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Mechanisms by which IGF-1 May Promote Cancer
Adda Grimberg

Abstract

Multiple large case-control studies in the past five years have reported positive associations
between high circulating levels of the insulin-like growth factor (IGF)-1 and risk for different
types of cancer. Correlations certainly do not prove causation, but the reproducibility of this
finding implies this is a hypothesis worth further examination through more mechanistic studies.
IGF-1 binds to the IGF-I receptor, a tyrosine kinase receptor that transduces signals to the nucleus
and mitochondrion primarily via the mitogen-activated protein kinase (MAPK) and PI13K/Akt
pathways. Examples will be provided to illustrate how IGF-I signaling may contribute to each
stage of cancer progression: malignant transformation, tumor growth, local invasion and distant
metastases, and resistance to treatment. In addition to direct contributions to each of these stages,
IGF-1 may promote cancer indirectly, through interactions with oncogenes and tumor suppressors,
interactions with other hormones (especially the sex steroids in breast and prostate cancers) and
interactions with the IGF binding proteins (IGFBPs). Finally, circulating IGF-I may facilitate
cancer development though it likely does not cause cancer to form. Prompted by the accumulating
evidence, investigations are also being pursued to modulate the IGF system as a possible means of
cancer prevention or treatment.
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Concerns have been escalating recently over the possible role played by the insulin- like
growth factor (IGF)-I in cancer. During the past five years, multiple epidemiologic studies
have correlated high circulating IGF-1 levels with greater cancer risk. These studies have
garnered a lot of attention not only because their findings were reproducible across different
types of cancer, but because they found significant differences with inter-individual
variations in IGF-1 concentrations that still fall within the normal distribution of the
population. Growth hormone (GH), one of the principal inducers of circulating IGF-I, is
readily available in recombinant form and is being increasingly used for both its growth-
promoting and metabolic effects. The FDA has been approving rhGH for new indications at
an accelerating rate—most recently, this summer for idiopathic short stature—and at higher

doses. Off-label rhGH use has also been increasing, as a performance enhancer and possible

anti-aging agent. Over 200,000 patient-years’ experience to date indicate no elevations in
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cancer incidence among rhGH recipients, but as rhGH moves from purely physiologic
replacement to increasingly pharmacologic use, its safety profile must be reevaluated. Since
associations do not prove causation, more mechanistic studies of IGF-1 in cancer are needed.
This review aims to provide, through illustrative examples from the literature, an overview
of the different mechanisms by which IGF-I can promote cancer and how this can lead to
new therapeutic approaches. Please note that the examples are neither exhaustive nor
universal; space limitations preclude inclusion of all existing data, and not every cancer
employs every mechanism listed.

THE IGF AXIS

IGF-I and the closely related IGF-11, named for their primary structural homology to
proinsulin, are expressed in humans throughout the lifespan in multiple tissues. Both exert
their actions by binding to the IGF-I receptor (IGF-1R), a tyrosine kinase receptor that
closely resembles the insulin receptor (IR) in structure and signaling cascades (Fig. 1).1 IGF-
Il can also bind with high affinity the IR-A isoform and the IGF-IIR, which is identical to
the mannose-6-phosphate receptor and serves to clear IGF-11 from the circulation.? IGF-I
only binds the IR at pharmacologic concentrations due to a much lower binding affinity
relative to the IGF-IR. More recently recognized hybrid receptors, resulting from random
assembly of IR and IGF-1R hemireceptors, can bind IGF-1 but not insulin with high
affinity.34

Unlike most peptide hormones, whose circulating concentrations and bioactivities are
regulated primarily through their release from secretory granules, concentrations of both
IGF-1 and IGF-11 in the circulation and tissues far exceed those necessary for maximal
cellular stimulation. Over 99% of the circulating IGFs are bound to IGFBPs, with the vast
majority forming a 150-kDa complex with IGFBP-3 and the acid-labile subunit (ALS). This
complex prolongs the serum half-life of IGF-1 from about 10 minutes to 15 hours, prevents
the hypoglycemic effects of free IGFs, and helps to tightly regulate IGF bioavailability at the
cellular level. Because the IGF binding affinity for IGFBPs is greater than that for IGF-1R,
IGFBPs competitively inhibit IGF/IGF-1R binding and signaling. However, local proteases
can cleave IGFBPs into fragments with lower binding affinities, thereby releasing IGF for
IGF-1R binding. Although IGFBP binding is generally growth inhibitory, it can be growth
stimulatory in certain experimental conditions that allow simultaneous release of locally
accumulated bound IGF; had the IGF accumulated locally in free form, it would have led to
down-regulation of the IGF-1R and hence, a smaller growth stimulus.

The six IGFBPs are characterized by their high-affinity IGF binding, which involves both
their highly conserved cysteine-rich amino termini and carboxy-termini. Sequence-based
searches have identified ten proteins with high homology to the IGFBP amino terminus only
and low-affinity IGF binding. They have been termed IGFBP-related proteins (IGFBPrP’s)
and are reviewed extensively in reference 5.
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DIRECT CONTRIBUTIONS OF IGF SIGNALING TO CANCER PROGRESSION

Malignant Tansformation
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Malignant transformation involves both enhanced cell survival and proliferation, as well as
the ability to escape from cell cycle arrests and apoptotic mechanisms that normally function
to abort such aberrant cells. Stimulation by growth factors, such as IGF-I, is required for cell
cycle entry and progression up to the restriction point in late G; phase, beyond which the
cell is committed to completing a round of cell division. Cyclin D1 induction and assembly
with cyclin dependent kinsae (CDK)4 is integral to this G, phase progression (reviewed in
ref. 6). The MAPK pathway stimulates Cyclin D1 expression and assembly, while Akt
prevents Cyclin D1 nuclear export and ubiquitin-mediated degradation by inhibiting
glycogen synthase kinase (GSK)-3p activity. Although the importance of the MAPK
pathway for Cyclin D1 induction has been demonstrated in different papers,® IGF-I-
stimulated Cyclin D1 induction and cell cycle progression in quiescent MCF-7 breast cancer
cells were inhibited by a PI3K inhibitor but not a MEK1 (MAPK activating kinase)
inhibitor.”

Cross-talk between IGF’s signaling pathways can make this a very complicated story.
Rather than explore all the different permutations, let’s look at an example of how IGF
signaling can enhance cellular survival while at the same time avoid apoptosis. Figure 2A
illustrates some of the consequences of Akt activation by IGF-I (for a more extensive review
of Akt action, see ref. 8). Activated Akt phosphorylates a number of substrates. These
include the Bcl-family member, Bad, and the forkhead transcription factor, FKHRL1. When
phosphorylated, both Bad and FKHRL1 are sequestered in the cytoplasm by binding to
14-3-3 proteins. Phosphorylation of caspase 9 by Akt directly inhibits its function. On the
stimulatory side, Akt phosphorylation of IKKa leads to activation of NF«kB, which can then
enter the nucleus to stimulate transcription of survival genes like c-myc. The opposite
scenario, IGF absence and inactive Akt, is shown in Figure 2B. Unphosphorylated Bad is
free to localize to the mitochondrion, where it binds Bcl-X| and leads to cytochrome c
release from the mitochondrion to the apoptosome that activates caspase 9. Similarly,
unphosphorylated FKHRL1 is free to localize to the nucleus, where it stimulates
transcription of a number of genes including IGFBP-1 and FasL. FasL (fas ligand) is so
named because it binds the membrane-bound death receptor, Fas, which in turn activates
caspase 8 through the adapter molecule, FADD. Thus, both the mitochondrial and
cytoplasmic caspase cascades are activated and converge on activating the execution
caspases to complete apoptosis.

It logically follows that a cell can enhance survival and proliferation while avoiding
apoptosis by increasing IGF signaling. IGF signaling can be augmented through three
possible mechanisms: increased ligand production, increased IGF-1R or decreased amount
of IGFBPs that competitively inhibit IGF/IGF-1R binding. Both IGF-I and IGF-I1 can serve
as the ligand, and their enhanced production can be autocrine or paracrine, from the
supporting stromal cells. Loss of imprinting is the most frequent mechanism for IGF-I1 over-
expression, as IGF-I1 is normally expressed from the paternal allele only.910
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The effects of ligand over-expression were evident in two sets of transgenic mice created by
DiGiovanni et al. The first set over-expressed IGF-I in the basal cells of the epidermis.1!
Their phenotype included a slightly smaller birth size as well as skin and ear morphologic
changes. Epidermal hyperplasia, hyperkeratosis and increased labeling index attested to
increased skin proliferation, and about half the older mice developed squamous papillomas,
some of which converted into carcinomas. Following carcinogen treatment, papilloma
development in the IGF overexpressing mice was 7-fold greater than in their nontransgenic
littermates. The second set of transgenic mice over-expressed IGF-1 in the basal epithelial
cells of the prostate.12 These mice developed prostatic hyperplasia by the age of 2-3
months, and atypical hyperplasia and prostatic intraepithelial neoplasia by 6—7 months.
Well-differentiated adeno-carcinomas were found in mice starting at age 6 months, and two
of the older mice developed less differentiated (small cell) carcinomas. Of all the mice 6
months of age or greater, 50% had prostate tumors.

Since transgenic over-expression is a very artificial model, the question remains if IGF
signaling is truly increased in endogenous human cancers. Some illustrative examples
follow. In comparison to normal thyroid tissue, IGF-1 immunoreactivity was increased in 31
of 50 adenomas and 38 of 53 carcinomas examined.® IGF-I mRNA was also increased in
the carcinomas, and the IGF-I1 immunoreactivity correlated with tumor diameter, but not
patient age, gender or tumor stage. A comparison of sporadic adrenocortical tumors did not
find a significant increase in IGF-I protein content. However, the amount of IGF-11 was far
greater in the malignant tumors compared to benign tumors or normal adrenal tissue.

An example of the second mechanism, receptor over-expression, also involves the thyroid.
Vella et al. found about double the IGF-1R protein content in papillary thyroid cancers
compared to normal thyroid tissue.1® The change in follicular or anaplastic thyroid cancers
was not significant. However, there was a significant increase in all three cancer types of
both IR and hybrid receptors. IGF-I treatment almost quadrupled the growth rate of papillary
thyroid cancer cells in culture.1® This response was attenuated by addition of antibodies
specifically targeting either the IGF-1R or the hybrid receptors, showing that overexpressed
hybrid receptors have a biologic consequence and are not merely a structural error. When
receptor overexpression is coupled with ligand over-expression, an effective autocrine loop
for self-stimulated growth is established.

For the third mechanism, IGFBP-3 protein levels may be decreased by modulating
expression levels, as seen with IGF and IGF-1R, but more commonly enhanced IGFBP-3
proteolysis is involved.18 For example, prostate specific antigen (PSA), which is frequently
used as a clinical tumor marker for prostate cancer, cleaves IGFBP-3.17 Another example is
the increasing frequency of greater plasma IGFBP-3 proteolysis in women with increasing
stages of breast cancer.1®

Tumor Growth

Following clonal expansion of a transformed cell, there must be further adaptations for
continued cell growth within the context of a bulky tumor, wherein nutrient delivery may
become restrictive. The main mechanism for IGF’s contribution here is its induction of the
angiogenesis agent, vascular endothelial growth factor (VEGF), as mediated by increased
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synthesis of the HIF-1a transcription factor. VEGF induction by IGF-1 has been
demonstrated in cancers of the colon,1920 lung?! and thyroid.22 When colon cancer cells
transfected with a dominant-negative truncated IGF-1R were injected into nude mice, tumor
growth, VEGF expression, tumor vessel count, and pericyte coverage of endothelial cells
were all reduced.?3

Local Invasion and Distant Metastases

The hallmark of cancer, the ability for local invasion and distant metastases, includes
changes within the malignant cell and in its interactions with its environment. Integrins are
heterodimers that bind extracellular matrix molecules and transduce signals to the
intracellular environment. IGF-1R activation leads to relocalization of integrins to the
leading edge of migrating cells. Conversely, activation of integrins by their ligand binding
modulates IGF-1R signaling, a subject that is extensively reviewed elsewhere.24

IGF-1R signaling also affects adherence junctions, which connect epithelial cells into a
normally growing sheet. Adherence junctions are composed of a core (transmembrane E-
cadherin plus cytoplasmic a-, - and y-catenins) that is coupled to microfilaments via a—
catenin, either directly or indirectly through a-actinin and vinculin.2> Using MCF-7 breast
carcinoma cells, Guvakova et al. found complementary functions of the main IGF signaling
pathways in contributing to IGF-I-stimulated cell motility.2% PI3K led to cell separation by
causing disassembly of the adherence junctions and redistribution of a-actinin, actin and
fascin into motile apicolateral actin microspikes. Meanwhile, the MAP kinase pathway
contributed to cell migration; MEK1/2 led to reassembly of stress fibers and development of
long membrane protrusions, while ERK 1/2 stimulated myosin light chain kinase activity.

At the same time that IGF signaling induces cellular changes necessary for motility, it can
also help create a suitable microenvi-ronment for the migrating cell. IGF-I induces the
expression of proteases like cathepsin D,2 matrix metalloproteinases28:2% and urokinase
plasminogen activator.39 Such proteases can dissolve basement membranes to clear the path
for the migrating cell. These same proteases can also cleave IGFBP-3, thereby releasing any
bound IGF in the microenvironment for further cell stimulation.16

M-27 Lewis lung carcinoma cells express low numbers of IGF-1R and are poorly invasive.
Brodt et al. transfected these cells with wild type IGF-1R and with IGF-1R mutants
harboring substitutions for the normal tyrosine phosphorylation sites. Wild type IGF-1R
increased cell spreading on fibronectin, colony formation in soft agar and, when injected
into mice, metastatic behavior. Y1131F, Y1135F, or Y1136F IGF-1R mutants lost all
IGF-1R-dependent functions. Y1250F or Y1251F IGF-1R mutants lost anchorage-
independent growth, cell spreading and the anti-apoptotic effect of IGF-I, but partially
retained migration and invasion and completely retained mitogenicity.3!

Resistance to Treatment

Finally, many cancers become resistant to the therapeutic agents designed to kill rapidly
dividing cells. A dozen papers, listed in (Table 1), have already been published that provide
in vitro evidence that conditions associated with increased IGF signaling show increased
resistance to treatment with a variety of agents in a variety of neoplasms.
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CONTRIBUTIONS OF IGF TO CANCER

with Oncogenes and Tumor Suppressors

The classic experiment showing an indirect role of IGF-I in malignant transformation used
wild type and IGF-1R knock-out mouse embryo fibroblasts, neither of which were capable
of growing in soft agar. Stable transfection with either wild type SV40 Large T Antigen or a
temperaturesensitive SV40 Large T Antigen led to colony formation, but only in the cells
that expressed the IGF-1R.32 When the IGF-1R™/~ cells with the temperaturesensitive Large
T Antigen were transfected with IGF-1R, they acquired the ability to form colonies. Thus,
although IGF-1R did not cause malignant transformation, it was required for malignant
transformation by the SV40 Large T Antigen.32 Additional papers document signal
cooperation between IGF-1 and other mitogens, such as hepatocyte growth factor-scatter
factor (HGF-SF) in hepatocellular carcinoma33 and granulocyte-monocyte-colony-
stimulating factor (GM-CSF) in acute myeloid leukemic cells.34

Conversely, many tumor suppressors function, at least in part, by inhibiting IGF action. For
example, both WT1 (Wilm’s tumor gene product)3® and p5336 repress transcription of
IGF-1R. p53 also represses transcription of IGF-11,37 but activates transcription of
IGFBP-3,38 thereby tipping the balance of three IGF axis components towards over-all
inhibition. Apart from transcriptional control, other tumor suppressors directly inhibit IGF
signaling pathways. PTEN is a phosphatase that dephosphorylates Akt, thereby inhibiting
the activation of one of IGF’s major pathways.3%40 The von Hippel Lindau gene product
(VHL), an important contributor to renal cell carcinoma, leads to ubiquitin-mediated
degradation of HIF-1a and therefore a reduction in VEGF production.** Moreover, VHL
was shown to directly interact with protein kinase C-6, causing its dissociation from IGF-1R
and inhibition of IGF-mediated invasiveness.*2

with Other Hormones

IGF action can modulate sex steroid effects on cancer, best studied for estrogen in breast
cancer and androgens in prostate cancer. Breast cancer cells that do not express the estrogen
receptor-a (ER™) have been shown to produce IGFBP-3, IGFBP-4 and IGF-1R; ER* cells
produce IGFBP-2, IGFBP-4, IGFBP-5, IGF-1I and IGF-1R. Not only is IGF-1R expression
greater in malignant than normal breast cells, but so too are IR and hybrid receptors
(reviewed in ref. 43). The synergy between IGF and estrogen in stimulating proliferation of
MCEF-7 cells has been shown to involve their complementary regulation of p21, cyclin D1/
Cdk4 and cyclin E/Cdk2 complexes.**45 Long term estrogen deprivation of MCF-7 cells led
to IGF-1R over-expression, that contributed to continued growth despite steroid
deprivation.*6 In addition to affecting estrogen action, tamoxifen treatment leads to
decreased IGF-1 and increased IGFBP-1 serum concentrations.47+48

Like estrogen in breast cancer, androgens in prostate cancer enhance IGF-1R signaling, and
IGF-I induces expression of the sex steroid receptors.*® IGF-I and IGF-1R expression were
increased when in vivo models of androgen-dependent prostate cancer progressed to
androgen-independence.®® IGFBP-5, which is up-regulated by castration, was shown to
contribute to the progression to androgen independence, likely through enhanced IGF
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bioavailability.>1 However, IGF-1R expression is lost as prostate cancers progress to
metastases, an effect likely mediated by WT-1.52 Changes in the IGF system in prostate
cancer are reviewed in ref.16.

Interactions with IGFBPs

The somatomedin hypothesis defined the IGFBPs, as their name implies, to function as the
modulators of IGF bioavailability. However, accumulating evidence supports IGF-
independent IGFBP effects on cell growth and apoptosis, especially for IGFBP-3 (reviewed
in ref. 53). Still incompletely understood, the mechanisms proposed for the IGF-independent
effects of IGFBP-3 involve specific IGFBP-3 cell surface-associated receptors,®* increases
in intracellular calcium concentrations,>® direct inhibition of IGF-1R,%® nuclear translocation
and RXR binding,>” and changes in Bcl-2 family members.58 IGFBP-3 is induced by
numerous tumor suppressors, cytokines, retinoic acid, DNA damage (both irradiation and
drug-induced) and hypoxia,®®:60 and was shown to mediate p53-induced apoptosis during
serum starvation.1 Thus, one potential mechanism for IGF-1’s survival effects is indirect,
by binding to IGFBP-3 and preventing IGFBP-3’s apoptotic actions.

ENDOCRINE IGF-I

Thus far the review of IGF contributions to cancer has dealt with local (i.e., autocrine or
paracrine) IGF actions. Numerous epidemiologic studies have associated increased cancer
risk with high circulating IGF-1 levels (for review, see refs. 62,63). Associations are never
sufficient to prove causation, as the direction of causation remains unknown and the
associations may merely reflect confounders. Supportive experimental data are needed.

A liver-specific IGF-I deficient mouse (LID mouse) was created bv the crelox technique as a
useful model to tease apart the effects of local versus endocrine IGF-1.84 LID mice have
serum IGF-1 concentrations 25% that of control mice. Serum IGF-1 concentrations were
further manipulated by treating LID and control mice with recombinant human IGF-I or
saline for 6 weeks, such that control + IGF-1 had the highest IGF-I levels, LID + saline had
the lowest, and control + saline and LID + IGF-I were in-between. Mouse colon
adenocarcinoma cells were transplanted onto the surface of the cecum of these animals, and
control + IGF-I mice had the greatest frequency of tumor growth, greatest mean tumor
weight, greatest frequency of hepatic metastases, greatest numbers of metastases per liver
and greatest tumor vessel count; LID + saline mice had the lowest by all parameters, and the
others fell in-between.5°

Athymic nude mice were injected with fibroblasts that contained either normal (16,000/cell)
or high (190,000/cell) IGF-1R density. Systemic IGF-I treatment did not change tumor
development in the mice injected with normal fibroblasts. However, for the mice with high
IGF-1R fibroblasts, systemic IGF-1 treatment decreased tumor latency, increased
fibrosarcoma growth and increased mitogenesis.86 Thus, the current evidence supports a
permissive effect of circulating IGF-I on existing cancers, but not a causal role in the
creation of cancer; local changes in the cell’s growth regulatory mechanisms are required.
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IMPLICATIONS FOR CANCER TREATMENT AND PREVENTION

If IGF-1R signaling can contribute mechanistically to cancer progression, then inhibition of
IGF-1R actions can potentially construe a new approach to cancer treatment. Experiments
aimed at lowering IGF-I levels by dampening the GH-IGF axis through GH releasing
hormone antagonists, somatostatin analogs, and GH antagonists reduced tumor growth in
mice xenografted with renal cell carcinomas,” colon cancer,58 prostate cancer,5°
osteosarcoma’® and meningiomas,’? and in mice with DMBA-induced mammary tumors.”2
Additional efforts are being made to specifically inhibit the IGF-1R through adenoviral
dominant negative IGF-1R,”3 IGF-1R antibodies,”* IGF-1R antisense,”® IGF-1R siRNAs’6
or IGF-1 antisense.”’ The efficacy of IGF-1R inhibition in the clinical setting is yet
unknown, and important questions remain about the potential toxicities from inhibiting
normal IGF-1R or cross-reactivity with IR.

Epidemiologic and mouse studies have already identified one readily available method for
lowering IGF-I levels to reduce cancer risk: calorie restriction. Calorie restriction delayed
the development of spontaneous tumors in p53-haploinsufficient mice. When p53*/~mice
were treated with p-cresidine to induce bladder tumor formation, subsequent calorie
restriction suppressed tumor progression; restoration of IGF-1 levels via pump infusion
reversed the effects of calorie restriction.”879 Overweight has been the most reproducible
cancer risk factor in epidemiologic studies, and evidence supports a protective effect from
physical exercise for colon and breast cancers.8 This raises questions about the possible
contributions of hyperinsulinemia, through cross-reactivity with IGF-1R or increased IR
signaling, which shares many of the same pathways as IGF-1R, and about the role of hybrid
receptors. In any case, the burgeoning obesity epidemic indicates our population is heading
in the wrong direction and makes understanding the IGF (and insulin) contributions to
cancer all the more urgent.
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Figure 1.
Main signaling cascades of the IGF-1R. Binding of IGF-I or IGF-11 to IGF-1R causes

autocatalytic phosphorylation of the IGF-1R tyrosine kinase domain, which also
phosphorylates additional IGF-1R tyrosine residues important for the recruitment of adapter
molecules like Shc and IRS. These in turn activate kinase cascades, primarily the MAP
kinase pathway and the P13 kinase/Akt pathway, that ultimately lead to signal transduction
to the nucleus and mitochondrion.
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Figure 2.
Example of how IGF-1R signaling can lead to cellular survival and at the same time,

avoidance of apoptosis. (A) Akt activation by IGF-1R signaling. Activated Akt
phosphorylates a number of different substrates. Phosphorylation of IKKa leads to
transcription of survival genes through NFKB activation. Phosphorylation of FKHRL1,
caspase 9 and Bad inhibits their respective functions. (B) When IGF-1 is absent and Akt is
inactive. Transcription switches from NFkB to FKHRL1 target genes. These include FasL,
which can activate the cytoplasmic caspase cascade. Meanwhile, the mitochondrial caspase
cascade can also be activated, through Bad-mediated cytochrome c release. Both cascades
converge on activating the execution caspases, which complete apoptosis.
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Table 1

Papers demonstrating IGF Contributions to Cancer Treatment Resistance

Cancer

Breast

Colorectal

Lung (small cell)
Thyroid

Pancreas
Rhabdomyosarcoma
Sarcoma mets
Leukemia

Multiple myeloma

Treatment
Herceptin
Doxorubicin, Taxol
Radiation

Taxol

5FU, Radiation
Etoposide
Apo2L/TRAIL
COX-2 inhibitors
Rapamycin
Doxorubicin
Drugs, ATRA
Apo2L/TRAIL
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