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Abstract

Interest in the role of the insulin-like growth factor (IGF) axis in growth control and

carcinogenesis has recently been increased by the finding of elevated serum insulin-like growth

factor I (IGF-I) levels in association with three of the most prevalent cancers in the United States:

prostate cancer, colorectal cancer, and lung cancer. IGFs serve as endocrine, autocrine, and

paracrine stimulators of mitogenesis, survival, and cellular transformation. These actions are

mediated through the type 1 IGF-receptor (IGF-1R), a tyrosine kinase that resembles the insulin

receptor. The availability of free IGF for interaction with the IGF-1R is modulated by the insulin-

like growth factor-binding proteins (IGFBPs). IGFBPs, especially IGFBP-3, also have IGF-

independent effects on cell growth. IGF-independent growth inhibition by IGFBP-3 is believed to

occur through IGFBP-3-specific cell surface association proteins or receptors and involves nuclear

translocation. IGFBP-3-mediated apoptosis is controlled by numerous cell cycle regulators in both

normal and disease processes. IGFBP activity is also regulated by IGFBP proteases, which affect

the relative affinities of IGFBPs, IGFs and IGF-1R. Perturbations in each level of the IGF axis

have been implicated in cancer formation and progression in various cell types.

Recently, several case-control studies have associated elevated serum levels of insulin-like

growth factor I (IGF-I) to increased risk for three of the most prevalent cancers in the United

States, thereby causing an enhanced interest in the role of IGFs in growth control and

carcinogenesis. Insulin-like growth factor-binding proteins (IGFBPs) modulate IGF action

and also regulate cell growth and apoptosis in IGF-independent manners. Assessment of the

impact of IGFBPs on cancer risk, therefore, has been addressed as well. Although these

case-control studies provide an association and do not prove causality, the findings do

prompt a closer inspection of IGF axis perturbations and carcinogenesis.

Prostate cancer, the most commonly diagnosed cancer in American men (Landis et al.,

1998), has been shown repeatedly to relate to serum IGF-I levels (Grimberg and Cohen,

1999). Both a nested case-control study within the Harvard Physicians' Health Study (Chan

et al., 1998) and a population-based case-control study in Sweden (Wolk et al., 1998)

revealed a 7–8% elevation in serum IGF-I levels among prostate cancer patients relative to
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age-matched controls. Three earlier studies were too small to achieve statistical significance

(Cohen et al., 1993a; Kanety et al., 1993; Ho and Baxter, 1997). A 28% increase in serum

IGF-I levels among prostate cancer patients was previously reported (Mantzoros et al.,

1997) but this overestimation was likely due to IGFBP interference with the assay used; the

higher IGFBP-2 levels found in prostate cancer (Cohen et al., 1993a; Kanety et al., 1993; Ho

and Baxter, 1997) can compete with the radiolabeled IGF-I trace in the IGF-I

radioimmunoassay after acid-ethanol extraction and thereby falsely elevate the measured

IGF-I values (Cohen, 1998). The 7%–8% increment was determined by enzyme-linked

immunoabsorbent assay (Chan et al., 1998) and immunoradiometric assay (Wolk et al.,

1998), twoantibody methods that are less susceptible to IGFBP effects.

The association of prostate cancer with changes in serum IGFBP levels has had mixed

results. Serum levels of IGFBP-2, the main IGFBP produced by prostate epithelial cells,

were elevated relative to healthy age-matched controls and correlated with serum prostate-

specific antigen levels and tumor stage (Cohen et al., 1993a; Kanety et al., 1993; Ho and

Baxter, 1997). In contrast, serum levels of IGFBP-3, the major circulating carrier of IGF-I,

were not different between prostate cancer patients and normal controls in one study (Cohen

et al., 1993a) but reduced and negatively correlated with serum prostate-specific antigen in

another (Kanety et al., 1993). Likewise, of the two most recent IGF case-control studies, one

found an inverse relation between plasma IGFBP-3 levels and prostate cancer risk after

controlling for IGF-I levels (Chan et al., 1998) whereas the other did not reveal a significant

association between serum IGFBP-3 levels and cancer risk (Wolk et al., 1998).

Rates of colorectal carcinoma dramatically increased over the second half of this century

and in the late 1970s began to decline in whites but continued to increase in African

Americans (Troisi et al., 1999). Recently, a nested case-control study within the Harvard

Physicians' Health Study comparing highest to lowest plasma quintiles in men revealed a 2.5

relative risk of colorectal cancer for IGF-I when controlled for IGFBP-3 and 0.28 for

IGFBP-3 when controlled for IGF-I (Ma et al., 1999). Finding an increased incidence of

gastric and colonic neoplasms has been inconsistent among acromegalics, who have

elevated growth hormone, IGF-I, and IGFBP-3 levels (Klein et al., 1982; Barzilay et al.,

1991; Ezzat and Melmed, 1991; Ron et al., 1991; Ladas et al., 1994).

Lung cancer incidence and mortality, in the antitobacco 1990's, have diminished in men but

not in women (Wingo et al., 1999). An on-going hospital-based case-control study detected

a dose-dependent association between plasma IGF-I levels and lung cancer risk (odds ratio

2.06), and a negative relation of lung cancer risk to IGFBP-3 levels when adjusted for IGF-I

(odds ratio 0.48) (Yu et al., 1999).

Igf-I and Mitogenicity

IGF I and II, named for their primary structural homology to proinsulin, were isolated and

sequenced in 1978 (Rinderknecht and Humbel, 1978a,b). Most of the circulating IGFs are

produced by hepatocytes in response to growth hormone stimulation (Arany et al., 1994;

Chin et al., 1994; Olivecrona et al., 1999). More than 90% of the circulating IGFs are bound

to IGFBP-3 and the acid labile subunit to form a 150-kDa complex; IGFs are also carried by
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other IGFBPs, and less than 1% circulate in the free form (Baxter, 1994). The 150-kDa

complex serves to prolong the serum half-life of IGF-I from about 10 min to about 15 h

(Guler et al., 1989) and to prevent the hypoglycemic effects of free IGFs (Baxter and

Daughaday, 1991).

In addition to their endocrine functions, IGFs play important paracrine and autocrine roles in

many tissues (Cohen and Rosenfeld, 1995). The single-copy sixexon IGF-I gene is

transcribed from two promoters (P1 and P2), located 5′ to exons 1 and 2, respectively,

resulting in RNAs with different 5′ leader sequences; alternative RNA splicing and

differential polyadenylation yield multiple mature transcripts (Rotwein, 1991). Thus,

modulation of gene transcription, usage of either promoter and transcription initiation site,

alternative RNA splicing, and changes in mRNA stability allow IGF-I gene expression to be

cell or tissue-specific, ontogeny-determined, or regulated by a number of different factors. In

addition to stimulating hepatic IGF-I gene transcription, growth hormone can act on local

IGF-I expression outside the liver. For example, growth hormone stimulates IGF-I gene

transcription in mouse Ob1771 preadipocyte cells, and IGF-I further induces IGF-I

production and cellular differentiation into adipocytes in an autocrine/paracrine fashion

(Doglio et al., 1987; Kamai et al., 1996). Other hormones, such as estrogen, can affect IGF-I

expression. No consensus estrogen-responsive element has been identified in IGF-I

promoters but studies with chicken IGF-I gene P1 promoter have pointed to AP-1 enhancer

as a mediator of estrogen responsiveness (Kajimoto et al., 1998). Time- and dose-dependent

induction of IGF-I gene expression by estradiol treatment has been observed in a human

fetal osteoblast cell line (Kassem et al., 1998). Osteoblast IGF-I mRNA levels are also

increased by cyclic adenosine monophosphate (cAMP) (McCarthy et al., 1990) and

transforming growth factor-β (TGF-β) (Okazaki et al., 1995), and decreased by

glucocorticoids (Swolin et al., 1996). Nutritional status also impacts IGF-I production.

Hepatic IGF-I expression is decreased by fasting (Lowe et al., 1989), protein restriction

(Straus and Takemoto, 1990) and/or energy restriction (Straus and Takemoto, 1991). Lower

serum IGF-I levels were found in patients with anorexia nervosa (Stoving et al., 1999).

IGFs exert their actions by binding to the IGF receptors. The type 2 IGF receptor is identical

to the man-nose-6-phosphate receptor and serves to clear IGF-II from the circulation

(Ludwig et al., 1996) and inhibit autocrine/paracrine IGF-II actions (Ellis et al., 1996). The

type 1 IGF receptor (IGF-1R), in contrast, is a tyrosine kinase resembling the insulin

receptor and mediates the growth-promoting actions of both IGF-I and IGF-II (Ullrich et al.,

1986). Signaling pathways for the IGF-1R include the insulin receptor substrate (IRS)

family of proteins, Shc leading to the Ras/Raf/MAP kinase cascade, and Crk (Le Roith et al.,

1998).

The IGF-1R effects several growth-promoting functions. IGF-1R stimulates mitogenesis in

many different cell types, a function localized to the C terminal domain of the β subunit

(Esposito et al., 1997; Hongo et al., 1996). Mice carrying null mutations of IGF-1R died of

respiratory failure at birth, were 45% of normal size, had generalized organ hypoplasia,

developmental delays in ossification, and abnormalities in the central nervous system and

epidermis (Liu et al., 1993). Null mutant mouse embryos for IGF-I, IGF-II, and IGF-1R,

alone or in combination, revealed early IGF-1R mitogenic signaling for IGF-II only but for
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both IGF-I and IGF-II starting on embryonic day 13.5 (Baker et al., 1993). Another IGF-1R

function is cellular protection from apoptosis, which is conferred by tyrosine residues 1250

and 1251 and histidine 1293 and lysine 1294 in the C terminus of the β subunit (Chen et al.,

1998; O'Connor et al., 1997). Overexpression of IGF-1R in different cell models protected

them against apoptosis-inducing agents (Resnicoff et al., 1995; D'Ambrosio et al., 1997;

Dews et al., 1997; Prisco et al., 1997), and a dominant-negative IGF-1R mutant induced

extensive apoptosis in vivo and inhibited growth in vitro (D'Ambrosio et al., 1996). The

third function of IGF-1R is cellular transformation. Replacement of tyrosine residues 1250

or 1251 of the IGF-1R reduced anchorageindependent cell growth and disrupted the actin

cytoskeleton and cellular localization of vinculin (Blakesley et al., 1998). Mouse embryo

fibroblast cell lines with disrupted IGF-1R genes (IGF-1R-/-) grew more poorly than wild-

type, and were resistant to transformation by simian virus 40 large T antigen; transfection

with human IGF-1R restored the transformed phenotype (Sell et al., 1993). Thus, not only

can IGF-1R overexpression transform cells, but IGF-1R seems necessary for transformation

by other agents.

IGFBPS: Modulating IGF Actions

Six IGFBPs with high affinity to IGFs have been identified, and four other molecules with

low affinity have been described (IGFBP-related peptides) (Ferry et al., 1999). Of the high-

affinity IGFBPs, the first five preferentially bind IGF-I over IGF-II, but IGFBP-6 has a 100-

fold higher affinity for IGF-II versus IGF-I (Baxter and Saunders, 1992). The distinctive

binding properties of IGFBP-6 may be due to its lack of two of the 12 conserved N-terminal

cysteines which results in different N-terminal disulfide linkages as determined by

electrospray ionization mass spectrometry (Neumann and Bach, 1999). IGFBP-3 is the most

abundant IGFBP in postnatal serum, and is produced primarily by hepatic endothelia and

Kupffer cells (Arany et al., 1994; Chin et al., 1994). By forming the 150-kDa complex with

IGFs, IGFBP-3 modulates the amount of bioavailable free IGF and inhibits its transfer from

the circulation to tissue sites of action (Ballard et al., 1991).

All IGFBPs have growth-inhibitory effects by competitively binding IGFs and preventing

their binding to the IGF-IR. Des-(1–3)-IGF-I, an IGF-I analogue that binds IGF-IR and

stimulates DNA synthesis but does not bind IGFBP-3, has proven a useful tool in

demonstrating this phenomenon. IGFBP-3 inhibited cellular proliferation induced by IGF-I

but not by des-(1–3)-IGF-I in the human promyeloid cell line HL-60 (Li et al., 1997) and in

transfected ishikawa endometrial cancer cells that overexpressed both IGF-IR and cell

membrane-bound IGFBP-3 (Karas et al., 1997). IGFBP-3 also inhibited estradiol production

by human granulosa cells in culture stimulated by follicle stimulating hormone and IGF-I

but not by des-(1–3)-IGF-I (Barreca et al., 1996). Physiologically, IGF-I mediates follicle

stimulating hormone-dependent inhibin expression and steroidogenesis throughout the

development of ovarian dominant follicles, whereas IGFBP-4 and IGFBP-5 produced by

granulosa cells inhibit these effects and lead to atresia of nondominant follicles (Erickson et

al., 1998). IGFBP inhibition of IGF-I action has also been implicated in disease

pathogenesis. For example, human osteoarthritic chondrocytes produced more IGF-I than

normal chondrocytes, but demonstrated an even greater increase in IGFBP-3 and IGFBP-5

(Olney et al., 1996).
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Although IGFBP sequestration of IGFs from the IGF-1R is usually inhibitory, IGFBPs can

enhance IGF effects by presenting and slowly releasing IGF-I for receptor interactions while

protecting the receptor from down regulation by high IGF-1 exposure (Conover and Powell,

1991). This phenomenon has been shown for IGFBP-1, IGFBP-3, and IGFBP-5.

Concentrations of IGFBP-1 that can inhibit the binding of IGF-I to its receptor sometimes

augmented IGF-stimulated thymidine incorporation, depending on the target cell (Koistinen

et al., 1990). In the absence of exogenously added IGFBP-1, IGF-I analogues with reduced

IGFBP-1 affinity were more potent than IGF-I in stimulating DNA synthesis by porcine

aortic smooth muscle airway cells; with simultaneous IGFBP-1 exposure, the IGF-I

analogues had only 40%–65% of the maximal IGF-I response (Clemmons et al., 1990).

Relative affinity for the IGF-1R versus the binding protein has also been proposed to

contribute to IGFBP-3 enhancement of IGF-I function. Preincubation of fibroblasts with

IGFBP-3 followed by its removal potentiated IGF-I effects on DNA synthesis in a dose-

dependent fashion and resulted in proteolyzed IGFBP-3 fragments bound to the cell

membrane (Conover et al., 1993). Addition of IGFBP-3 to conditioned media in the same

cell system, however, caused inhibition of cell growth (DeMellow et al., 1988). IGFBP-3

fragments bound to the cell membrane have an order of magnitude lower affinity for IGF-I

than does intact soluble IGFBP-3, which has higher affinity for IGFs than to IGF-IR, and

IGF-I has a lower affinity for the membrane-bound IGFBP-3 fragments than for the IGF-1R.

Likewise, IGFBP-5 potentiation of IGF-I action in bone cells requires IGFBP-5 to be bound

to the cell membrane or extracellular matrix; IGFBP-5 bound to the extracellular matrix has

lower affinity for IGF-I but a prolonged half-life than does free IGFBP-5 (Andress and

Birnbaum, 1992; Jones et al., 1993). Thus, in all three cases, the relatively lower affinity

IGFBP-binding may serve as a reservoir of IGF-I that is readily released to the IGF-1R that

has been saved from downregulation.

IGFBPs: IGF-Independent Actions

Aside from its IGF-dependent actions, IGFBP-3 has also been shown to inhibit growth in an

IGF-independent fashion (Fig. 1). IGF-1R knockout mouse fibro-blasts, when transfected

with a vector containing the IGFBP-3 gene, demonstrated growth inhibition that correlated

with the magnitude of the IGFBP-3 expression (Valentinis et al., 1995). A rhIGFBP-3

fragment, with negligible binding affinity for IGF-I and presumably none for insulin,

inhibited insulin-stimulated and IGF-I–stimulated DNA synthesis in chick embryo

fibroblasts (Lalou et al., 1996). The same fragment also inhibited mitogenesis in murine

fibroblasts with a defective IGF-IR that could respond to bFGF but not IGF, epidermal

growth factor, nor platelet-derived growth factor (Zadeh and Binoux, 1997). The IGF-

independent growth inhibition of IGFBP-3 occurs through the induction of apoptosis by

IGFBP-3, as shown in IGF-IR knockout murine fibroblasts (Valentinis et al., 1995; Rajah et

al., 1997).

IGF-independent IGFBP-3 effects are believed to be mediated by specific cell surface

IGFBP-3 association proteins or receptors. The first evidence for such receptors consisted of

specific, dose-dependent binding of IGFBP-3 to breast cancer cell surface proteins of 20, 26,

and 50 kDa. In these estrogen-receptor-negative breast cancer cells, the growth-inhibitory

effects of IGFBP-3 were shown to be dose-dependent and diminished by coincubation with
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IGFs but not by IGF analogues with reduced affinity for IGFBP-3 (Oh et al., 1993a,b). The

mid-region of the IGFBP-3 molecule was recently identified as the site responsible for

binding to these breast cancer cell surface receptors (Yamanaka et al., 1999). Similarly,

specific IGFBP-3 association proteins were detected in cell lysates (18 to 150 kDa) and

membrane fractions (18, 67, and 150 kDa) of the prostate cancer cell line PC-3. The addition

of exogenous IGFBP-3 to PC-3 cells resulted in a dose-dependent increase in the apoptotic

index that was only partially attenuated by the addition of IGF-I and unchanged by the

addition of IGF analogues with reduced affinity to IGFBP-3 (Rajah et al., 1997). A protein

biochemically identified as the type V TGF-β receptor (by affinity cross-linking and

immunoprecipitation techniques) was shown to bind IGFBP-3, and it may be another

IGFBP-3 association protein (Leal et al., 1997). However, this protein has not been

characterized structurally or molecularly, and its size is several-fold larger than other

putative IGFBP-3 receptors. IGFBP-3 has also been shown to interact with numerous

molecules that may regulate IGFBP-3 action on cells (Hodgkinson et al., 1995), including

transferrin (Weinzimer et al., 1999), type 1α collagen (Liu et al., 1999), heparin (Yang et al.,

1996), and the latent TGF- β binding protein (LTBP-1) (Xu and Murphy, 1998). IGFBP-3

interactions are not limited to endogenous molecules, however. Using several methods, we

have shown that IGFBP-3 binds and interacts with the human papilloma virus oncoprotein

E7 (Mannhardt et al., 1999), a phenomenon that may play a role in malignant

transformation.

IGFBP-3 and IGFBP-5 have recently been shown to be translocated into the nucleus,

compatible with having a nuclear localization sequence (NLS) in their mid-region (Jacques

et al., 1997; Schedlich et al., 1998; Wraight et al., 1998). IGFBP-3 has also been shown to

bind importin, a molecule that facilitates nuclear transport (Noll et al., 1997). The retinoid

X-receptor was just identified as an IGFBP-3-binding protein, and treatment with retinoic

acid drives the IGFBP-3/RXR complex into the nucleus (Liu et al., 1999). Nuclear IGFBP-3

may directly control gene expression and play a role in the IGF-independent actions of

IGFBP-3.

Regulation Of IGF and IGFBP Actions

IGFBP-3-mediated apoptosis is controlled by a number of cell cycle regulators. Using

specific antisense oligonucleotides and neutralizing anti-IGFBP-3 antibodies to block

IGFBP-3 expression and action, IGFBP-3 was identified as the mediator of apoptosis

induced by retinoic acid and TGF-β in multiple cell types (Erondu et al., 1996; Gucev et al.,

1996; Han et al., 1997; Rajah et al., 1997). MCF-7 human breast cancer cells treated with

retinoic acid had induction of IGFBP-3 transcription, mediated through retinoic acid

receptor-β, and modulation of IGF-I-induced growth stimulation (Shang et al., 1999).

MCF-7 cells treated with estradiol had suppression of IGBP-3 and enhanced proliferation;

treatment with an antiestrogen agent had the opposite effects, and an IGFBP-3 anti-sense

oligomer abolished the antiestrogen-induced growth inhibition (Huynh et al., 1996). TGF-β

and epidermal growth factor treatment reduced the amount of IGFBP-3 secreted by human

keratinocytes in culture (Edmondson et al., 1999), so regulation of IGFBP-3 is both

regulator- and cell type-specific. 1,25-dihydroxyvitamin D3 induced IGFBP-3 expression

and growth inhibition in a nontumorigenic cervical cell line (Agarwal et al., 1999). cAMP
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was found to both increase IGFBP-3 gene transcription and stabilize IGFBP-3 mRNA in the

Madbin Darby bovine kidney cell line (Erondu et al., 1999). The tumor suppressor p53 was

found to induce IGFBP-3 expression by DNA-specific binding (Buckbinder et al., 1995).

p53-mutants that lost the ability to activate IGFBP-3 and Bax could not induce apoptosis

(Friedlander et al., 1996; Ludwig et al., 1996). We have shown that p53 induced IGFBP-3

and apoptosis in two neoplastic cell models which allowed direct manipulation of p53 levels

(Grimberg et al., 1999).

IGFBP actions can also be modulated by IGBP proteases. IGFBP proteolysis was first

described in pregnancy serum as proteolytic activity against IGFBP-3, and prostate-specific

antigen (PSA) in seminal plasma was the first IGFBP protease to be biochemically identified

(Cohen et al., 1992). The specific cleavage site of urinary PSA has recently been localized to

tyrosine-159 of IGFBP-3 (Okabe et al., 1999), and prekallikrein binds the heparin binding

domain of IGFBP-3 to form a protease/substrate complex before it cleaves (Durham et al.,

1999). To date, proteolysis of IGFBP-2 to -6 has been described in multiple clinical states

and cellular systems.

IGFBP proteases fall into three major categories. Kallikrein-like serine proteases which

cleave IGFBP-3 include PSA, gamma-nerve growth factor (Rajah et al., 1996a), and plasmin

(Angelloz-Nicoud et al., 1996; Booth et al., 1999). Thrombin, another serine protease,

cleaves IGFBP-5 at physiologically relevant concentrations, i.e., within one order of

magnitude of fibrinogen (Zheng et al., 1998). The second major category, cathepsins, are

intracellular proteinases that activate under acidic conditions and may therefore play a role

in certain physiological and pathological processes such as neoplastic infiltration (Conover

et al., 1993, 1995; Nunn et al., 1997). Matrix metalloproteinases (MMPs or matrixins)

comprise a family of peptide hydrolases that function in tissue remodeling by degrading

extracellular matrix components such as collagen and proteoglycans. MMPs require a metal

ion for their catalytic activity, so they are susceptible to inactivation by both metal chelators

and specific inhibitors. MMPs have been identified in prostatic fluid and cells as well as

other physiological and pathological tissues (Fowlkes et al., 1994a, 1994b; Rajah et al.,

1996b).

Proteolytic activity may play a role in normal and abnormal tissue proliferation by cleaving

IGFBPs into fragments with lower affinity for IGFs; these fragments allow increased levels

of free IGFs to activate IGF-1Rs (Blat et al., 1994; Rajah et al., 1996b;). For example, PSA-

generated IGFBP-3 fragments have decreased affinity for IGFs, and prostatic epithelial cells

grown in the presence of PSA demonstrate reversal of the inhibitory effects of IGFBP-3 on

IGF-stimulated cell growth (Cohen et al., 1994). IGFBP proteases are also important

autocrine/paracrine growth regulators, and there may be a short-loop for control of IGF

activity. The IGFBP-3 protease secreted by MCF-7 breast cancer cells can be inhibited by

IGFs (Salahifar et al., 1997), and an IGFBP-4 protease can be inhibited by IGFBPs but

stimulated by IGFs (Donnelly et al., 1996; Fowlkes et al., 1997). Such findings suggest that

the relative proportion of IGFs to IGFBPs can affect IGFBP protease activity, which in turn

will modulate IGF/IGFBP/IGF-1R interactions.
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IGFS and IGFBPs In Carcinogenesis

Perturbations in each of the forementioned levels of the IGF axis have been implicated in

cancer formation and progression in various cell types (Grimberg et al., 1998). A

comprehensive review would be too exhaustive, so examples will be used instead. In

essence, changes which raise the balance of IGF/IGF-1R activity versus IGFBP function can

potentially contribute to carcinogenesis (Table 1).

IGF/IGF-1R activity can be escalated by increasing the amount of IGF or by enhancing

IGF-1R function. Although there are now multiple reports of an association between higher

serum IGF-1 concentrations and cancer risk, as described in the introduction, these

associations do not prove causality. Higher serum IGF-1 concentrations may represent

spillage from local autocrine/paracrine overproduction, which would actually be the primary

event, or they may cause ascertainment bias in cancer diagnosis by causing symptomatic

benign overgrowth (Colao et al., 1999; Grimberg and Cohen, 1999). Lowering serum IGF-I

levels by diet restriction in p53-deficient mice with urothelial pre-neoplasia increased

apoptotic rates and decreased tumor progression, an effect that was reversible by IGF-I

treatment of similarly restricted mice (Dunn et al., 1997). Thus, the role of elevated systemic

IGF-1 levels in carcinogenesis remains an intriguing possibility that needs to be investigated

further. Elevated local IGF levels, from autocrine or paracrine overproduction, has clearly

been implicated in neoplasia, however. For example, during prostate cancer progression in

the transgenic adenocarcinoma of mouse prostate (TRAMP) model, which closely mimics

prostate cancer progression in humans, prostate-specific IGF-I (but not IGF-II) mRNA

expression increased and was elevated in the accompanying metastatic lesions (Kaplan et

al., 1999).

IGF-1R activity can be augmented either as a direct consequence of increased receptor

number and/or function or as a result of enhanced receptor stimulation by more bioavailable

IGF. An example of the former is the improved growth of tamoxifen-resistant breast cancer

cells when greater IGF-1R levels were induced by estradiol treatment, and the inhibition of

their growth by IGF-1R monoclonal antibody (Parisot et al., 1999). More IGF can become

bioavailable to stimulate the IGF-1R due to diminished IGFBP sequestration; this may be

achieved by either reduced IGFBP production and/or by increased IGFBP proteolysis. For

example, when Caco-2 human colon carcinoma cells were stably transfected with an

IGFBP-3 cDNA expression construct, they achieved a much lower final cell density after

one-and-a-half weeks of growth and began transcription of sucrase-isomaltase, a marker of

enterocyte differentiation; in Caco-2 cells transfected with empty plasmid, IGFBP-3 was

undetectable, growth was unimpaired, and sucrase-isomaltase was not produced

(MacDonald et al., 1999). Increased proteolysis of IGFBP-3 has been shown in prostate

cancer by PSA (Cohen et al., 1992), cathepsin D (Nunn et al., 1997), urokinase and

plasminogen-activator (Angelloz-Nicoud and Binoux, 1995). Finding a negative correlation

between serum IGFBP-3 levels and prostate (Kanety et al., 1993), colon (Ma et al., 1999)

and lung (Yu et al., 1999) cancer risk suggests a protective role against the effects of

systemic IGF-I.
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Diminished IGFBP bioactivity can also contribute to carcinogenesis by loss of the IGF-

independent effects on growth inhibition and apoptosis. It is unknown what degree of

systemic IGFBP-3, if any, participates directly in IGF-independent cell growth regulation.

Changes in local IGFBP-3 levels from autocrine/paracrine effects do play a role in

carcinogenesis, however. Again, the lower IGFBP levels may be the result of decreased

production or increased proteolysis. Decreased autocrine/paracrine production of IGFBP-3

may reflect an impairment in IGFBP-3 induction by various hormones, cytokines, or cell

cycle regulators. For example, treatment of glioblastoma multiforme cells with a PKCa-

selective antisense oligonucleotide led to induction of p53, IGFBP-3, and apoptosis but not

Bcl-XL, Bax or p21 WAF1, three other p53-response molecules (Shen et al., 1999). In

addition, diminished IGFBP-3 bioactivity may be found in the future to result from primary

defects in its cell surface association proteins or receptors or in its nuclear localization, once

these processes are more thoroughly characterized.

Thus, alterations in the IGF/IGFBP balance have been shown, at different levels and in

various models, to contribute to carcinogenesis. The recent associations of increased cancer

risk with elevated circulating IGF concentrations do not prove causality. But given the fact

that IGF axis changes often play a role in carcinognesis, the contribution of systemic IGF

levels must be further investigated.
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Fig. 1.
Insulin-like growth factor-binding protein (IGFBP) functions. A: Modulating IGF actions.

IGFBP-3, as part of the 150-kDa complex, carries insulin-like growth factors (IGFs) in the

circulation and traffics them to the target tissues. At the target cells, IGFBPs can prevent

insulin-like growth factor type 1 receptors (IGF-1R) down-regulation by sequestering the

IGFs, as shown on the left. When cleaved by IGFBP proteases, the IGFBPs release free IGF

to bind to the IGF-1R and stimulate mitogenesis, as shown on the right. B: IGF-independent

actions. IGFBP-3, secreted in an autocrine or para-crine manner, can bind to its cell surface

receptor and induce apopto-sis in an IGF-independent fashion. IGFBP proteases can cleave

the IGFBPs and thereby reduce or completely eliminate this effect.
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Table 1
IGF axis perturbations that can contribute to carcinogenesis

I. Increased IGF/IGF-1R activity.

A. Elevated IGF levels.

1. systemic.

2. autocrine/paracrine.

B. Enhanced IGF-1R function.

1. receptor number.

2. receptor activity.

3. stimulation by IGF.

a. modulated by IGFBPs.

1. systemic.

2. autocrine/paracrine.

b. modulated by IGFBP proteases.

II. Decreased IGF-independent growth inhibition by IGFBPs.

A. Diminished IGFBP levels.

1. systemic.

2. autocrine/paracrine.

3. reduced induction by IGFBP-regulators.

4. augmented proteolysis.

B. Impaired IGFBP function.

1. disrupted interactions with cell surface receptors or association proteins.

2. ineffective nuclear localization.
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