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Abstract Insulin and insulin-like growth factor (IGF)

signaling system, commonly known for fine-tuning numer-

ous biological processes, has lately made its mark as a much

sought-after therapeutic targets for diabetes and cancer.

These receptors make an attractive anticancer target owing

to their overexpression in variety of cancer especially in

prostate and breast cancer. Inhibitors of IGF signaling were

subjected to clinical cancer trials with the main objective to

confirm the effectiveness of these receptors as a therapeutic

target. However, the results that these trials produced proved

to be disappointing as the role played by the cross talk

between IGF and insulin receptor (IR) signaling pathways at

the receptor level or at downstream signaling level became

more lucid. Therapeutic strategy for IGF-1R and IR inhi-

bition mainly encompasses three main approaches namely

receptor blockade with monoclonal antibodies, tyrosine

kinase inhibition (ATP antagonist and non-ATP antagonist),

and ligand neutralization via monoclonal antibodies targeted

to ligand or recombinant IGF-binding proteins. Other drug-

discovery approaches are employed to target IGF-1R, and IR

includes antisense oligonucleotides and recombinant IGF-

binding proteins. However, therapies with monoclonal

antibodies and tyrosine kinase inhibition targeting the IGF-

1R are not evidenced to be satisfactory as expected. Factors

that are duly held responsible for the unsuccessfulness of

these therapies include (a) the existence of the IR isoform A

overexpressed on a variety of cancers, enhancing the mito-

genic signals to the nucleus leading to the endorsement of

cell growth, (b) IGF-1R and IR that form hybrid receptors

sensitive to the stimulation of all three IGF axis ligands, and

(c) IGF-1R and IR that also have the potential to form

hybrid receptors with other tyrosine kinase to potentiate the

cellular transformation, tumorigenesis, and tumor vascular-

ization. This mini review is a concerted effort to explore and

fathom the well-recognized roles of the IRA signaling sys-

tem in human cancer phenotype and the main strategies that

have been so far evaluated to target the IR and IGF-1R.
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Introduction

In the past few decades, cancer has emerged as a global

problem claiming numerous lives, making it a leading cause

of mortality second only to cardiovascular disease. Global

Cancer Statistics 2011 have reported breast cancer and lung

cancer to be the most frequently diagnosed cancers in

females and males, respectively, as well as the leading cause

of cancer death. Prostate cancer is the second most fre-

quently diagnosed visceral cancer and the sixth leading

cause of cancer death among males [1]. The hypothetical

premise that cancer and diabetes are associated, having been

investigated extensively in both in vitro and in vivo exper-

imental models, had been confirmed by numerous studies

highlighting the association of diabetes to an increased risk

of several types of cancer including the prostate and breast

cancers [2–5]. Recently published data have led the

researchers to reconsider and reinterpret the previous results

as diabetes is a complex metabolic disorder characterized by
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hyperglycemia, hyperinsulinemia, obesity, and lipidemia [6,

7]. Recent epidemiological studies have also confirmed that

type 2 diabetes mellitus (T2DM) is associated with an

increased risk for many forms of cancer, including cancer of

the breast, colon, liver, pancreas, and kidney [8–12]. In vivo

and in vitro experimental models have highlighted increased

insulin, IGF-1 and IGF-2 signaling to be responsible for

enhancing tumorigenesis [13–15]. Insulin, IGF-1 and IGF-2

signaling through the cognate or hybrid receptor can induce

tumorigenesis, accounting to some extent for the link

between diabetes mellitus (DM) and cancer [16–18]. The

metabolic syndrome including obesity, hypertension, dysl-

ipidemia, and hyperglycemia is related to insulin resistance

and hyperinsulinemia [19–21]. These factors are hallmarks

of DM and cancer, resulting in increased DM-associated

cancer risk. A variety of approaches to target insulin

receptor (IR) and IGF-1R, inclusive of antisense oligonu-

cleotides, antisense expression plasmids, IGF-binding pro-

teins, ATP antagonist small-molecule kinase inhibitors,

non-ATP antagonist small-molecule kinase inhibitors, and

neutralizing antibodies, have been utilized to study IR and

IGF-1R signaling [22–26]. Among the strategies mentioned

above, the three most investigated strategies include tyro-

sine kinase inhibitors, monoclonal antibodies, and neutral-

izing antibodies. Tyrosine kinase inhibitors are orally

available and more easily penetrate the blood–brain barrier

owing to their small-molecular size, whereas monoclonal

antibodies are more likely to be specific to the target,

avoiding toxicities caused by inhibition of IR and IGF-1R.

Wide spectrum covered by the tyrosine kinase inhibitors

might have alternative benefits due to the overexpression of

IRA and IGF-1R receptor on variety of cancers including the

breast, prostate cancer, and human osteoblastogenesis [27–

30]. Currently, more than 25 molecules are at different

stages of development and used for the clinical and pre-

clinical development of both approaches in cancer.

Physiological roles of insulin and insulin-like growth

factor

Insulin and IGF are peptides pivotal to numerous functions

such as cellular growth, proliferation, metabolism, glucose

homeostasis, cell differentiation, and apoptosis [31]. Insulin is

secreted by b-cells of pancreas in response to the increasing

blood glucose levels. As a consequence of this response,

insulin binds to tyrosine kinase receptors on to the surface of

the classic insulin-responsive cells, mainly the hepatocytes,

adipocytes, and muscle cells, which express high levels of IR

[32]. In addition, IR is also expressed in the tissues including

the prostate gland and breast tissue. Insulin, although is pri-

marily involved in regulating metabolism, also influences the

normal growth of the cells. Metabolic potential of insulin is

responsible for maintaining the metabolic activity and glucose

homeostasis but the mitogenic potential increases the tissue-

specific cell proliferation in addition to modulating survival

and metastasis of the disease [33], thus contributing to

increased risk of tissue-specific cancers. On the contrary,

signaling of IGF as growth hormone plays a fundamental role

in regulating embryonic growth as well as specific differen-

tiation in most adult tissues [34].

Insulin and IGF ligands

Insulin and IGF are peptides having 40–80 % homology

making it challenging, although not impossible, to explain

insulin and IGF-1 ligand receptor interaction. Insulin/IGF

signaling system mainly comprises of three ligands—IGF-1,

IGF-2, and insulin, which in turn interact with at least six

receptors as represented in the Fig. 1: the type I IGF receptor

(IGF-1R), the IRA (IR-A), the IRB (IR-B), hybrid receptors

of IGF and IR-A, hybrid receptors of IGF and IR-B, and

hybrid receptors of IR-A and IR-B. Insulin when in blood

circulation, called insulin ligand, is a monomer consisting of

two chains, an a-chain of 21 amino acids and a b-chain of 30

amino acids linked by two disulfide bridges [35]. IGFs are

small, single-chain polypeptide ligands (7–8 kD) with an

intact C-domain derived from prepropeptides in a manner

similar to insulin [36]. The mature IGF-1 and IGF-2 peptides

consist of b- and a-domains that are homologous to b- and a-

chains of insulin [37]. Furthermore, in the cellular micro-

environment, six IGF-binding proteins (IGFBP1–6) are

present, which are not only crucial in regulating the bio-

availability of IGFs by competing with IGFR and IGFBP

proteases but also modulate the balance between IGFs and

IGFBPs [38, 39]. IGFBPs and IGFs comprise a major

superfamily of protein hormones that regulate mitogenesis,

differentiation, survival, and other IGF-stimulated events in

both normal and cancerous cells [39, 40]. An in vivo study

indicated that IGFBP3 inhibits the tumor growth of HER2

overexpressing human breast cancer cells [41, 42]. Further-

more, it was reported that high expression IGFBP2 was not

associated with reduced cell proliferation in breast cancer,

glioblastoma, prostate, and ovarian cancer suggesting that

IGFBP can affect cell function in an independent manner,

although their role in cancer is not yet clear [43–45].

Insulin and IGF receptors and signaling

IR and IGF-1R are heterotetrameric protein consisting of two

extracellular a-subunits and two transmembrane b-subunits

each [46]. The binding of ligand to a-subunits of IR subse-

quently stimulates the intrinsic tyrosine kinase activity of the

b-subunits of the receptor. These receptor possess the ability
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to autophosphorylate and transphosphorylate intracellular

substrates, as a consequence initiating a cascade of complex

cellular responses of intermediate protein. The activated IR

tyrosine kinase activates several substrates including IR

substrate proteins (IRS1-4), Gab-1, Cbl, and Shc, Phospha-

tidyl Inositol 3-Kinase (PIK3), Akt, mTOR, MAPK, and

signal regulatory protein family [47].

Insulin and IGF hybrid receptors

IGF-1R and IR are overexpressed on variety of cancer

including prostate, breast, osteosarcoma, and thyroid carci-

nomas [48–51], thus leading to the hypothesis that they may

be forming hybrid receptors in a variety of cancers. IGF-1R is

highly homologous to the IR, sharing 84 % amino acid

identity in the kinase domain and 100 % conservation on the

ATP binding pocket [52, 53], as a consequence of which IR

and IGF-1R proreceptors may heterodimerize to form insu-

lin–IGF hybrid receptors, comprising one a-subunit and one

b-subunit each of the IR and IGF-1R. Structurally, all IR and

the IGFR have two extracellular a-subunits and two trans-

membrane b-subunits that are joined by disulfide bonds [18,

33]. Insulin binds with high affinity to IR-A, IR-B, and IGF-

1R, IGF-1 have high affinity to the IGF-1R and two hybrid

receptor IGF-1R/IR-A or IGF-1R/IR-B. IGF-2 binds to IR-

A, IGF-1R or to hybrid receptor IGF-1R/IR-A [54, 55].

These hybrid heterodimeric receptors are known to play a

consequential role in receptor signaling in normal and abnor-

mal tissues. Research carried out on human cancer highlighted

the fact that autophosphorylation of IR/IGF-1R hybrid recep-

tors in response to insulin and IGF-1 resulted in increased cell

proliferation, indicating that hybrid receptors were the major

mediators of IGF signaling in these cells [56–59].

Tissue-specific expression of IR

A major insulin target tissue, called insulin-responsive

tissue, encompasses liver, adipose tissue, and skeletal

muscle. Nevertheless, IR expression is not only constrained

to insulin target tissues, but their occurrence has also been

established in numerous insulin-unresponsive tissue like

the brain, heart, kidney, pulmonary alveoli, pancreatic

acini, placenta vascular endothelium, monocytes, granulo-

cytes, erythrocytes, and fibroblasts [60]. This suggests that

IR may be functionally playing an inextricable role in the

non-metabolic effects in addition to metabolic effects.

Metabolic and non-metabolic effects of IR are supported

by the effects of insulin on growth and development [61].

In addition, lifestyle, nutrition, and exercise have also been

reported to influence IR expression [62]. Co-expression of

IR and IGF-1R has been observed to enhance the risk of

cancer initiation and progression. IR has two isoform, IR-A

IGFIR IGFIR:IRA IRA IRB IRA:IRB IRB:IGFIR

IGFII IGFI Insulin

Mtogienic effects

Shc,IRS1/2

RAS

MEK

Erk1/2

Akt

mTOR

PI3K

Metabolic effects

Fig. 1 IGF axis is comprised of three ligands—IGF-1, IGF-2, and

insulin itself, which interacts with at least six receptors: the type I IGF

receptor (IGF-1R), the IRA (IR-A), the IRB (IR-B), hybrid receptors

of IGF and IR-A, hybrid receptors of IGF and IR-B, hybrid receptors

of IR-A and IR-B. Structurally, all IR and the IGFR have two

extracellular a-subunits and two transmembrane b-subunits that are

joined to each other by disulfide bonds. Insulin binds with high

affinity to IR-A, IR-B, and IGF-1R, and IGF-1 binds to the IGF-1R

and to the hybrid receptor IGF-1R/IR-A or IGF-1R/IR-B. IGF-2 binds

to IR-A, IGF-1R or to IGF-1R/IR-A hybrid receptor. Insulin and

insulin growth factor ligand bind to IGF-1R, IR-A, and hybrid

receptors of IGF and IR-A, mediate the mitogenic signaling pathway,

while ligands binding to IR-B activate metabolic signaling. Binding to

the hybrid receptors, leading to mitogenic or metabolic signaling, is

determined by the IR isoform that formed the hybrid receptors
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and IR-B, where IRA is mitogenic, whereas the later one is

metabolic, and the involvement of IRA in primary human

prostate and breast cancer has been reported. The role

played by IGF-1R and IR in a number of cancers makes

them an irrefutable target for cancer treatment. Numerous

factors have been held responsible for the aberrant IRA

expression known to contribute to the deregulated response

of cancer cells brought about by the insulin and IGF, (a) IR

overexpression may occur leading to increase in the sen-

sitivity of insulin, thereby increasing the pleiotropic effects

of circulating insulin, especially during hyperinsulinemic

and insulin resistance. (b) IRA overexpression may bind to

IGF-1R and IR-B and form hybrid receptor. These studies

taken together with the finding that IR-A is often aberrantly

expressed in cancer cells have strengthened the hypothesis

that insulin resistance and compensatory hyperinsulinemia

are a pivotal link between diabetes and cancer [63].

Strategies to target the IR and IGF-1R in cancer

therapy

Inhibition of IR and IGF-1R can be achieved as a conse-

quence of sundry experimental approaches that include

employing the dominant negative mutants, kinase defective

mutants, antisense oligonucleotides, antisense expression

plasmids, IGF-binding proteins, soluble forms of the

receptor, neutralizing antibodies, and small-molecule

tyrosine kinase inhibitors (ATP antagonist and non-ATP

antagonist) of the IR and IGF-1R activity [25]. This review

mainly seeks to discuss the three approaches currently

being evaluated in clinical trials: (A) tyrosine kinase

inhibitors, (B) neutralizing antibodies, and (C) IGF-binding

proteins. Approaches for therapeutic intervention of IGF-

1R and IR are outlined in Fig. 2. Neutralizing antibodies

are the monoclonal antibodies developed to target the

ectodomain-binding domain of the IR and IGF-1R, which

block ligands binding while tyrosine kinase inhibitors

compete with ATP in the kinase domain. Tyrosine kinase

inhibitors and antibodies that target IGF-1R and IR are

tabulated in Table 1. A schematic structure of tyrosine

kinase inhibitors is shown in Fig. 3.

IR and IGF-1R tyrosine kinase inhibitor

BMS-536924

BMS-536924 is the small molecule of ATP-competitive dual

IR and IGF-IR kinase inhibitor synthesized by Bristol Myers

Squibb that has contributed significantly in inhibiting con-

stitutive receptor phosphorylation as well as downstream

A) Neutralizing antibody to insulin,  IGF-I, and IGF-II, to reduce free IR,IGF-I or
IGF-II

IGFII IGFI Insulin

ATP ADP

B) Monoclonal antibodies
KM3168
MK 0646

AMG 479
A12

CP 751,871
AVE1642

Sch717454
R 1507
BIIB022

h10H5

C) Trosine kinase inhibitiony
ATP antagonists
BMS 536924
BMS-554417
BMS-754807
NVP-AEW541
NVP ADW742

Non-ATP antagonists
AG 1024

OSI-906
GSK 1904529A
ABDP
A-928605
AXL1717 (PPP)
KW-2450
Insm-18 (NDGA)
XL-228
Cyclolignan PPP

Fig. 2 Approaches for the therapeutic intervention of IGF-1R and IR.

The IGF-1R and IR are hetrotetrameric transmembrane receptor

tyrosine kinase formed by two a-and two b-subunits linked by

disulfide bonds. The binding of ligand to a-subunits of IGF-1R and IR

stimulates the intrinsic tyrosine kinase activity of the b-subunits of the

receptor. These receptors have the ability to autophosphorylate and

transphosphorylate intracellular substrates proteins that lead to

complex cellular responses of cascade of intermediate protein, which

contribute to sustain proliferation, inhibit apoptosis, and elicit

transformation. The three main approaches are used for IGF-1R and

IR inhibition, receptor blockade with monoclonal antibodies, tyrosine

kinase inhibition (ATP antagonist and non-ATP antagonist), and

ligand neutralization via monoclonal antibodies targeted to ligand or

recombinant IGF-binding proteins (IGFBPs)
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signaling through MEK, Akt, and mTOR [64]. As evident in

several reports, BMS-535924 is an effective inhibitor of the

IR and IGF-1R in vitro, showing an IC50 of 73 and 100 nM,

respectively. BMS-535924 administration is also known to

inhibit cell proliferation in in vivo experimental tumor model

and human tumor xenografts [65–67] as well as it possesses

the ability to inhibit cell proliferation and induce apoptosis in

a wide variety of human cancer cell lines viz, colon, breast,

lung, pancreas, prostate, sarcoma, and multiple myeloma

[68]. Interestingly, BMS-536924 does not alter the sensi-

tivity of insulin-stimulated glucose uptake on muscle [69].

HER1 and HER2 receptors are overexpressed in MCF-7

breast cancer cell, showing cross talk with IGF-1R and

associated with drug resistance and poor prognosis. Thus,

combination or multitargeted studies to target both receptors

may prove to be beneficial for advanced metastatic cancers.

These results suggest that the combinations of IGF-1R

inhibitors with other targeted therapies in clinical studies are

important to achieve better patient outcomes [70, 71]. Fur-

thermore, it is also reported that treatment with the combi-

nation of BMS-754807 with docetaxel has resulted in

improved tumor regression in addition to reduced prolifer-

ation and increased apoptosis [72].

BMS-754807

BMS-754807 is an oral small-molecule ATP-competitive

inhibitor of the IGF-1R and IR receptor tyrosine kinase,

which is a potent inhibitor of the growth of a broad range of

cancer cell lines including mesenchymal epithelial and

hematopoietic tumor cell lines [73]. The combination of

cetuximab and BMS-754807 in vivo resulted in improved

clinical outcome as compared to single-agent treatment in

dose-dependent manner [74]. Remarkably, BMS-754807

was active in Rh41-MAB391R cells and able to overcome

resistance to MAB391, signifying broader clinical activity

of BMS-754807 against IR and IGF-1R [75]. BMS-754807

also exhibited antiproliferative effects in vitro in combi-

nation with 4-hydroxy tamoxifen and fulvestrant. More-

over, combined treatment of BMS-754807 with either

tamoxifen or letrozole in vivo elicited significant tumor

regression not achieved by single-agent therapy [76]. IR

pathway in IGF-IR null mouse embryonic fibroblasts was

hypersensitive to insulin ligand stimulation, and IRA

expression level was not changed [77]. BMS-754807 was

tested against the Pediatric Preclinical Testing Program

(PPTP) cell lines in vitro, and was observed to be reliable

with a specific IGF-IR effect that is seen in a minority of

the PPTP cell lines. Most consistent in vivo activity was

observed among the neuroblastoma, and rhabdomyosar-

coma panels [78]. Clinical result also shows that daily

dosing of BMS-754807 resulting in exposures exceeding

preclinical MEE is feasible and safe [79].

Tyrphostin (AG-1024)

AG-1024 is a specific IGF-1R and IR inhibitor with IC50 of

0.4 and 0.1 lM, respectively. A series of small-molecular

compounds known as tyrphostins were reported as tyrosine

kinase inhibitor [80, 81]. Tyrphostin AG-1024 is a specific

inhibitor of IGF-1R and IR tyrosine kinase activity, which

inhibits insulin-stimulated cellular proliferation. Further-

more, the previously reported tyrphostins agent AG490

provides an evidence regarding the application of AG490

in prevention and reversal of autoimmune T1D in NOD

mouse [82].

Table 1 Examples of small-molecule tyrosine kinase inhibitors and

antibodies that target IGF-1R and IR

Compound Developed by Stage of

development

in oncology

ATP antagonist tyrosine kinase inhibitors

BMS-536924 Bristol Myers Squibb Preclinical

BMS-754807 Bristol Myers Squibb Preclinical

BMS-554417 Bristol Myers Squibb Preclinical

NVP-AEW541 Novartis Preclinical

NVP ADW742 Novartis Preclinical

Non-ATP antagonist tyrosine kinase inhibitors

PPP Karolinska Institute/Biovitrum Preclinical

AG-1024 Calbiochem EMD Biosciences Preclinical

OSI-906 OSI Pharmaceuticals Phase I

Di-diabody Imclone Preclinical

INSM

18/NDGA

Insmed Phase I/II

XL

228/EXEL2280

Exelixis Phase I

IGF-IR monoclonal antibodies

EM164 Sanofi-Aventis/ImmunoGen Phase I/II

IMC-A14 Imclone Preclinical

IMC-A12. Imclone Phase II

Figitumumab Pfizer Phase I/II/III

MK-0646 Merck/Pierre Fabre Phase II

19D12 Schering-Plough/Mederex Phase I/II

scFv-Fc-IGF-

IR

ImmunoGen and

Sanofi-Aventis

Preclinical

BIIBO22 Biogen Idec Phase I/II

R1507 Roche Phase I/II

Small single-chain peptide: block the binding of IR with ligands

S661 L Schäffer, Diabetes Research

Unit, Novo Nordisk

Preclinical

S961 L Schäffer, Diabetes Research

Unit, Novo Nordisk

Preclinical
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Linsitinib (OSI-906)

OSI-906 is an orally bioavailable small-molecule ATP-com-

petitive, imidazopyrazine-based dual inhibitor of IGF-1R, and

IR with IC50 biochemical potency of 35 and 75 nM, respec-

tively. In vitro cell assays reveal that OSI-906 potently inhibits

IGF-1R and IR. In vivo efficacy and LISN xenograft model

showed a dose-dependent effect on tumor growth inhibition

[83]. OSI-906 is a potent, active, and selective small-molecule

inhibitor of the IGF-1R signaling axis [84]. OSI-906 was

observed to inhibit ligand-dependent autophosphorylation

and transphosphorylation of both human IGF-IR and IR in

cells, which ultimately resulted in the inhibition of variety of

growth-promoting molecules including PI3 K, Akt, and

MEK, followed by the inhibition of cell proliferation and

stimulation of apoptosis in a variety of tumor cell lines [85].

Interestingly, exceptional selectivity profile of OSI-906 in

conjunction with its ability to inhibit both IGF-1R and IR

provides the exclusive opportunity to fully target the IGF-1R

and IR [86]. Antitumor activity of OSI-906 has been dem-

onstrated in breast cancer [87], ovarian carcinoma [88] lung

cancer [89], and colorectal cancer models [90].

BMS-554417

BMS-554417, a novel small molecule developed as an inhibitor

of IR/IGF-1R, possessing potential clinical applications owing

to their antiproliferative and pro-apoptotic activity in vitro and

in vivo. BMS-554417 plays a crucial role in inhibiting IGF-1R

and IR kinase activity and cell proliferation in vitro, and reduces

tumor xenograft size in vivo, with IC50 120 nmol/L [91].

Picropodophyllotoxin (PPP)

PPP is an orally active IGF-1R inhibitor found to be

effective to some extent toward IR, fibroblast growth factor

receptors (FGFR), and platelet-derived growth factor
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receptor (PDGFR). PPP has been currently tested as an

orally administrated single agent and in combination with

other drugs in advanced cancer patients with solid tumors

[92]. PPP has the ability to inhibit IGF-1R autophospho-

rylation, as a consequence resulting in inhibiting cell sur-

vival and up-regulating apoptosis. Furthermore, PPP was

also seen to impede growth in multiple myeloma cell lines,

bone marrow stromal cells [93], uveal melanoma cells [94],

5T33MM mouse model [95], and colon cancer cells [96].

NVP-AEW541

NVP-AEW541 is a pyrrolo [2,3-d] pyrimidine-derived tyro-

sine kinase inhibitor with a high selectivity for IGF-1R, with

an IC50 of 0.086 lM than IR having an IC50 of 2.3 lM in

biological assays. NVP-AEW541 abrogates IGF1-mediated

transformation of normal cell to malignant cellular phenotype

by the inhibition of IGF-1R signaling. In vivo, this orally

bioavailable compound inhibits IGF-1R signaling in tumor

xenografts and significantly reduces the growth of IGF-1R-

driven fibrosarcomas [97]. Antitumor activity of NVP-

AEW541 has been successfully established in musculoskel-

etal tumors, hepatocellular carcinoma, NET, malignant

mesothelioma, HNSCC, colorectal cancer, neuroblastoma,

Ewing’s sarcoma, multiple myeloma, pancreatic cancer,

gastrointestinal stromal tumor, gastrointestinal cancer, breast

cancer, synovial sarcoma, biliary tract cancer, and epithelial

ovarian cancer [98–110]. As expected for a specific IGF-1R

kinase inhibitor, NVP-AEW541 abrogated IGF1-mediated

cell survival and inhibited the cell proliferation of cultured

tumor cell lines, inducing apoptosis and cell cycle arrest

in vitro. Moreover, NVPAEW541 significantly inhibited the

growth of tumor xenografts in vivo [111]. Accumulating

support suggests that NVP-AEW541 represents a potential

therapeutic strategy for the treatment for variety of tumor

types in which IGF-1R is overexpressed.

Furthermore, a related inhibitor, NVP-ADW642, was

tested in combination with imatinib, an inhibitor of c-kit in

Ewing/s tumor cells. A synergistic effect was seen with

dual treatment with NVP-ADW742 and imatinib, which

was associated with significant changes in phosphorylation

PI3 K and mTOR downstream signaling molecules of IR

and IGF-1R [112]. Moreover, in both osteosarcoma and

Ewing sarcoma cell lines, trastuzumab has been found to

be effective when combined with IGF-1R inhibition [113].

Multitargeted inhibitor

The Di-diabody targeting EGFR and IGF-1R is a novel tet-

ravalent bispecific antibody that is an immunoglobulin-based

molecules binding to two different epitopes on either the same

or distinct antigens [114–116]. Dual inhibitor Nordihydro

guaiaretic Acid (INSM-18) is an orally available small-

molecule tyrosine kinase inhibitor that has demonstrated

selective inhibition of IGF1 and human EGFR [17]. It has been

well established that this inhibitor exhibits potent antitumor

activity against breast, lung, pancreatic, and prostate tumors

[117]. Two single-dose phase I clinical studies in healthy

volunteers have concluded that INSM-18 is safe and a well-

tolerated anticancer plant product [118, 119]. XL228 is a

protein kinase inhibitor targeting IGF-1R, the AURORA

kinases, FGFRI-3, ABL and SRC family kinases. Aurora

kinases control crucial steps in mitotic progression and cyto-

kinesis [93]. XL-228 has also been reported to inhibit xeno-

graft models including the MCF7, Colo205, HT29, and A549

in addition to other cancer cell line.

KW-2450

KW-2450 is an orally active, multi-kinase inhibitor, which

inhibits both insulin IGF-1R and IR with an IC50 of 7.39 and

5.64 nmol/L, respectively, and also exhibited inhibitory

activities against several protein tyrosine kinases such as FAK,

FLT1, FLT3, JAK2, KDR, TRKA, and Aurora A in addition to

inhibiting the growth of various types of malignant tumors.

IGF-1R monoclonal antibodies

Human monoclonal antibodies target the extracellular

domain of IGF-1R and IR resulting in blocking of the IGF-

1R/IR-mediated downstream signaling pathways. Numer-

ous antibodies have been developed and successfully

established in preclinical and clinical phases.

EM164 (murine AVE1642)

Murine AVE1642 is an antagonistic monoclonal antibody

developed by Sanofi-Aventis/Immuno Gen, which was

observed to specifically bind to IGF-1R but not to the

homologous IR. EM164 bound strongly to IGF-1R with a

dissociation constant of 0.1 nM, thereby potently antagonizing

the cell proliferation and survival functions of the receptor in

cancer cells. It is also reported that EM164 inhibits IGF-1,

IGF-2, and serum-stimulated cell proliferation and survival of

diverse human cancer cell lines in vitro, including breast, lung,

colon, cervical, ovarian, pancreatic, melanoma, prostate,

neuroblastoma, rhabdomyosarcoma, and osteosarcoma can-

cer lines [120, 121]. EM164 has shown clinical activity in

malignant cancers and is currently being evaluated in patients

with advanced metastatic cancer [122].

IMC-A14

IMC-A14 monoclonal antibodies have high affinity for the

extracellular domain of IGF-1R and inhibit ligand binding
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with an IC50 of 0.6–1 nM. Ligand binding to the IGF-1R

inhibited MAPK and PI3 K downstream signaling of IGF

pathways, which ultimately led to the inhibition of mito-

genic growth in addition to proliferative potential of IGF.

IMC-A14 did not block the IR but might block binding to a

typical IGF-1R variety of cancer cell lines [123].

IMC-A12

IMC-A12, another monoclonal antibody developed by Im-

clone systems Inc., generated by screening a human Fab

phage display library, selectively binds to IGF-1R with IC50

of 0.6–1 nmol/L without effecting IR. The role of IGF in cell

proliferation was antagonized by IMC-A12 via inhibiting

mitogenic (MAPK) and metabolic (PI3 K) signaling path-

ways. Furthermore, xenograft tumor model experiment also

demonstrated that IMC-A12 reduces the cell proliferation

and induce apoptosis in breast, pancreatic, colon tumors, and

many other neoplasms. Moreover, it is reported that most

advanced therapy combination approach of IGF-1R-specific

inhibitors and nonspecific chemotherapeutic agents or radi-

ation have beneficial effect compared to conventional

treatments alone. The phase I and II clinical trials of IMC-

A12 demonstrated favorable, safe, and cost-effective thera-

peutic antibody in various cancers [124]. More interesting is

the inhibition of IGF-1R brought about by IMC-A12 in both

constitutive and IGF1-induced secretion of VEGF, indicat-

ing that a potent antiangiogenic mechanism was associated

with the IMC-A1 treatment, which contributed to its anti-

tumor effect [125]. These findings suggested that IMC-A12

is a therapeutic aspirant for both androgen-dependent and

androgen-independent prostate cancer [126]. IMC-A12

markedly augmented the inhibition of docetaxel on tumor

growth by the regulation of cell cycle progression and cell

survival-associated genes [127].

Figitumumab (CP-751871)

CP-751871 is a monoclonal antibody targeting the IGF-1R.

This had been studied in variety of cancers, including adre-

nocortical carcinoma, non-small cell lung cancer, and

Ewing’s sarcoma [128–131]. Preclinical results demonstrate

synergistic combination therapy of CP-751871 with mTOR

inhibitor along with IGF-1R signaling are more beneficial

and safe with no unexpected side effects [132]. A series of

conventional drugs such as Temsirolimus were combined

with cixutumumab, a fully human IgG1 monoclonal anti-

body intended to target IGF-1R resulted in antitumor activity

against Ewing’s family tumors without side effects [133].

Recently, progress has been made toward the development of

multitargeted agents targeting tyrosine kinase receptors

along with other signaling pathways such as MAPK and

PI3 K or combination of these agents, which can prove to be

a beacon for the development of therapeutic options in a

broad array of cancer tumors [134].

MK-0646

MK-0646, known as h7c10 or F50035, is a recombinant

humanized IgG1 anti-IGF-1R monoclonal antibody reducing

cell proliferation as well as inducing apoptosis in a dose-

dependent manner. MK-0646 interrupts the IGF-1R-induced

activation of PI3 K and MAPK pathways, which results in

internalization and degradation of IGF-1R. This antibody is

also seen to exhibit potent antitumor efficacy in ingrained

tumor. However, combination therapy with other tyrosine

kinase and anti-androgen chemotherapeutic agent may be more

successful in the treatment for cancer than when used alone

[135–137]. Moreover, it was found that, besides IGF-1R, this

antibody recognizes and specifically binds to hybrid receptors.

A phase I clinical trial study of MK-0646 in advanced solid

tumor patients is in progress including pancreatic cancer,

neuroendocrine tumors, and colorectal cancers [136, 138, 139].

19D12

19D12, fully humanized neutralizing anti-IGF-1R antibody,

inhibits IGF-binding and autophosphorylation of both IGF-

1R/IGF-1R homodimers and IGF-1R/IR heterodimers, but

interestingly, 19D12 does not bind to the IR homodimers. In

addition, to inhibiting IGF-1R autophosphorylation, 19D12

also inhibits the activation of the major downstream signal-

ing molecules PI3 K, Akt, and mTOR that leads to the down-

regulation of IGF-IR expression in vitro and in vivo [140]. In

addition to inhibiting the in vitro proliferation of several

cancer cell lines, this antibody proved fruitful in a various

xenograft models, including ovarian (A2780), non-small cell

lung cancer (H322), breast (MCF-7), and colon cancer (HT-

29) [141–144].

ScFv-Fc-IGF-IR

Recombinant anti-IGF-IR antibody, scFv-Fc, consisting of

1H7 monoclonal antibody-derived single-chain antibody

(scFv) and human IgG1 Fc extensively suppressed breast

tumor growth [145–147]. Further, in vivo effects of this

antibody on breast tumor growth in the absence or presence

of tamoxifen on xenograft growth in athymic mice confirm

the suppression of the tumor growth [148, 149].

Small single-chain peptide: block the binding of IR

with ligands

Insulin action is evoked by binding of insulin to extracellular

transmembrane a-subunits of its receptor, thereby
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engendering a conformational change in the receptor, which

turn on the intracellular tyrosine kinase signaling cascade of

b-subunits. Series of peptides, previously reported, forms

covalent linkage to two separate hotspots on the IR, resulting

in insulin agonistic or antagonistic functions, based on how

the peptides are linked [150]. In the case of the IR, insulin

dimer peptide has been shown to be antagonistic to the

insulin receptor. However, synthetic small peptides targeting

IR were shown to be either agonists or antagonists [151].

Thus, so far the only existing insulin antagonists have been

IR antibodies [152]. A 43 amino acid single-chain small

peptide, IR antagonist, S661 was developed by L Schäffer.

The affinity of S661 for the IR was higher than that of insulin.

S661 completely inhibits insulin action, both in cellular

assays and in vivo in rats. Moreover, new peptide was syn-

thesized by modification on S661 and this biosynthetic ver-

sion was called S961, which was identical to S661 except for

a C-terminal acid that was seen to have properties indistin-

guishable from those of S661. These antagonists are helpful

for understanding the molecular mechanism of insulin

receptor signaling and treatment for hypoglycemic condi-

tions [153]. Further, in vivo results also suggested that S961

induces hyperglycemia, hyperinsulinemia, glucose intoler-

ance in the insulin arbitrate glucose disposal in the Sprague

Dawley rats [154].

Neutralization of IGF-1/IGF-2

IR and IGF-1R are activated by binding of its natural ligands.

Neutralization of insulin, IGF-1, and IGF-2 ligands leads to

the inhibition of the IR and IGF-1R receptors. IGFBP are a

family of vertebrate proteins that owns the main function of

regulating bioavailability of insulin, IGF-1 and IGF-2, to

interact with the receptors. There are six types of IGFBP that

serve as a carrier protein for IGF-1 that regulates cell activity

in various ways [38]. The IGFBP family has six distinct

subgroups, IGFBP1-6, categorized on the basis of conser-

vation of gene organization, structural similarity, and bind-

ing affinity for IGFs. Across species, IGFBP-5 exhibits the

highest sequence conservation while IGFBP-6 exhibits the

least sequence conservation. A third method recently

described to neutralize the ligand is the use of antibodies

against IGF-1 and IGF-2 [33]. A rat monoclonal antibody,

KM1468, which neutralized both IGF-1 and IGF-2, inhibited

bone metastases of a variety of cancer cells, indicating that

such an approach could have clinical value [155, 156].

Conclusions and future remarks

Most recent studies have suggested the concept that mult-

itargeted receptor tyrosine kinase inhibitors are successful

therapeutic targets for complex diseases like cancer and

diabetes. Co-targeting the IRA and IGF-1R in cancer

would be a more useful therapeutic option than targeting

the IGF-1R alone. Preclinical data and early clinical trials

have provided evidences that IRA/IGF-1R co-targeting

may potentiate various chemotherapeutic regimens and

prevent adaptive resistance to selective anti-IGF-1R drugs.

Unfortunately, IR inhibition also deregulates the glucose

metabolism. In this context, combinational drug acting as

insulin sensitizers and IRA inhibitors, providing most

beneficial options, is expected to be accessible in the near

future. Co-targeting the mitogenic cascade of IRA along

with IGF-1R may be most successful strategy for the

treatment for complex diseases like cancer and diabetes in

near future.
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