relative contributions of IGF-I and
IGF-II to tumorigenesis have been difficult to study in murine models because of the lack of IGF-II in adult mice [5].
However, the use of specific IGF-I and IGF-II antibodies
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will aid in distinguishing the importance of these two ligands in the autocrine setting using animal models [21].

DNA/RNA Inhibitors

Small Molecule Kinase Inhibitors
Small molecule tyrosine kinase inhibitors interfere with the
tyrosine kinase domain’s ability to phosphorylate target
molecules, halting the propagation of intracellular signaling. NVP-AEW541 was the first of the small molecule
IGF-1R kinase inhibitors [25]. Of three pediatric sarcomas
tested, Ewing’s sarcoma cells were the most sensitive to the
effects of this compound [26]. Ewing’s sarcoma xenograftbearing mice that were treated with NVP-AEW541 had delayed tumor formation. In addition, the rate of growth was
markedly reduced when the compound was given in combination with vincristine [26].
When tested in neuroblastoma models, treated cells had
inhibition of proliferation and induction of apoptosis [27].
Treatment of mice in vivo showed regression of established
tumors, with no signs of microvascularization, which was
in marked contrast to control mice that had a rich network of
blood vessels [27]. This effect may have been mediated
through Akt, because treatment resulted in a reduction of
phosphorylated Akt, but less so for MAPK [27]. Another
small molecule IGF-1R kinase inhibitor, ADW742, also induced downregulation of Akt and mTOR, but not MAPK
[28]. These findings suggest that preclinical testing should
examine the ability to potentiate IGF-1R blockade with
MAPK inhibition. In addition, although both of these compounds have a much higher affinity for IGF-1R than IR or
other tyrosine kinases, it remains to be seen whether this
specific affinity will be seen in patients.

Antibodies Targeting IGF-1R
Early studies using the murine IGF-1R–neutralizing antibody ␣IR3 showed a reduction in proliferation in vitro and
tumor growth in vivo using various tumor models [29, 30].

However, the development of clinically applicable IGF1R–specific antibodies was limited until humanized and
fully human versions could be produced. Recently, many
pharmaceutical companies have developed therapeutic antibodies that specifically target IGF-1R [31]. One of these,
SCH717454, was tested in the Pediatric Preclinical Testing
Program, a consortium of laboratories that test the efficacy
of pharmaceutical agents against a panel of pediatric cell
lines and xenografts [32]. SCH717454-treated mice had a
longer event-free survival duration in 20 of 35 solid tumor
xenograft models. This included tumor regression in Ewing’s sarcoma and osteosarcoma models and intermediate
activity against glioblastomas, neuroblastomas, rhabdomyosarcomas, and rhabdoid tumors [32].
Phase I and phase II trials using many of these antibodies are under way. To date, there have been very few serious
side effects resulting from treatment. Hyperglycemia, when
present, has been mild and has been seen in only some of the
antibodies tested [33–36]. Because of the important role of
the IGF pathway in normal growth, there is concern about
the impact of IGF blockade in patients who are still growing. Details of the tumor types that are currently being pursued in clinical trials are provided below. Unfortunately, in
these tumor types, many of the patients are teenagers or
children. The hypothetical concern of disruption of normal
growth must be considered, but it must also be weighed
against the pressing issue of tumor progression. The only
way to assess the impact of IGF-1R– directed therapy on
normal growth is to monitor young patients who have been
treated with the antibody for a prolonged period of time
over the course of their growth period. On the positive side,
this would indicate that the patient is responding, or not progressing, on therapy.
There are eight IGF-1R antibodies that are currently being tested in clinical trials [31]. Data have not emerged suggesting that one antibody is more effective than another.
Slight differences in whether they are fully human or humanized, their relative affinities to the IGF-1R and IR, and
their ability to block the binding of either IGF-I or IGF-II
ligand have not resulted in markedly different side effects
or tolerability, but could lead to differences in clinical activity [33–36].
Encouragingly, these trials have also produced several
clinical responses, mostly in patients with Ewing’s sarcoma
[35, 36]. Reports of these responses, though limited, have
generated enthusiasm to continue and expand both the number of patients and also the tumor types studied. A list of
trials that are actively recruiting patients is accessible at
http://www.clinicaltrials.gov. A search using the specific
name of the antibody will reveal additional information for
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Laboratory researchers have used various methods of DNA
or RNA interference to downregulate transcription and
translation of target genes with a high degree of success. In
rat glioblastoma cells, inhibition of IGF-I transcription using a triple-helix strategy led to a dramatic reduction in tumor formation [22]. Similar results were obtained using
antisense RNA targeting of IGF-1R [23]. A host of other
interference techniques are available and the value of these
methods in the laboratory cannot be understated [24]. Efforts to make these reagents effective in humans must concentrate on decreasing their susceptibility to degradation,
increasing their uptake by cells, and developing innovative
techniques to allow for preferential uptake by tumor cells.

IGF-1R in Pediatric Malignancies
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studies that are open (AMG-479, AVE-1642, BIIB-022,
CP-751-871, IMC-A12, MK-0646, R-1507, SCH-717454).

IGF-1R IN CHILDHOOD MALIGNANCIES:
RATIONALE FOR THERAPEUTIC TARGETING
Ewing’s Sarcoma Family of Tumors
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Rhabdomyosarcoma
Rhabdomyosarcoma is the most common soft tissue sarcoma of childhood, arising from developing cells that form
striated muscle. IGF-II is involved in normal muscle
growth, and Northern blot analysis of tumor biopsy specimens from patients with both alveolar and embryonal rhabdomyosarcoma demonstrated high levels of IGF-II mRNA
expression [6]. This suggested the possibility that upregulation of IGF-II plays a role in the unregulated growth of
these tumors. Support for this hypothesis came from the
finding that rhabdomyosarcoma cell lines also secrete IGFII, which then binds to IGF-1R, resulting in autocrine
growth proliferation and increased cell motility [46].
Genetic mutations in the IGF pathway have not been detected to date. However, epigenetic changes leading to loss
of imprinting (LOI) of the IGF-II locus, resulting in overexpression of IGF-II, have been identified [47]. In addition,
the PAX3–FKHR translocation that characterizes alveolar
rhabdomyosarcomas transactivates the IGF-1R promoter,
thus providing further evidence that the IGF pathway plays
an important role in the progression of rhabdomyosarcoma
[48]. All rhabdomyosarcoma cell lines show some level of
IGF-1R expression, although they differ by as much as 30fold based on quantitative protein analysis, and five of nine
tumor samples tested express IGF-1R [16]. Initial testing of
one of the monoclonal IGF-1R antibodies in the Pediatric
Preclinical Testing Program revealed an intermediate level
of activity against two of four rhabdomyosarcoma xenografts [32]. These findings, in addition to many others, provided the rationale for trials of IGF-1R antibody in patients
with rhabdomyosarcoma.
IGFBP-6 is unique among the other binding proteins because of its IGF-II binding specificity [9]. IGF-II has higher
affinity for IGFBP-6 than for IGF-1R, suggesting that
IGFBP-6 can sequester IGF-II from binding to the receptor.
Various results support this hypothesis, including the finding that overexpression of IGFBP-6 in the RH30 rhabdomyosarcoma cell line resulted in a marked delay in tumor
growth in nude mice [49]. The time to tumor formation was
further prolonged when IGFBP-6 – overexpressing mice
were also treated with the rapamycin analog CCI-779. All
of the rapalogues inhibit mTOR, which is downstream of
IGF-1R (Fig. 1). This finding is not surprising because
treatment of both RH30 and RD cells with rapamycin induces feedback activation of Akt through an IGF-1R– dependent mechanism [50]. These results suggest that
modulation of multiple components of the IGF pathway
may be more effective as antitumor therapy.
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Ewing’s sarcoma, peripheral primitive neuroectodermal tumor, and Askin tumor form a group of tumors, collectively
termed Ewing’s sarcoma family of tumors (ESFT). These
tumors are characterized by specific chromosomal translocations that cause the N-terminus of EWS to be fused to the
C-terminus of one member of the ETS family of transcription factors, most commonly FLI1 [37]. Expression of the
fusion product has been implicated in oncogenesis.
The role of IGF-1R signaling in ESFT has been evaluated extensively. EFST cell lines express IGF-1R and secrete IGF-I, and IGF-1R– blocking antibodies interrupt this
autocrine loop [38, 39]. The prevalence of IGF-1R expression is very high, with six of six cell lines and eight of eight
clinical samples positive for expression [38]. The EWSFLI1 oncoprotein requires the presence of IGF-1R in order
to transform murine fibroblasts [40]. Additionally, some
evidence indicates that relapse-free survival may correlate
with the ratio of serum IGFBP-3 to IGF-I [41]. In support of
this argument, EWS-FLI1 directly reduces the expression
and secretion of IGFBP-3 whereas exogenous IGFBP-3 inhibits the growth of ESFT cells [42]. There is also evidence
that pathways downstream of IGF-1R, including PI3K/Akt
and MAPK, are activated and are vital to ESFT cell survival
[43]. Inhibitors of both PI3K and MAPK cause growth arrest in ESFT cells, and blockade of PI3K leads to greater
sensitivity to doxorubicin [43, 44]. Systematic sequencing
of the IGF-1R gene in ESFT patient samples to determine if
there are activating mutations is proceeding. Another
mechanism that may be associated with IGF pathway activation is the loss of imprinting of the IGF-II allele [45].
The successful treatment of xenografts with IGF-1R inhibitory antibodies demonstrates that IGF-1R blockade
might prove therapeutic for patients with ESFT [30, 32].
Small molecule kinase inhibitors have also reduced IGF-1R
activity in ESFT cells and reduced tumor growth in xenografts, either alone or in combination with chemotherapy
[25, 28]. Overall, the preclinical data suggest that targeting
IGF-1R in patients with ESFT should be beneficial. The
finding that some ESFT patients have had sustained clinical
remissions in phase I trials using various IGF-1R antibodies
has provided excitement for continued exploration using
these agents [35, 36].

87

IGF-1R in Pediatric Malignancies

88

Osteosarcoma

Wilms’ Tumor
In early studies of IGF in childhood cancer, radioligand
binding assays demonstrated relatively high levels of
IGF-II in the pediatric kidney neoplasm Wilms’ tumor [59,
60]. LOI of the IGF-II gene and high levels of IGF-II expression have been reported in approximately half of all
Wilms’ tumor samples [61, 62]. More importantly, examination of other imprinted genes showed no signs of LOI,
supporting the epigenetic specificity of IGF-II LOI in
Wilms’ tumors [63]. IGF-1R mRNA levels have been
shown to be sixfold higher in Wilms’ tumors than in normal
adjacent kidney tissue [64]. Inactivation of the WT1 tumor
suppressor gene is a key step in the etiology of a subset of
Wilms’ tumors. In addition to being overexpressed in
Wilms’ tumors, the levels of IGF-1R correlate inversely
with the levels of WT1 [65, 66]. Furthermore, expression of
WT1 in WT1-deficient cells results in a significant decrease
in levels of IGF-1R mRNA [66]. Recent reports show that
there is a significant correlation between a higher IGF-1R
copy number and a shorter relapse-free survival time, as determined by comparative genomic hybridization [67]. The
cumulative evidence strongly supports the development of
IGF-1R–targeted therapy, particularly in a subset of
Wilms’ tumors that appear to be more clinically aggressive.

Other Pediatric Tumors
Gastrointestinal Stromal Tumors
Gastrointestinal stromal tumors (GISTs) are rare tumors
that occur late in life and are almost always associated with
activating mutations in the cell surface receptors KIT or
platelet-derived growth factor receptor A [54]. Not surprisingly, treatment with the tyrosine kinase inhibitors (TKIs)
imatinib and sunitinib has resulted in marked prolongation

Neuroblastoma is an embryonal tumor that typically arises
in cells that eventually make up the adrenal medulla. IGF-II
mRNA was increased in two of eight neuroblastoma samples and work using cell lines demonstrated that it acted as
an autocrine growth factor through IGF-1R, which was expressed uniformly in all the samples [8]. In situ hybridization further revealed that, even when IGF-II was not
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The peak incidence of osteosarcoma occurs during adolescence, corresponding to both the growth spurt and peak
concentrations of circulating GH and IGF-I [2]. This epidemiological correlation led to the hypothesis that high levels
of IGF-I play an important role in the pathogenesis of osteosarcoma, which was supported by a host of preclinical
data: (a) osteosarcoma cells express functional IGF-1R on
the cell surface [51], (b) exogenous IGF-I stimulates osteosarcoma cells to proliferate [51], (c) IGF-I– dependent
growth can be inhibited using monoclonal antibodies or
antisense oligonucelotides against IGF-1R [51], (d)
treatment of mice using a humanized anti-IGF-1R antibody resulted in tumor regression in two osteosarcoma
xenograft models [32], and (e) the majority of osteosarcoma patient samples express IGF ligands and 45% express IGF-1R [52].
As discussed previously, interest in studying IGF and
osteosarcoma began in the early 1980s after experiments in
rats showed that hypophysectomy resulted in complete abrogation of osteosarcoma metastases [17]. Unfortunately,
clinical trials attempting to reduce circulating IGF-I levels
did not lead to longer survival [18, 19]. However, the question of whether this was a result of the inability to completely suppress IGF-I levels, or whether endocrinemediated suppression was ineffective, was left unanswered.
Both the techniques that had been successful in mice, surgical resection of the pituitary gland and plasmid overexpression of IGFBPs, were not practical in humans. The lack
of reagents therefore resulted in waning of interest in this
area. Advances in the IGF field could help answer this question though. Anti–IGF-II fully human monoclonal antibodies that have high affinity to IGF-II with no crossreactivity
were developed recently [21]. The combination of endocrine IGF suppression along with treatment with anti-IGF
antibodies may be proven to be effective for two reasons.
First, the antibodies could bind residual endogenous IGF in
the circulation. Second, the antibodies could also bind autocrine IGF produced by the tumor [51, 53]. Even if complete suppression does not affect either the primary or
metastatic settings, these types of experiments would provide a definitive answer as to the utility of endocrine IGF
suppression.

of survival in nonresectable and metastatic patients [55,
56]. Pediatric patients also develop GISTs, but they rarely
have the characteristic mutations (therefore, termed wildtype) and they do not seem to respond to TKI therapy [54].
GISTs, in general, and also in the wild-type setting, are unresponsive to chemotherapy. In addition, even when resected, there is a high rate of recurrence. All these factors
point to the need for alternative therapies. Almost all samples from wild-type GISTs have markedly higher levels of
IGF-1R than those from KIT-mutated GISTs [57, 58]. Unfortunately, wild-type KIT cell lines and xenograft models
are not available, precluding the ability to test potentially
therapeutic agents in the preclinical setting. Based on
IGF-1R expression profiles, and the futility of standard
treatment, efforts are under way to initiate a trial with
IGF-1R antibody for the treatment of pediatric or wild-type
GIST patients with IGF-1R antibody.
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TWO WORDS OF CAUTION
The small number of clinical responses in phase I trials of
IGF-1R antibodies has raised hopes for the success of this
therapeutic modality [35, 36]. However, the lessons we
have learned from early studies with single-agent chemotherapy suggest that even successes will be met by a lack of
continued utility. In many different tumors, this shortcoming was overcome with the use of multiagent combination
chemotherapy. Preclinical findings using IGF-1R inhibitors have demonstrated potent antitumor activity. However,
in many cases the responses have only lasted for a finite period of time. This suggests that other pathways are being
recruited that compensate for IGF-1R inhibition. The factors that mediate this subversion are currently being identified. An alternative to this theory is that the initial tumor
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FUTURE DEVELOPMENT
The substantial number of antibodies and other inhibitors of
IGF-1R will provide many clinical reagents for the treatment of patients with childhood cancers. This review suggests that the greatest impact of IGF-1R– directed therapy
would be against ESFT. However, many preclinical models
suggest the potential for clinical activity in a variety of pediatric tumors. The addition of IGF-1R– directed therapy
holds significant promise to improve morbidity and reduce
mortality from childhood cancer.
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expressed in tumor cells, it was detectable in cells of surrounding nonmalignant tissues, implicating a paracrine
mechanism for tumorigenesis [68]. These results were the
first to implicate IGF-II as both an autocrine and a paracrine
growth factor and also showed that the growth regulatory
pathways used by neuroblastomas were similar to those in
precursor cell types.
The rare pediatric tumors hepatoblastoma and retinoblastoma may also partially rely on the IGF signaling pathway. In hepatoblastoma, comparison of tumor regions with
matched normal regions demonstrated higher levels as follows: IGF-I in six of 11 samples, IGF-II in nine of 11 samples, and IGF-1R in five of 11 samples [69]. In addition,
levels of IGFBP-1 and IGFBP-2 were lower in nine of 11
and 10 of 11 samples. In retinoblastoma, the Y79 retinoblastoma cell line can grow in the absence of serum, suggesting that these cells produce growth factors that mediate
autocrine-induced proliferative capacity [70]. Studies also
showed that these cells secreted both IGF-I and IGF-II into
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