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Abstract
Signaling through the insulin-like growth factor receptor (IGF-1R) is required for neoplastic transformation by a number of oncogenes, and preclinical validation studies have suggested IGF-1R is an attractive target for anticancer therapy. A number of small molecules and antibodies targeting IGF-1R have
entered clinical development, and early results have suggested that these agents have generally acceptable
safety profiles as single agents. Some evidence of antitumor activity has also been reported. This review
highlights key aspects of the IGF-1R signaling pathway that implicate it as an attractive therapeutic target
in the management of cancer, as well as some key lessons that have emerged from early clinical development of anti-IGF-1R targeting agents. In addition, we consider the importance of selecting indications
characterized by pathological alterations in the signaling pathway, rational selection of combinations
based on signaling pathway interactions, and strategies for patient selection based on analysis of predictive biomarkers. Clin Cancer Res; 16(9); 2512–7. ©2010 AACR.

Background
The signaling pathway controlled by the insulin-like
growth factor receptor (IGF-1R) plays an important role in
normal cell growth and differentiation, as well as key aspects
of neoplasia such as transformation and anti-apoptotic signaling. The importance of IGF-1R in various aspects of
cancer biology has made it an attractive target for therapeutic intervention (1). The IGF-1R signaling axis is
comprised of two receptors (IGF-1R and IGF-2R), the
ligands IGF-1 and IGF-2, and a system of at least six
binding proteins and attendant proteases that modulate
ligand availability (Fig. 1). Circulating IGF-1 is predominantly produced by the liver in response to growth hormone stimulation (2). IGF-2 is a major fetal growth
factor produced in a variety of tissues, which is also
found to circulate in adults and in some cases may be
overexpressed by neoplastic cells (2). The bioavailability
of both ligands is also modulated by the IGF binding
proteins (IGFBP), which are bound to ligand in circulation and thus prevent degradation and thereby increase
the half-life of circulating ligand. Ligand can be liberated
from this complex by a family of IGFBP proteases. IGF-1R
is a heterotetrameric receptor tyrosine kinase (RTK) composed of two alpha and two beta subunits (Fig. 1). Both
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IGF-1 and IGF-2 are capable of inducing IGF-1R clustering
and autophosphorylation, leading to activation of downstream signaling. In contrast, the IGF-2R (also know as
mannose 6-phosphate receptor) does not seem to be capable of mediating signaling, but is thought, rather, to regulate extracellular IGF-2 levels through receptor-mediated
endocytosis followed by IGF-2 degradation in lysosomes
(3). Once activated, phosphorylated IGF-1R recruits and
activates signaling adaptor proteins, including IRS-1,
IRS-2, and Shc. Elegant studies have suggested that
IRS-1 recruitment is primarily required for mitogenic
signaling, whereas IRS-2, in contrast, plays a key role in
cellular motility responses (4). Once activated by IGF-1R,
phosphorylated IRS-1 binds the regulatory subunit of phosphoinositide 3-kinase (PI3K), stimulating PI3K activity and
leading to increased levels of membrane bound phosphatidylinositol 3,4,5-triphosphate (PIP3). This event serves to
recruit AKT to the membrane, where it can be phosphorylated and activated by PDK1 and the mammalian target of
rapamycin (mTORC2) complex (5). AKT activation exerts
anti-apoptotic effects through inhibitory phosphorylation
of pro-apoptotic factors such as BAD and members of the
Foxo family of transcription factors, as well as increased
expression of anti-apoptotic proteins such as BCL-2,
BCL-XL, and nuclear factor kappa-B (NF-κB; ref. 6).
AKT signaling also impacts glucose metabolism through
regulation of GSK-3β activity, and plays a key role in
protein synthesis and cell growth by regulating the activity of the TORC1 complex through a series of intermediate signaling events (7). In contrast, activated Shc
stimulates activation of the RAS/MAP kinase pathway
and transduction of mitogenic signals through nuclear
ELK1 activation (8). It should also be noted that IGF-1R
is 84% identical to the insulin receptor in the kinase
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Fig. 1. Key components of the IGF-1R pathway. The ligands IGF-1 and IGF-2 are both capable of binding and stimulating the catalytic activity of the IGF-1R.
Bioavailability of IGF-1 is modulated by a family of IGFBPs, whereas bioavailability of IGF-2 is modulated both by the IGFBPs and by binding to the
IGF-2R, an event that leads to receptor-mediated internalization and degradation of IGF-2 in lysosomes. Upon binding by either IGF-1 or IGF-2,
the IGF-1R undergoes receptor cross-linking and autophosphorylation, leading to the creation of multiple docking sites for the adaptor proteins IRS-1,
IRS-2, and Shc. IRS-1 and IRS-2 binding results in activation of the class I phosphatidyl inositol 3′ kinase, whose catalytic activity is the conversion of
PIP2 to the lipid second messenger PIP3. This event recruits the AKT family of kinases to the plasma membrane, where they can be phosphorylated and
activated by PDK1 and the mTOR-containing complex mTORC2. Activated AKT then mediates a host of cell signaling events, including disinhibition
of the mTORC1 complex and increased protein synthesis and cell growth, increased conversion of glucose to glycogen via inhibition of GSK-3β, and
increased proliferation and survival by activation or inhibition of key effectors such as the Foxo transcription factors, p27, BAD, and BCL-2. In contrast,
Shc binding to activated IGF-1R results in stimulation of the RAS/MAP kinase pathway, which also leads to increased cell proliferation.

domain, and that the insulin receptor A (IR-A) isoform,
in particular, is capable of binding IGF-2 with high affinity and mediating mitogenic signaling and survival (9).
In addition, IGF-1R is capable of forming heterodimers
with insulin receptor that seem to mediate similar signaling events to IGF-1R homodimeric receptors (10).
Several lines of evidence have established a role for the
IGF-1R pathway as an important target for cancer therapy.
A seminal finding was the observation that expression of
IGF-1R is required for neoplastic transformation by a number of cellular and viral oncogenes, including SV40 large
T antigen, HRAS, and epidermal growth factor receptor
(EGFR), suggesting an obligatory role between expression
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of this receptor and the acquisition of a transformed phenotype (11, 12). IGF-1R is also highly expressed in a wide variety of human cancers (13), and in rare cases is found to be
amplified at the DNA level (14). This overexpression seems
to have functional consequences, in particular the ability
to block apoptosis induced by a variety of agents or adverse tumor microenvironments (15–17), and can also
confer invasive and metastatic capability in a mouse
model of pancreatic tumorigenesis (18). Epidemiological
and functional studies have also implicated the ligands
IGF-1 and IGF-2 in various aspects of cancer biology. In
particular, elevated levels of circulating IGF-1 have been
associated with increased risk of developing breast, prostate,

Clin Cancer Res; 16(9) May 1, 2010

Downloaded from clincancerres.aacrjournals.org on January 23, 2022. © 2010 American Association for Cancer
Research.

2513

Published OnlineFirst April 13, 2010; DOI: 10.1158/1078-0432.CCR-09-2232
Zha and Lackner

and colorectal cancer (2), whereas increased IGF-2 expression resulting from loss of imprinting occurs in both ovarian (19) and colorectal cancer and has been implicated as a
biomarker of colorectal cancer risk (20). IGF-2 loss of
imprinting and re-expression has also been shown to occur
in the Beckwith-Wiedemann syndrome, characterized by
somatic overproliferation, as well as sporadic Wilms' tumor and rhabdosarcomas (21). In addition to being linked
to increased cancer risk and certain neoplasias, dysregulation of ligand expression has also been reported to have
functional consequences. In particular, IGF-1 overexpression in basal keratinocytes results in increased formation
of squamous papillomas (22), whereas forced overexpression of IGF-2 in transgenic mice leads to metastasizing
mammary carcinomas (23). Ligand overexpression also
seems to be driven by pathological alterations in certain tumor types, notably sarcomas. In particular, the EWS-FLI1
translocation is a defining characteristic of Ewing's sarcoma
and has been shown to upregulate expression of IGF-1 and
downregulate expression of IGFBP-3, leading to a putative
autocrine regulatory loop involving IGF-1 and IGF-1R,
which can be blocked by anti-IGF-1R targeting agents
(24–27). In addition, synovial sarcomas exhibit characteristic t(X;18) translocations that result in enhanced transcription of the IGF-2 gene and hyperactivation of IGF-1R
signaling, which can be blocked with IGF-1R inhibitors
(28). Thus, IGF-1R seems to play a general role in neoplastic transformation and metastasis in a number of cancers,
and pathological alterations in the pathway may be particularly important in certain cancers.
The IGF-1R pathway has also been shown to exhibit
cross-talk with a number of other signaling pathways, suggesting a possible role in mediating resistance to therapeutics targeting these other pathways. Several preclinical
studies have suggested that anti-IGF-1R-targeting therapies
might potentially reverse such resistance. In particular, upregulated IGF-1R expression in response to an EGFR inhibitor results in sustained activation of the PI3K pathway
and resistance to the cytotoxic and anti-invasive effects
of EGFR inhibition (29). This effect could be reversed by
concomitant targeting of EGFR and IGF-1R. In addition, it
has been shown that cell lines with an epithelial phenotype and strong dependence on AKT signaling show
strongly synergistic effects both in vitro and in vivo when
EGFR and IGF-1R inhibition are combined (30). Similar
synergistic effects have been reported when an EGFR
inhibitor was combined with the IGF-1R tyrosine kinase
inhibitor (TKI) BMS-536924 in a panel of sarcoma cell
lines (31). IGF-1R has also been implicated as a resistance
mechanism for HER2-targeting agents such as trastuzumab. In vitro studies in which cells were selected for trastuzumab resistance identified IGF-1R upregulation as an
important resistance mechanism (32), and further analysis
showed that HER2 and IGF-1R have a unique heterodimeric interaction in resistant cells that is not seen in sensitive parental cells (33). In contrast to these preclinical
studies, a recent report showed that IGF-1R expression determined by immunohistochemistry was not associated
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with resistance to trastuzumab-based treatment in patients
with Her-2/neu-overexpressing metastatic breast cancer
(34). A possible explanation for these disparate results
would be that it is the ability or propensity of IGF-1R to
form heterodimers with HER2 rather than absolute expression levels that underlie resistance, though further study is
required to validate this hypothesis clinically. In addition,
IGF-1R signaling has been implicated in resistance to endocrine therapies in breast cancer, DNA-damage inducing
radiation, and a variety of chemotherapy agents (35).

Clinical-Translational Advances
The IGF-1R pathway has been the subject of intensive
drug discovery efforts by a variety of industry and academic groups. Recent estimates suggest that as many as 30
agents targeting IGF-1R are in preclinical or clinical development (36), and currently there are at least 58 active
clinical trials evaluating anti-IGF-1R targeting agents alone
or in various combinations (www.clinicaltrials.gov). The
two main strategies employed to inhibit the pathway are
antibodies directed against IGF-1R or small molecule TKIs.
Both approaches have inherent strengths and weaknesses,
and it remains to be seen which strategy will be more successful clinically. Because IGF-1R is so similar to insulin
receptor at the amino acid level and the general conservation of ATP binding sites between RTKs, it has been difficult to identify TKIs selective for IGF-1R (37). Although it
can be argued, on the one hand, that this difficulty may
result in greater potency because of inhibiting both receptors, it also carries the potential liability of added on- or
off-target toxicities that may hinder clinical utility. Antibodies targeting IGF-1R are much more selective for IGF1R compared to insulin receptor and other RTKs, though
some reports have suggested that such antibodies can also
downregulate IR/IGF-1R heterodimers and, as such, may
interfere with signaling through these heterodimers. The
IGF-1R targeting antibodies that have been described all
seem to share a common mechanism of drug action,
namely to block ligand binding, decrease cell surface receptor expression through receptor internalization, and
block intracellular signaling, particularly through the
PI3K/AKT pathway (38, 39). A notable difference among
the described antibodies is the choice of isotype [immunoglobulin G (IgG1) or IgG2]. Most of the antibodies are
fully human or humanized IgG1 antibodies, and as such
can mediate antibody-dependent cellular cytotoxicity
(ADCC) through recruitment of immune effector cells
to antibody-antigen complexes (40). ADCC in some contexts is thought to enhance antitumor activity, though
perhaps at the cost of increased lymphocytic toxicity. A
notable exception is Pfizer's CP-751,871 (figitumumab),
an IgG2 antibody that hence is a poor mediator of ADCC
and was purposely designed to have a more favorable
hematological toxicity profile (38). Details of early clinical trials with a number of these agents have been extensively described elsewhere in recent reviews (36, 37), so
here we will consider some emerging themes and lessons
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from clinical development, as well as our opinion about
the outstanding questions that remain in the development
of IGF-1R targeting agents.
A general theme that has emerged from phase I studies is
that anti-IGF-1R targeting agents, as a class, are typically
well tolerated as single agents and have a favorable toxicity
profile with only mild-to-moderate adverse events (41, 42).
Endocrine effects such as increases in circulating IGF-1,
growth hormone, and insulin are commonly reported
in patients treated with these agents, and mild elevations
in glucose occur in approximately 25% of the patients in
most of the reported studies (36). The reason for glucose
increases is not immediately clear, because many of the
agents are antibodies that do not inhibit insulin receptor. Possible explanations would be downregulation of
IGF-1R/IR heterodimers, though the role of the hybrid
receptors in glucose regulation is controversial (43). An
alternative explanation proposed by Gualberto and Pollak
involves deregulation of a homeostatic mechanism
involving IGF-1R regulation of the growth hormone/
IGF-1 production and increased liver gluconeogenesis
(36). These endocrine and metabolic effects generally
have not resulted in serious adverse events and dose
limiting toxicities. In fact, for both the IgG1 antibody
AMG-479 (Amgen) and the IgG2 antibody figitumumab,
a maximum tolerated dose was not reached during the
dose escalation phase, but rather escalation was halted
at a predetermined dose on the basis of criteria such
as reaching drug exposures consistent with preclinical
efficacy, receptor occupancy levels in neutrophils, and
demonstration of pharmacodynamic target modulation
(41, 42). These studies have highlighted the importance
of pharmacodynamic endpoints in clinical decision making for therapeutic antibodies. In particular, IGF-1R
downregulation on circulating leukocytes was reported
by a number of groups (38), and downregulation of
IGF-1R on circulating tumor cells has been reported by
one group (44). In the case of the IgG1 antibody MK-0646
(Merck), pre- and post-tumor biopsies were collected
and used to show tumor downregulation of key pathway
components such as IGF-1R, pAKT, pERK, and pS6 (45).
One notable clinical differentiation point among the
molecules is that antibodies with the IgG1 backbone have
been reported to have potentially greater severity of hematological toxicities than IgG2 antibodies, because dose
limiting toxicities (DLT) of grade 3 and 4 thrombocytopenia have been described for AMG-479 and MK-0646 in
several studies (42, 45, 46). An alternate explanation is
that these antibodies may bind to different epitopes, thus
contributing to different potency and toxicity. The generally mild safety profile in early studies led to subsequent
initiation of phase II and phase III studies. However, a
cautionary note must be sounded because of the recently
halted phase III study of figitumumab in combination
with paclitaxel plus carboplatin in patients with advanced
non-small cell lung cancer (NSCLC). The trial was halted
because it was deemed unlikely to meet its primary endpoint of superiority to chemotherapy, but had been previ-
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ously suspended owing to an observed imbalance of
serious adverse events between the treatment arms with
more events, including fatalities, occurring in patients
who were randomized to receive figitumumab (47). A challenge for the field is to determine whether this is a statistical anomaly, a property of this specific combination
of agents, or an effect unique to this patient population.
A second theme that has emerged is evidence of potential drug efficacy in particular patient populations, although the studies reported are mostly from early phase
trials and thus far underpowered to make strong conclusions. Specifically, complete tumor responses have been
observed in one Ewing's sarcoma patient treated with the
IgG1 antibody AMG-479 and one Ewing's sarcoma patient
treated with the IgG2 antibody figitumumab, and in addition, two partial responses have been documented in
Ewing's sarcoma patients treated with the IgG1 antibody
R1507 (Roche; refs. 38, 42). Clinically significant activity
in patients with Ewing's sarcoma, rhabdomyosarcoma,
and osteosarcoma has also been reported from a phase
II study of the IgG1 antibody R1507 in sarcoma patients
(48). Some activity has also been seen in two chronic myeloid leukemia (both complete responses) and two chronic
lymphocytic leukemia patients (both partial responses)
treated with the TKI XL-228 (Exelixis; ref. 36). Preliminary
signs of single agent activity have also been reported in adrenocortical carcinoma for the TKI OSI-906 (OSI Pharmaceuticals; ref. 49). In addition, preliminary evidence of
efficacy was observed in a phase II study of figitumumab
in combination with paclitaxel and carboplatin in patients
with treatment-naïve NSCLC, specifically an objective
response rate of 54% in patients receiving chemotherapy
plus figitumumab, compared to a 42% objective response
rate in patients receiving chemotherapy alone (38). In addition, prolonged stable disease has been observed in patients with diverse cancer types such as breast, colorectal,
liver, prostate, cervical, and pancreatic cancer (36).

Future Directions
Clearly, early results have suggested some potential utility of IGF-1R targeting agents in the management of
particular cancers, and a wealth of additional data should
become available over the next year or two. However, it is
already apparent from early studies that these agents do
not benefit all patients uniformly, and that potential toxicity in particular combinations may be a liability that must
be overcome if the full potential of these agents is to be
realized. We suggest several areas of focus that could yet
play a role in the successful development of IGF-1R targeting agents. These areas include continued emphasis on
selecting appropriate indications in which the pathway
may play a critical role, the use of predictive biomarkers
to identify likely responders, and rational development
in combination with other targeted agents. To the first
point, it seems apparent from preclinical and early clinical
studies that sarcomas seem to have strong dependence on
the pathway on the basis of underlying genetic alterations,
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and it will be intriguing to follow ongoing studies with
various inhibitors in these indications. It is also tempting
to speculate that other tumor types with dysregulation of
the pathway, for instance colorectal and ovarian cancer,
which show loss of imprinting at the IGF-2 locus, might
also constitute indications with dependence on the pathway and increased likelihood of benefit. Predictive biomarkers of response to IGF-1R targeting agents is a
pressing issue (50), and a variety of preclinical studies have
suggested that expression or phosphorylation of IGF-1R,
levels of the ligands IGF-1 and 2, and levels of the IGFBPs
and the adaptor proteins IRS-1 and IRS-2 may have predictive value in identifying responsive patients (4, 51–54).
Gene expression signatures predictive of response to some
IGF-1R targeting agents have also been described (31, 54).
In addition, whereas other components of the pathway
such as the IGFBP proteases and InR-A have not been preclinically established as candidate biomarkers, they could
also conceivably impact response to these agents on the
basis of their role in IGF-1R signaling. Collection of archival or fresh tumor material from patients enrolled in clinical studies and analysis of pathway-focused panels of
biomarkers would thus be of great utility in determining
if a particular marker or set of markers are associated with
clinical benefit, and pave the way for prospective studies in
selected or stratified patient populations. Finally, we have
already commented on the rationale and promise of combining IGF-1R-directed therapies with EGFR- or HER2targeting inhibitors, and it will be intriguing to see results
from ongoing studies with a variety of these agents in combination with the EGFR TKI erlotinib in NSCLC and pancreatic cancer (36). Studies have also suggested important
regulatory links between IGF-1R and estrogen receptor

signaling in breast cancer (54, 55), and it is encouraging to
note that multiple studies are ongoing in combination with
anti-estrogens or hormonal therapies in estrogen receptorpositive breast cancer (36). The extensive knowledge of
IGF-1R signaling and impact on downstream pathways
gleaned over the past 20 years also suggest other appealing
combinations with targeted agents. For instance, the combination of upstream inhibition at the level of IGF-1R with
inhibitors targeting downstream nodes such as AKT or
mTOR might be predicted to overcome pathway activation
and drug resistance owing to feedback loops known to
emanate from mTOR back to IGF-1R (56). In a different
fashion, the combination of IGF-1R inhibitors with inhibitors acting in the RAS pathway at the level of BRAF or
MAPK/ERK kinase (MEK) is also conceptually appealing
due to reported upregulation of PI3K pathway signaling
in the presence of MEK inhibition (57, 58). With the
emerging understanding of crosstalk between the major
signaling pathways in cancer, IGF-1R targeting agents
may prove to be another useful weapon in our arsenal
of cancer therapies.
Disclosure of Potential Conflicts of Interest
J. Zha, M. Lackner, employment, Genentech, Inc.

Acknowledgments
The authors would like to thank Elaine Storm, Carol O'Brien, and Jill
Spoerke for comments on the manuscript.
Received 02/09/2010; accepted 02/15/2010; published OnlineFirst
04/13/2010.

References
1.

Yuen JS, Macaulay VM. Targeting the type 1 insulin-like growth factor receptor as a treatment for cancer. Expert Opin Ther Targets
2008;12:589–603.
2. Furstenberger G, Senn HJ. Insulin-like growth factors and cancer.
Lancet Oncol 2002;3:298–302.
3. Braulke T. Type-2 IGF receptor: a multi-ligand binding protein. Horm
Metab Res 1999;31:242–6.
4. Byron SA, Horwitz KB, Richer JK, Lange CA, Zhang X, Yee D. Insulin
receptor substrates mediate distinct biological responses to insulinlike growth factor receptor activation in breast cancer cells. Br J
Cancer 2006;95:1220–8.
5. Guertin DA, Sabatini DM. An expanding role for mTOR in cancer.
Trends Mol Med 2005;11:353–61.
6. Datta SR, Brunet A, Greenberg ME. Cellular survival: a play in three
Akts. Genes Dev 1999;13:2905–27.
7. Efeyan A, Sabatini DM. mTOR and cancer: many loops in one pathway. Curr Opin Cell Biol 2009, Epub 2009 Nov 27.
8. Pollak M. Insulin and insulin-like growth factor signalling in neoplasia.
Nat Rev Cancer 2008;8:915–28.
9. Sciacca L, Mineo R, Pandini G, Murabito A, Vigneri R, Belfiore A. In
IGF-I receptor-deficient leiomyosarcoma cells autocrine IGF-II induces cell invasion and protection from apoptosis via the insulin receptor isoform A. Oncogene 2002;21:8240–50.
10. Pandini G, Vigneri R, Costantino A, et al. Insulin and insulin-like
growth factor-I (IGF-I) receptor overexpression in breast cancers
leads to insulin/IGF-I hybrid receptor overexpression: evidence for

2516

Clin Cancer Res; 16(9) May 1, 2010

11.
12.

13.
14.
15.
16.

17.

18.

19.

a second mechanism of IGF-I signaling. Clin Cancer Res 1999;5:
1935–44.
Baserga R, Resnicoff M, Dews M. The IGF-I receptor and cancer.
Endocrine 1997;7:99–102.
Sell C, Rubini M, Rubin R, Liu JP, Efstratiadis A, Baserga R. Simian
virus 40 large tumor antigen is unable to transform mouse embryonic
fibroblasts lacking type 1 insulin-like growth factor receptor. Proc
Natl Acad Sci U S A 1993;90:11217–21.
Riedemann J, Macaulay VM. IGF1R signalling and its inhibition.
Endocr Relat Cancer 2006;13 [Suppl 1]:S33–43.
Adelaide J, Finetti P, Bekhouche I, et al. Integrated profiling of basal
and luminal breast cancers. Cancer Res 2007;67:11565–75.
Baserga R, Resnicoff M, D'Ambrosio C, Valentinis B. The role of the
IGF-I receptor in apoptosis. Vitam Horm 1997;53:65–98.
Peretz S, Kim C, Rockwell S, Baserga R, Glazer PM. IGF1 receptor
expression protects against microenvironmental stress found in the
solid tumor. Radiat Res 2002;158:174–80.
Resnicoff M, Abraham D, Yutanawiboonchai W, et al. The insulin-like
growth factor I receptor protects tumor cells from apoptosis in vivo.
Cancer Res 1995;55:2463–9.
Lopez T, Hanahan D. Elevated levels of IGF-1 receptor convey invasive and metastatic capability in a mouse model of pancreatic islet
tumorigenesis. Cancer Cell 2002;1:339–53.
Kim HT, Choi BH, Niikawa N, Lee TS, Chang SI. Frequent loss of
imprinting of the H19 and IGF-II genes in ovarian tumors. Am J
Med Genet 1998;80:391–5.

Clinical Cancer Research

Downloaded from clincancerres.aacrjournals.org on January 23, 2022. © 2010 American Association for Cancer
Research.

Published OnlineFirst April 13, 2010; DOI: 10.1158/1078-0432.CCR-09-2232
IGF-1R Pathway

20. Cui H, Cruz-Correa M, Giardiello FM, et al. Loss of IGF2 imprinting: a
potential marker of colorectal cancer risk. Science 2003;299:1753–5.
21. O'Dell SD, Day IN. Insulin-like growth factor II (IGF-II). Int J Biochem
Cell Biol 1998;30:767–71.
22. Wilker E, Bol D, Kiguchi K, Rupp T, Beltran L, DiGiovanni J. Enhancement of susceptibility to diverse skin tumor promoters by activation
of the insulin-like growth factor-1 receptor in the epidermis of transgenic mice. Mol Carcinog 1999;25:122–31.
23. Pravtcheva DD, Wise TL. Metastasizing mammary carcinomas in
H19 enhancers-Igf2 transgenic mice. J Exp Zool 1998;281:43–57.
24. Benini S, Zuntini M, Manara MC, et al. Insulin-like growth factor binding protein 3 as an anticancer molecule in Ewing's sarcoma. Int J
Cancer 2006;119:1039–46.
25. Prieur A, Tirode F, Cohen P, Delattre O. EWS/FLI-1 silencing and
gene profiling of Ewing cells reveal downstream oncogenic pathways
and a crucial role for repression of insulin-like growth factor binding
protein 3. Mol Cell Biol 2004;24:7275–83.
26. Scotlandi K. Targeted therapies in Ewing's sarcoma. Adv Exp Med
Biol 2006;587:13–22.
27. Scotlandi K, Avnet S, Benini S, et al. Expression of an IGF-I receptor
dominant negative mutant induces apoptosis, inhibits tumorigenesis
and enhances chemosensitivity in Ewing's sarcoma cells. Int J
Cancer 2002;101:11–6.
28. Friedrichs N, Kuchler J, Endl E, et al. Insulin-like growth factor-1 receptor acts as a growth regulator in synovial sarcoma. J Pathol 2008;
216:428–39.
29. Chakravarti A, Loeffler JS, Dyson NJ. Insulin-like growth factor
receptor I mediates resistance to anti-epidermal growth factor receptor therapy in primary human glioblastoma cells through continued activation of phosphoinositide 3-kinase signaling. Cancer Res
2002;62:200–7.
30. Buck E, Eyzaguirre A, Rosenfeld-Franklin M, et al. Feedback mechanisms promote cooperativity for small molecule inhibitors of epidermal and insulin-like growth factor receptors. Cancer Res 2008;68:
8322–32.
31. Huang F, Greer A, Hurlburt W, et al. The mechanisms of differential
sensitivity to an insulin-like growth factor-1 receptor inhibitor (BMS536924) and rationale for combining with EGFR/HER2 inhibitors.
Cancer Res 2009;69:161–70.
32. Lu Y, Zi X, Zhao Y, Mascarenhas D, Pollak M. Insulin-like growth
factor-I receptor signaling and resistance to trastuzumab (Herceptin).
J Natl Cancer Inst 2001;93:1852–7.
33. Lu Y, Zi X, Pollak M. Molecular mechanisms underlying IGFI-induced attenuation of the growth-inhibitory activity of trastuzumab
(Herceptin) on SKBR3 breast cancer cells. Int J Cancer 2004;108:
334–41.
34. Kostler WJ, Hudelist G, Rabitsch W, et al. Insulin-like growth factor-1
receptor (IGF-1R) expression does not predict for resistance to trastuzumab-based treatment in patients with Her-2/neu overexpressing
metastatic breast cancer. J Cancer Res Clin Oncol 2006;132:9–18.
35. Casa AJ, Dearth RK, Litzenburger BC, Lee AV, Cui X. The type I
insulin-like growth factor receptor pathway: a key player in cancer
therapeutic resistance. Front Biosci 2008;13:3273–87.
36. Gualberto A, Pollak M. Emerging role of insulin-like growth factor receptor inhibitors in oncology: early clinical trial results and future directions. Oncogene 2009;28:3009–21.
37. Rodon J, DeSantos V, Ferry RJ Jr., Kurzrock R. Early drug development of inhibitors of the insulin-like growth factor-I receptor pathway:
lessons from the first clinical trials. Mol Cancer Ther 2008;7:2575–88.
38. Gualberto A, Karp DD. Development of the monoclonal antibody figitumumab, targeting the insulin-like growth factor-1 receptor, for the
treatment of patients with non-small-cell lung cancer. Clin Lung
Cancer 2009;10:273–80.
39. Shang Y, Mao Y, Batson J, et al. Antixenograft tumor activity of a
humanized anti-insulin-like growth factor-I receptor monoclonal
antibody is associated with decreased AKT activation and glucose
uptake. Mol Cancer Ther 2008;7:2599–608.

www.aacrjournals.org

40. Mellstedt H. Monoclonal antibodies in human cancer. Drugs Today
(Barc) 2003;39 [Suppl C]:1–16.
41. Haluska P, Shaw HM, Batzel GN, et al. Phase I dose escalation study
of the anti insulin-like growth factor-I receptor monoclonal antibody
CP-751,871 in patients with refractory solid tumors. Clin Cancer Res
2007;13:5834–40.
42. Tolcher AW, Sarantopoulos J, Patnaik A, et al. Phase I, pharmacokinetic, and pharmacodynamic study of AMG 479, a fully human
monoclonal antibody to insulin-like growth factor receptor 1. J Clin
Oncol 2009;27:5800–7.
43. Belfiore A. The role of insulin receptor isoforms and hybrid insulin/
IGF-I receptors in human cancer. Curr Pharm Des 2007;13:671–86.
44. de Bono JS, Attard G, Adjei A, et al. Potential applications for circulating tumor cells expressing the insulin-like growth factor-I receptor.
Clin Cancer Res 2007;13:3611–6.
45. Atzori F, Tabernero J, Cervantes A, et al. A phase I, pharmacokinetic
(PK) and pharmacodynamic (PD) study of weekly (qW) MK-0646, an
insulin-like growth factor-1 receptor (IGF1R) monoclonal antibody
(MAb) in patients (pts) with advanced solid tumors. J Clin Oncol
2008;26:157s.
46. Hidalgo M, Gomez MT, Lewis N, et al. A phase I study of MK-0646, a
humanized monoclonal antibody against the insulin-like growth factor receptor type 1 (IGF1R) in advanced solid tumor patients in a q2
wk schedule. J Clin Oncol 2008;26:158s.
47. Businesswire. Pfizer discontinues a phase 3 trial of figitumumab in
non-small cell lung cancer (NSCLC) for futility. The Wall Street
Journal 2009.
48. Patel S, Pappo A, Crowley J, et al. A SARC global collaborative
phase II trial of R1507, a recombinant human monoclonal antibody
to the insulin-like growth factor-1 receptor in patients with recurrent
or refractory sarcomas. J Clin Oncol 2009;27:15s.
49. Carden CP, Frentzas S, Langham M, et al. Preliminary activity in adrenocortical tumor (ACC) in phase I dose escalation study of intermittent oral dosing of OSI-906, a small-molecule insulin-like growth
factor-1 receptor (IGF-1R) tyrosine kinase inhibitor in patients with
advanced solid tumors. J Clin Oncol 2009;27:3544s.
50. Carden CP, Molife LR, De Bono JS. Predictive biomarkers for targeting insulin-like growth factor-I (IGF-I) receptor. Mol Cancer Ther
2009;8:2077–8.
51. Cao L, Yu Y, Darko I, et al. Addiction to elevated insulin-like growth
factor I receptor and initial modulation of the AKT pathway define the
responsiveness of rhabdomyosarcoma to the targeting antibody.
Cancer Res 2008;68:8039–48.
52. Gualberto A, Dolled-Filhart MP, Hixon ML, et al. Molecular bases for
sensitivity to figitumumab (CP-751,871) in NSCLC. J Clin Oncol
2009;27:15s.
53. Mukohara T, Shimada H, Ogasawara N, et al. Sensitivity of breast
cancer cell lines to the novel insulin-like growth factor-1 receptor
(IGF-1R) inhibitor NVP-AEW541 is dependent on the level of IRS-1
expression. Cancer Lett 2009;282:14–24.
54. Zha J, O'Brien C, Savage H, et al. Molecular predictors of response
to a humanized anti-insulin-like growth factor-I receptor monoclonal
antibody in breast and colorectal cancer. Mol Cancer Ther 2009;8:
2110–21.
55. Surmacz E, Bartucci M. Role of estrogen receptor alpha in modulating IGF-I receptor signaling and function in breast cancer. J Exp Clin
Cancer Res 2004;23:385–94.
56. O'Reilly KE, Rojo F, She QB, et al. mTOR inhibition induces upstream
receptor tyrosine kinase signaling and activates Akt. Cancer Res
2006;66:1500–8.
57. Hoeflich KP, O'Brien C, Boyd Z, et al. In vivo antitumor activity of
MEK and phosphatidylinositol 3-kinase inhibitors in basal-like breast
cancer models. Clin Cancer Res 2009;15:4649–64.
58. Mirzoeva OK, Das D, Heiser LM, et al. Basal subtype and MAPK/ERK
kinase (MEK)-phosphoinositide 3-kinase feedback signaling determine susceptibility of breast cancer cells to MEK inhibition. Cancer
Res 2009;69:565–72.

Clin Cancer Res; 16(9) May 1, 2010

Downloaded from clincancerres.aacrjournals.org on January 23, 2022. © 2010 American Association for Cancer
Research.

2517

Published OnlineFirst April 13, 2010; DOI: 10.1158/1078-0432.CCR-09-2232

Targeting the Insulin-like Growth Factor Receptor-1R Pathway
for Cancer Therapy
Jiping Zha and Mark R. Lackner
Clin Cancer Res 2010;16:2512-2517. Published OnlineFirst April 13, 2010.

Updated version

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
doi:10.1158/1078-0432.CCR-09-2232

This article cites 56 articles, 22 of which you can access for free at:
http://clincancerres.aacrjournals.org/content/16/9/2512.full#ref-list-1
This article has been cited by 18 HighWire-hosted articles. Access the articles at:
http://clincancerres.aacrjournals.org/content/16/9/2512.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications
Department at pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://clincancerres.aacrjournals.org/content/16/9/2512.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from clincancerres.aacrjournals.org on January 23, 2022. © 2010 American Association for Cancer
Research.

