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SURVEY 

Insulin-like Growth Factor Binding Proteins and their Role in 
Controlling IGF Actions 

David R Clemmons 

The insulin-like growth factor binding proteins (IGFBPs) are a family of six proteins that bind to 
insulin-like growth factor-I and -II with very high affinity. Because their affinity constants are 
between two- and S0-fold greater than the IGF-I receptor, they control the distribution of the IGFs 
among soluble IGFBPs in interstitial fluids, IGFBPs bound to cell surfaces or extracellular matrix 
(ECM) and cell surface receptors. Although there are six forms of insulin-like growth factor binding 
proteins, most interstitial fluids contain only three or four forms, and usually only one or two 
predominate. The proteins differ significantly in their biochemical characteristics, and this accounts 
for many of the differences that have been observed in their biological actions. Several different 
types of protease cleave these binding proteins. Proteolytic cleavage generally inactivates the binding 
proteins or reduces their ability to bind to IGF-I or -II substantially. Several cell types have been 
shown to secrete these proteases; therefore, the factors that regulate protease activity can control 
binding protein actions indirectly. Other post-translational modifications, such as glycosylation and 
phosphorylation, have been shown to alter IGF binding protein activity. While binding protein 
actions have been studied extensively in vitro, many of the in vivo activities of these proteins remain 
to be defined. , ~997 Elsevier Science Ltd All rights reserved 

Key words: Insulin-like growth factor-I or -II (IGF-I or -II)" IGF binding proteins ( IGFBPs)-Growth  
hormone (GH)" IGF receptors" IGFBP proteases" Serine and matrix metalloproteases 

The insulin-like growth factor binding proteins (IGFBPs) The nomenclature used to name the IGF binding pro- 
were originally discovered while attempting to purify teins was developed as a result of the historical order in 
insulin-like growth factor-I (IGF-I) from serum [1, 2]. which these sequences were identified. IGFBP-1 was the 
Chromatographic studies showed that most of the IGF- first to be purified and sequenced because of its abun- 
I in serum had a molecular weight estimate of 150 kDa dance in amniotic fluid [4, 5]. This was followed by DNA 
by neutral gel filtration chromatography, even though the sequencing which was used to determine the entire amino 
purified material was later discovered to have a molecular acid sequence [6, 7]. The cloning and sequencing of rat 
weight of 7649. This difference was suspected to be due IGFBP-2 followed shortly thereafter [8]. IGFBP-3, which 
to binding protein activity since acid gel filtration chro- had been purified to homogeneity from serum [9], was 
matography resulted in dissociation of the  IGF biological cloned and sequenced [10]. Subsequently, Ling and 
activity from higher molecular weight proteins [2]. Later, coworkers reported the sequences of IGFBP-4, -5 and -6 
reconstitution experiments showed that the IGF-binding [11]. 
protein complex could reform if the acid gel filtration During attempts to purify these materials, specific anti- 
separated fractions were recombined [3]. This led to sera for IGFBP-I  and-3 were developed that allowed the 
attempts to purify the binding activity from serum and measurement of these proteins in physiological fluids [12, 
amniotic fluid. 13]. Subsequently, the development o f c D N A  probes and 

antibodies for all six binding proteins further facilitated 
work in this area. This has led to the rapid accumulation 
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CONTROL OF IGF BINDING PROTEIN SYNTHESIS complementary to that of IGF-II [30]. In contrast, 
AND SECRETION IGFBP-4 is found to be widely expressed in multiple 

subsets of mesenchymal cells. IGFBP-5 is expressed as 
The factors that regulate IGF binding protein synthesis early as day 10 in specific regions of surface ectoderm, in 

by specific cell types are major determinants of the tissue muscle all precursors and differentiating somites, noto- 
distribution of IGF-I and -II. Both IGF-I and IGF-II chord and the foreplate regions of neuroepithelium [30]. 
have important autocrine/paracrine actions, particularly Likewise, specific neuronal populations, such as the olfac- 
during fetal life [15] and during tissue repair after injury tory bulb, also express this form of IGFBP. Expression 
[16]. Gene targeting experiments have shown that oflGFBP-6 does not begin until day 15. It is localized to 
reduced expression of pituitary growth hormone results cells surrounding developing cartilage. 
in dwarfism in mice and that restoration of IGF-I Expression of IGFBPs changes quite significantly in 
secretion by transgenic manipulation can restore normal many tissues during the fetal to adult transition. IGFBP- 
growth [17]. Similarly, gene targeting IGF-I of IGF-II 2 mRNA is abundant in late fetal rate liver but is 
results in 40-50% reduction in size at birth [18], and extremely low in adult rat liver [22]. In contrast, IGFBP- 
IGF-I deletion also results in further postnatal growth 4 mRNA, which is low in the fetal liver, increases sub- 
attenuation [19]. A large percentage of this reduction is stantially in the adult. The converse is true for kidney 
believed to be due to the loss of the autocrine or paracrine wherein it is expressed in fairly high levels in the fetus, 
actions of the IGFs within tissues; therefore, the factors but undetectable in the adult. The developmental changes 
that control tissue IGF concentrations are important for in cell-type specific expression of IGFBP-5 have been 
normal growth, extremely well characterized in brain, kidney and ovary. 

Although all cells and tissues that have been examined The functional consequences of these changes have not 
synthesize at least one form of IGFBP, the general pat- been determined. 
tern is that each tissue or cell type synthesizes different 
combinations. Therefore, mesenchymal cells, such as CONTROL OF IGFBP CONCENTRATIONS IN 
fibroblasts, synthesize IGFBP-3, -4 and -5 [20], whereas BLOOD AND REGULATION OF THE ENDOCRINE 
epithelial cells usually synthesize more IGFBP-2 and -4. ACTIONS OF IGF-I AND -II 
Similarly, within organs, there may be discrete regions 
that localize specific forms of IGFBPs such as, local- The endocrine actions of IGF-I and -II are also necess- 
ization of IGFBP-5 within the olfactory bulb [21]. The ary for normal postnatal growth and development. 
exact physiological significance of such discreet regional Secretion of IGF-I and -II by the liver into the circulation 
specificity has not been determined. The regulation of is under the control of pituitary growth hormone, and this 
synthesis of IGFBPs by specific cell types has been studied is believed to be the origin of the IGFs in the circulation. 
intensely and is beyond the scope of this review. An Ablation ofthissourcebyhypophysectomyorGHrecep- 
excellent summary of this information is a comprehensive tor mutations results in decreased IGF-I mRNA in liver 
review by Rechler [22]. and growth retardation [31, 32]. Since, following the entry 

Generally, IGFBP secretion by cells in culture has been into the circulation, the IGFs immediately bind to 
analysed using the technique known as ligand blotting IGFBPs, the factors that control IGFBP concentrations 
[23]. Some authors have studied synthesis using metabolic in blood are also potential endocrine regulators of IGF 
labeling and immunoprecipitation [24] and other inves- actions. In order to understand the endocrine actions of 
tigators have studied the effect of various factors on both IGF-I and -II, it is necessary to understand the role 
mRNA abundance, mRNA stability or direct analyses of of traditional hormones in controlling IGFBP synthesis 
gene transcription [25-27]. In general, these studies have by the liver and their secretion into the circulation. 
been successful in identifying many factors that stimulate 
synthesis of individual forms of binding proteins, and IGFBP-1,-2 a n d - 3  
there are multiple examples of factors such as retinoic 
acid that are potent stimuli of synthesis of one particular The principal carrier of IGF-I and -II in serum is 
protein but have no effect on synthesis of another form IGFBP-3 [33]. It is synthesized in the liver, by non- 
that is constitutively synthesized by the same cell type parenchymal cells [34]. The endothelium may also be an 
[28]. important source [35]. Because of its high affinity con- 

stant which is 10- to 20-fold greater than either IGFBP- 
TISSUE EXPRESSION OF IGFBPs 1 or -2, the other major forms oflGFBPs in serum (Table 

1), it binds 90-96% of IGF-I and -II. Its molar con- 
Analysis of mid-gestational rats has shown that centration is usually nearly equal to the sum of IGF-I 

IGFBP-1 expression is restricted to the liver [29]. In con- plus IGF-II. The blood concentrations of IGFBP-3 are 
trast, IGFBP-2 expression is very high in tissue types regulated by age, nutrition and the hormonal milieu [36]. 
derived from ectoderm and endoderm, but there is very Growth hormone (GH) is the major hormonal factor 
little mesodermal expression. IGFBP-3 expression occurs controlling its concentration. Plasma IGFBP-3 levels are 
primarily in mesoderm, but it is restricted to a specific elevated in patients with acromegaly, and low in patients 
subset of mesenchymal cells. Its expression pattern is with hypopituitarism. GH directly stimulates IGFBP-3 
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Table 1. Post-translational modifications 

Structural 
characteristics IGFBP-1 IGFBP-2 IGFBP-3 IGFBP-4 IGFBP-5 IGFBP-6 

Glycosylation - - N N O O 
Heparin binding - +~ + - + ND 
Phosphorylation + - + - + N D 
Proteolysis - + + + + ND 
Cell surface ECM localization - + + - + - 
RGD sequence + + . . . .  

"Only if IGF-I or IGF-II is present. 
ND: not determined. 

synthesis, and factors that attenuate growth hormone [40]. This results in retention of the IGFBP-3 that is 
action result in a major decrease in its concentration contained within the complex and reduces the clearance 
in blood. IGF-I  is a secondary regulator and has been rate of the IGFs.  In general, most of  the IGF-I  and -ll 
reported to increase IGFBP-3 blood concentrations in ( > 9 0 % )  in serum is bound to this complex, although 
rodents [22]. However, the effects of  IGF- I  are complex some I G F  is present bound to IGFBP-3 that is not associ- 
because it allows binding of a third protein, termed acid ated with the complex and to other forms of IGFBPs. 
labile subunit (ALS) to the IGFBP-3 / IGF  complex [37]. Although IGF-1 can also stimulate an increase in IGFBP-  
This acts to stabilize the IGF- I / IGFBP-3  complex and 3, free IGF-I  suppresses G H  which is necessary to main- 
prolong its half life, but whenever IGF-I  concentrations tain normal ALS levels. Therefore, high dose admin- 
exceed the IGFBP-3 binding capacity, they act indirectly istration of IGF-I  will result in decreased ALS and 
(see below) to suppress ALS. Therefore, the role of  IGF-  ultimately in decreased levels of  IGFBP-3. This results in 
1 appears to be maintenance of  IGFBP-3 concentrations, a smaller pool of  plasma IGF and an attenuated response 

Hormones other than G H  also influence the synthesis in terms of  protein synthesis and protein balance. Ani- 
and secretion of 1GFBP-3 [22, 31], which is low in pre- reals that are treated with G H  intravenously show a 
pubertal males and is increased following testosterone two-fold increase in ALS concentrations, and a four-fold 
administration. IGFBP-3 concentrations are 40% lower increase in ALS m R N A  [39]. Severe insulin depletion 
following menopause and can be increased to pre- results in decreased ALS synthesis, possibly leading to 
menopausal  levels in postmenopausal females with phy- the reduction in serum IGF-I  levels seen in diabetes, and 
siologic estrogen administration. Thyroxine controls insulin is necessary for hepatocytes to maintain normal 
IGFBP-3 concentrations, which are lowin primary hypo- ALS synthesis in vitro. Glucocorticoids suppress ALS 
thyroidism and increase to approximately 55% following m R N A  synthesis and fasting results in a decrease in ALS 
adminstration of  thyroxine. Insulin may have a role in concentrations [39, 41]. Therefore, ALS appears to be 
maintaining plasma IGFBP-3 concentration, since it regulated parallel with IGFBP-3 and to someextent  with 
improves the IGFBP-3 synthesis response to GH,  but it IGF-I .  
does not appear to have a direct effect. In summary, several factors function coordinately to 

Coordinate regulation of IGF-I  and IGFBP-3 is an maintain near equimolar concentrations of  the sum of 
important  mechanism for maintaining an adequate res- IGF-I ,  plus IGF- I I  with IGFBP-3. These include rapid 
ervoir of  IGF-I  in the vasculature. When IGF-I  synthesis clearance of free IGF,  a coordinate increase in the syn- 
is increased by GH,  there is a concomitant  increase in thesis of  IGF-I ,  IGFBP-3 and ALS in response to G H  
IGFBP-3 and therefore in 1GF binding capacity. In and maintenance of the ternary complex by IGF-I  or 
addition to these two proteins, the IGF/ IGFBP-3  corn- IGF-I I  binding. Although binary complexes of  IGF-1 or 
plex binds to the acid labile subunit, and these three IGF-I I  and 1GFBP-3 form in the serum, they constitute 
proteins constitute the stable 150,000-Da ternary a small percentage of the total IGF concentration. 
complex. The synthesis secretion of ALS is dependent IGFBP-2 is the second most abundant form of IGFBP 
upon G H  and it is not increased by IGF-I .  However, in serum. Its affinity for IGF-I I  is four-fold higher than 
since IGF-I  or IGF-I I  binding to IGFBP-3 facilitates its its affinity for IGF-I.  This protein does not form a ternary 
binding to ALS, an increase in IGF-I  will act to stabilize complex with any other protein and circulates associated 
the three proteins and prolong their half-lives [38]. in a binary complex with either IGF-I  or IGF-I I  [42]. 

G H  directly stimulates ALS synthesis in hepatocytes This complex has a molecular weight estimate of  40 
[39]. A major function of the IGFBP-3/ALS complex is 50 kDa. The IGFBP-2 that is present in the circulation 
to prolong the half lives of  IGF- I  and -II in the vascu- originates from hepatocytes, and the abundance of 
lature. ALS functions to attenuate transport  of  the binary IGFBP-2 m R N A  in liver is regulated in parallel with its 
IGF/1GFBP-3 complex out of  the vasculature. While free plasma concentrations. G H  is a determinant of  IGFBP- 
IGFBP-3 is cleared from serum with a half-life of  1 2 h, 2 plasma concentrations, and they are inversely related 
the ALS/ IGFBP-3 / IGF  complex has a half-life of  16 h to the ambient level o f G H .  IGF-I  is a potent stimulant of  
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IGFBP-2 concentrations in serum [43]. Generally, there is increase that occurs in serum insulin concentrations 
an excess of IGFBP-2 binding capacity in serum, and, results in a four- to five-fold decrease in IGFBP-1 [48]. 
therefore, it can act as a reservoir for free IGF-I following This change is due to a direct suppression of IGFBP-1 
acute IGF-I administration. Plasma IGFBP-2 con- synthesis in the liver [48]. IGFBP-1 mRNA abundance 
centrations also appear to be increased by IGF-II, par- in liver has been shown to decrease after administration 
ticularly in patients with non-islet cell tumor of insulin to diabetic or normal animals. This change is 
hypoglycemia (tumors that produce IGF-II) [44]. due to direct effect of IGFBP-1 transcription, and there 

Hepatic IGFBP-2 mRNA expression is increased sig- is an insulin response element in the 5' flanking region of 
nificantly in diabetic rats and suppressed with insulin the IGFBP-1 gene [49]. This element has a consensus 
administration [45]. This finding is not mimicked in sequence that is similar to the insulin response element 
humans, however, who show no significant increases in in the PEPCK gene and mediates the effect of insulin on 
serum IGFBP-2 concentrations unless they are also sev- transcription [50]. IGFBP-1 has also been shown to cross 
erely malnourished, and IGFBP-2 levels are not acutely intact capillary beds, and the amount that crosses in a 
suppressed in patients with Type I diabetes by insulin, fixed time period is dependent upon the ambient insulin 
Nutrition is a weak regulator of IGFBP-2 expression, concentration [51]. This provides a second mechanism by 
IGFBP-2 gene transcription is increased in starved rod- which insulin can decrease serum IGFBP-1. The func- 
ents and plasma concentrations are increased in fasted tional consequences of this large change in IGFBP-1 on 
humans [46]. This change is slow, and it takes 6 days for IGF-I stimulated glucose disposal are not well defined. 
levels to reach their maximum. The principal nutrient Lewitt et al. showed that acute administration of a large 
that appears to be involved is protein since moderate excess of IGFBP-1 to normal rats resulted in a slight 
caloric restriction in normal human subjects does not increase in blood glucose [52]. However, the manner in 
result in any significant change in IGFBP-2 concen- which this protein functions in the usual physiological 
trations, but severe protein deprivation results in a 3(~ situation where there is a relatively low concentration of 
40% increase. Strauss et al. have shown that the hepatic unsaturated IGFBP-1 (e.g. only enough to bind 2-5 
IGFBP-2 mRNA increases with protein restriction, and ng/ml of IGF-I) is not entirely clear. 
this change is reversible with protein refeeding [47]. In addition to decreasing after insulin administration, 

IGFBP-2 has also been shown to be regulated by thy- IGFBP-1 levels also correlate with changes in insulin 
roxine. Thyroxine administration to hypothyroid animals sensitivity. IGFBP-1 levels are elevated in Type I diabetes 
results in a small increase in IGFBP-2. Data with sex and are lowered after administration of insulin. Fasting 
steroids, such as androgens, have not been reported. Glu- for relatively short periods, e.g. 12-14 h, results in a four- 
cocorticoids suppress IGFBP-2 synthesis in mesenchymal 

to six-fold increase in IGFBP-1 concentrations, probably 
cells, but have minimal effects on serum IGFBP-2 levels. 

due to suppression of  insulin [46]. In states of insulin 
GH regulation of IGFBP-2 has been demonstrated in resistance, IGFBP-1 levels are elevated but return to nor- 

experimental animals. Hypophysectomy in rats results in 
a 10- to 20-fold increase in IGFBP-2 mRNA in the liver, mal when these states are ameliorated. GH suppresses 
and plasma levels are also concomitantly increased [25]. IGFBP-1, and its levels are elevated in children or adults 

with GH deficiency [48, 53]. 
Similarly, hypophysectomy in pigs results in a substantial 

In addition to insulin, glucocorticoids that are counter- 
increase. Insulin deficiency also results in an increase in 
plasma IGFBP-2 in rats, and readministration of insulin regulatory hormones opposing insulin action have the 
to diabetic animals results in a decrease. However, opposite effect on IGFBP-1 synthesis. Specifically, glu- 

cocorticoid administration to animals results in increased humans with poorly controlled Type I diabetes do not 
have an increase in plasma IGFBP-2. GH administration serum IGFBP-I concentrations [54, 55]. In cell culture, 
to humans results in a substantial lowering of plasma IGFBP-1 gene transcription has been shown to be 
IGFBP-2 [46]. The effect of GH appears to be mediated directly enhanced by glucocorticoid addition, and insulin 
independently of insulin. That this is a direct effect of reverses this effect in a dominant negative manner [24]. 
GH is suggested by the observation that administration More recently, a glucocorticoid response element in the 
of GH to patients with GH receptor mutations does not 5' flanking region of the IGFBP-1 gene has been identified 
result in such a decrease [32]. [49]. In addition, there is direct interaction between insu- 

The IGFBP-1 that is present in the circulation is also lin and glucocorticoids in regulating IGFBP-1 tran- 
synthesized in the liver. In situ hybridization studies have scription. Glucocorticoid-mediated induced IGFBP-1 
shown that the liver, maternal placenta and uterus are transcription is also dependent upon hepatic nuclear fac- 
the only major sites of synthesis [22]. Hepatic synthesis tor 3 (HNF-3) and an intact HNF sequence is required 
of IGFBP-1 is primarily under the control of insulin, for glucocorticoids to stimulate and for insulin to inhibit 
although other hormones such as GH and cortisol also IGFBP-1 promoter activity [56]. Thus, plasma levels of 
participate. In contrast to IGFBP-3, a substantialportion IGFBP-1 appear to be regulated predominantly at the 
of IGFBP-1 and -2 in blood is unsaturated. Therefore, level of hepatic mRNA synthesis. The exact role by which 
they have been postulated to be the major modulators of these hormonally induced changes in IGFBP-1 modify 
free IGF levels. Insulin is the major determinant of IGF-I and- I I  actions to alter carbohydrate metabolism 
plasma IGFBP-1 concentrations. The post-prandial requires further analysis. 
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IGFBP-4,-5 and-6 boxyl terminal ends, have some IGF binding activity 
[59]. Fragments that contain only the cental core of the 

The serum concentrations of intact IGFBP-4are quite molecule that is not conserved have no IGF binding 
low, and the role of this peptide in regulating IGF activity. 
bioavailability from vascular sources in unclear. The only Another conserved element of interest is the Arg-Gly 
major hormone that has been shown to regulate IGFBP- Asp sequence that is located in the carboxyl terminus of 
4 concentrations in serum is the parathyroid hormone. IGFBP-1 and -2. IGFBP-1 has been shown to bind to 
Mohan and coworkers showed that, in states of low bone the e5fll integrin through this sequence [60]. Radio- 
turnover and low parathyroid hormone concentrations, labeling of both human fibroblast and porcine aortic 
serum IGFBP-4 concentrations were increased [57]. Simi- smooth muscle cell surface proteins followed by immu- 
larly, other investigators have shown some correlation noprecipitation with anti-integrin antibodies shows that 
with sunlight exposure suggesting that vitamin D or one multiple integrins are present. However, ~5/~1 is on the 
of its active metabolites also may regulate serum IGFBP- integrin that binds to IGFBP-I.  IGFBP-2 does not bind 
4. Since IGFBP-4 is a potent inhibitor of IGF acitivty in to cdfll, suggesting that it is folded in such a way that its 
bone, this suggests that serum IGFBP-4 concentrations RGD sequence cannot bind to this integrin. 
may be linked to the control of the trophic effects of IGF- The central nonconserved region of the IGFBPs also 
1 on bone metabolism, has an important physiological role. All of the IGFBPs 

Studies to determine the variables that regulate the are cleaved by proteases, and proteolysis results in the 
serum concentrations of IGFBP-5 and -6 are limited, loss of IGF binding affinity. Most of the proteolytic cleav- 
Although these proteins are detectable in serum, their age sites that have been identified to date are within 
concentrations are extremely low, and it is difficult, at the nonconserved region [61]. Therefore, it is likely that 
this time from the available published data, to present protease specificity is due in part to the presence of these 
an organized theory as to how changes in their serum nonconserved sequences. Since distinct proteases have 
concentrations might alter IGF action. Additionally, been identified for IGFBP-2, -3,-4, and-5, it is likely that 
IGFBP-5 is synthesized principally by connective tissues, these proteases use unique cleavage sites. This has the 
and the protein has several characteristics (to be reviewed potential to provide a physiological mechanism by which 
below) that inhibit its ability to enter the vascular space, the activities of IGFs are regulated in a tissue or cell-type 

specific manner. 
PROTEIN STRUCTURES AND FUNCTIONAL Two IGF-binding proteins, e.g. IGFBP-3 and -4, have 
RELATIONSHIPS been shown to undergo N-linked glycosylation. IGFBP- 

3 contains three putative N-linked glycosylation sites, of 
The amino acid sequences of the six forms of IGF which at least two have been shown to be used. IGFBP- 

binding proteins are shown in Figure 1. Analysis of the 4 contains one consensus site which is also used. Both 
sequence alignment of these proteins shows several corn- 1GFBP-5 and -6 have been shown to be O-glycosylated. 
mon and yet distinct structural features. Each protein The biologic significance of both O- and N-glycosylation 
contains a leader sequence with a hydrophobic domain, for these proteins is undefined. 
and all are known to be synthesized and secreted by at 
least one cell type. The proteins vary in length from 216 
amino acids (IGFBP-6) to 289 amino acids (IGFBP-2). VARIABLES THAT REGULATE THE AFFINITIES OF 
All six proteins contain 18 cysteines that are conserved. THE VARIOUS FORMS OF IGFBPs 
IGFBP-4 contains two additional cysteines in the central 
core of the molecule. There is a great deal of conservation One of the most important observations regarding 
of sequence in both the amino and carboxyl terminal IGFBPs is their high affinity for IGF-I and -II. IGFBP- 
regions. The region containing the first 10 cysteines in 3 and -5 have the highest affinity. These estimates vary 
the amino terminal domain is highly conserved. In the between being two- and 50-fold greater than the Type i 
region between cysteines 5 and 11, 21 and 29 amino IGF receptor. The biological implications of this high 
acids are conserved in five of the six proteins. The region affinity are obvious since soluble high-affinity IGFBPs 
between cysteines 12 and 18 is also conserved. The region will prevent receptor association. The importance of 
between cysteines 14 and 17 contains 17 of 28 amino changes in the affinities for IGFBPs is that, under specific 
acids that are identical in at least five of the six forms of situations where their affinities are lowered significantly, 
IGFBPs. Although the exact linear sequences responsible they can provide a stable reservoir of IGF that is in a 
for IGF binding have not been identified, it is presumed more favorable equilibrium with receptors and, therefore, 
that a combination of these conserved sequences plus a capable of stimulating growth and anabolic functions. 
specific folding pattern is required for IGF recognition. Additionally, they may prevent clearance of IGF from 
Data to support this conclusion include experiments in tissues, thereby providing a more stable reservoir. There- 
which the disulfides have been reduced and then scram- fore, it has been of interest to determine the variables 
bled. These altered forms bind IGF-I poorly [58]. Simi- that regulate IGFBP affinity. 
larly, fragments of the protein that contain intact To date, three factors have been shown to dramatically 
intrachain disulfide bonds, but only the amino or car- alter affinity of lGFBPs (Table l). The first is proteolysis. 
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~.~.e, Acid Sequence Alignment 
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Figure 1. The amino acid sequences of the human IGF binding proteins are shown. ]he amino acids that are identical in at least 
four of the six IGFBPs are shaded. The asterisk indicates conserved cysteines. The RGD sequences in the IGFBP-1 and -2 are 
boxed. The N-glycosylation sites in IGFBP-3 and -4 are underlined. 

Although proteolytic cleavage may result in the gen- proteolysed complex did not, suggesting that proteolysis 
eration of fragments that have no affinity for IGF,  it had altered the affinity of  IGFBP-3 for IGF-I.  Recently, 
has also been shown to result in fragments that have these earlier observations have been clarified by showing 
significantly lower affinity, and binding to these lower that the principal fragment of  IGFBP-3, that is the 30- 
affinity fragments has been shown, in some cases, to result kDa fragment that is generated, can still bind to IGF-I  
in potentiation of the effect of  IGF-I .  Similarly, phos- or IGF-I I ,  but with reduced affinity [68]. This binary 
phorylation of IGFBP-1 has been shown to increase its complex is still capable of  binding to ALS [69]. 
affinity for IGF-I  by approximately six-fold [62]. The Subsequently, it was determined that both human and 
lower affinity nonphosphorylated forms of IGFBP-1 rat pregnancy serum contained high concentrations of  a 
have been shown, under certain culture conditions, to protease that cleaved IGFBP-3 [70-72]. The technique of 
enhance the effect of  IGF-I  on smooth muscle cell and ligand blotting had been developed at that time, and this 
fibroblast replication [63]. Finally, adherence to either technique was used to show that the remaining IGFBP-3 
cell surfaces or the extracellular matrix has been shown fragments had significantly reduced affinity for IGF-I.  
to be associated with a lowering of IGFBP affinity and Incubation of intact IGFBP-3 with pregnancy serum con- 
potentiation of I G F  action [64-66]. Therefore, the vari- taining the protease in t:itro, followed by immunoblotting, 
ables that regulate the affinity of  these proteins may be confirmed that the size of  IGFBP-3 had shifted protein 
important  determinants of  IGF  action at the cellular from 46 to 30 kDa. This protease was found to be a 
level, cation-dependent serine protease. Subsequent studies 

have shown that matrix metalloproteases, principally 
P r o t e o l y s i s  MMP1 and MMP2, which are also present in human and 

rat pregnancy serum, can degrade IGFBP-3 [73]. Unlike 
The initial studies of  IGFBP proteases were directed the serine protease activity, these proteases are not spec- 

toward the analysis o f lGFBP-3  proteolysis since IGFBP-  ific for IGFBP-3 but will degrade other forms of IGFBPs. 
3 is the predominant  form in serum. It was shown that a The exact sites of M M P  cleavage have not been deter- 
divalent dependent protease activity existed in normal mined; however, it has been shown that they are in the 
serum, but following proteolysis of  the 150K complex, central core (nonconserved region) of  IGFBP-3. Pro- 
IGF-I  and -II remained associated with this complex, teolytic activity increases as a function of gestation in the 
although the affinity of  the I G F B P  for IGF- I  was reduced rat, and there is much more activity in the latter part  of  
[67]. Treatment  with heparin (a strong cationic agent) pregnancy than the first half of  pregnancy. In humans, 
resulted in dissociation, whereas treatment of  the non- this time-dependent change in IGFBP-3 proteolysis is less 
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important, and the activity is high throughout gestation. IGFBP-2 from the circulation and therefore decrease the 
The change in MMP activity may be due to the decline half-life of IGF-I. Levels of  this protease are increased 
in tissue inhibitor of metalloprotease that occurs during during starvation [83]. Unlike the IGFBP-3 protease, this 
pregnancy. Plasmin has been proposed to be one of the activity could not be demonstrated in vitro and is solely 
IGFBP-3 proteases in pregnancy serum [74]. However, an in vivo phenomenon, suggesting that the protease is 
free plasmin is not present in plasma, and, therefore, not released into the serum [83, 84]. Children with severe 
the degradation caused by plasmin would have to occur protein calorie malnutrition have been shown to have 
during placental passage. Although normal plasma con- significant cleavage of IGFBP-2 [85]. Food deprivation 
tains very little detectable IGFBP-3 protease, proteolytic of new born pigs also results in the appearance of IGFBP- 
activity can be detected in a variety of conditions other 2 proteolytic activity in serum [84]. 
than pregnancy. In GH deficiency, there is increased An IGFBP-2 specific serine protease has been shown 
IGFBP-3 protease activity [75]. Likewise, after stresses to be present in culture supernatants of aortic smooth 
such as the induction of surgery or acute medical illnesses, muscle cells [86]. This serine protease is inhibitable with 
there is an increase in proteolytic activity in serum [76, multiple members of the serpin inhibitor family, including 
77]. Fasting induces proteolysis, as does non-insulin- heparin cofactor II and anti-thrombin-III. Heparin also 
dependent diabetes, directly inhibits the activity of this protease. The effect of 

The consequences of proteolysis of serum IGFBP-3 these serpins can be potentiated in the presence of 
are less well understood. Since the 30-kDa fragment of heparin. It has a molecular weight estimate of 37 kDa. 
IGFBP-3 that is detected has a 20- to 30-fold reduction in To cleave IGFBP-2 optimally, the protease requires the 
affinity for IGF-I, it has been proposed that the remaining presence of either IGF-I or IGF-II binding to IGFBP- 
IGF-I  that is bound is in more of  a nearly complete 2. If neither is bound to the substrate, then proteolysis 
equilibrium with the extravascular tissues. Binoux has proceeds at a very slow rate. The fragments that are 
shown that the IGF-I  that is bound to the 150-kDa corn- generated are identical in size to those that are present 
plex following proteolysis is in much better equilibrium in pig serum after starvation, suggesting that the same 
with other binding proteins in serum and the IGFs in protease may be accounting for its cleavage. The protease 
extravascular space [78]. This may be an important mech- is specific for IGFBP-2 and does not degrade other forms 
anism for providing IGF to extracellular tissues during of IGFBPs. The IGFBP-2 fragments that are generated 
times of stress when the protease activity is abundant, do not have the capacity to bind to either IGF-I or IGF- 

Certain proteases that exist in serum other than plas- II; therefore, proteolytic cleavage may be necessary for 
min have been shown to degrade IGFBP-3. One is pros- 1GF-I and -II to access receptors, although this has not 
rate specific antigen (PSA), which is present in high been definitely proven. 
concentrations in patients with disseminated prostate Like IGFBP-2 and -3, IGFBP-5 is also proteolytically 
cancer [79]. The other specific protease that degrades cleaved [87]. One of the unique properties of IGFBP-5 is 
IGFBP-3 is Cathepsin-D [80]. However, the role of its ability to associate with the extracellular matrix 
Cathepsin-D in controlling IGFBP-3 abundance in tis- (ECM). When associated with the ECM, it appears to be 
sues remains to be established since this is an intracellular protected from proteolysis. However, when it is present 
cleavage event. Other than the tissue specific localization in interstitial fluids, it is degraded. The cell types that have 
of the IGFBP-3 pregnancy serum protease activity in been analysed, e.g. fibroblasts, osteoblasts and smooth 
placenta, the origin of most IGFBP-3 protease activity muscle cells, release a serine protease into their medium 
has not been determined. Several cell types, including [20, 87, 88]. Like IGFBP-3, IGFBP-5 is also cleaved by 
fibroblasts, endothelial cells and breast carcinoma cells in MMPs [89]. In fibroblast-conditioned medium, IGFBP- 
culture have been shown to release proteases that cleave 5 is degraded both by a serine protease and by MMPs, 
IGFBP-3. The exact identity of most of these proteolytic but the activity of the MMPs is relatively less compared 
activities and the variables that control their abundance to the serine protease because of the presence of Timp-1 
are unknown at present, and -2, which are also synthesized by these cells. The 

Proteases have been detected in physiologic fluids out- serine protease degrades IGFBP-5 into a major 22-kDa 
side the vascular compartment. Lymph has been shown fragment that has a very weak binding affinity for IGF-I 
to contain high concentrations of IGFBP-3 protease [81]. and -II. Like the IGFBP-2 protease, this serine protease is 
This suggests that proteolysis may occur in interstitial inhibited by serpins including anti-thrombin-llI, heparin 
fluids after transport out of the vascular compartment, cofactor 1I and heparin, and its activity can be modulated 
The activity of IGFBP-3 protease has also been studied by these substances in vivo. It has a molecular weight 
in peritoneal fluid, ovarian follicular fluid and synovial estimate of 95 kDa and is specific for IGFBP-5 [90]. 
fluid. Peritoneal fluid contains the greatest amount of Unlike the IGFBP-2 protease, IGF-I and -II binding to 
activity [82]. Joint fluid obtained from patients with IGFBP-5 does not significantly alter the rate of proteo- 
osteoarthritis or rheumatoid arthritis contains con- lysis. Since the identity of the protease has not been 
siderably more proteolytic activity compared to normal established, the variables that regulate activity are 
joint fluid, unknown. However, it is clear that, when there is a high 

Serum has also been shown to contain a protease that ratio of IGFBP-5 to IGF-I, a certain rate of proteolysis 
cleaves IGFBP-2. This would result in rapid clearance of needs to be maintained in order for IGF-I to stimulate 
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cellular responses. The MMPs that degrade IGFBP-5 in IGFBP-1 phosphorylation in diabetes may be an impor- 
vitro include 52- and 72-kDa gelatinases. An osteoblast tant determinant of IGF-I action in this particular dis- 
cell line (MC 3T3) that was studied by Thrailkill and order [97]. IGFBP-3 has also been shown to be 
coworkers was shown to contain a 97-kDa serine protease phosphorylated, but the relative abundance of phos- 
activity and two metalloproteases [89]. All three enzymes phorylated forms of IGFBP-3 has not been determined 
degraded IGFBP-5. [98]. The phosphorylation sites have been identified at 

Proteases for IGFBP-4 are present in several tissue positions 111 and 113, but the identity of the kinase 
culture fluids, including cell culture supernatants from that is responsible for IGFBP-3 phosphorylation and the 
osteoblasts, neuronal and smooth muscle cells [92-93]. variables that regulate its activity are undetermined. 
The U2 osteosarcoma cell secretes a protease for IGFBP- 
4. Its activity is inhibited by aprotinin and soybean tryp- Adherence to cell surfaces, extracellular matrix and 
sin inhibitor but also by 1,10-phenathroline and EDTA glycosaminoglycans 
[94]. The U2 cell protease requires IGF-I binding to 
IGFBP-4 in order to detect activity. The protease inhibi- Studies that have determined the effect of adherence to 
tor data were interpreted to conclude that the U2 con- cell surfaces or to ECM on the affinity of IGFBP-3 and - 
dition media contained a metalloprotease. In contrast, 5 for IGF-I have been reported [66, 84]. Both IGFBP-3 
porcine aortic smooth muscle cells secrete an IGFBP-4 and IGFBP-5 have been shown to adhere to cell surfaces. 
protease that is specific for IGFBP-4 and does not This binding interaction is believed to be mediated for 
degrade other forms of IGFBPs. The activity of this both proteins through proteoglycans. Baxter has shown 
protease is also enhanced by IGF-I binding to IGFBP-4 that proteoglycan binding results in disruption of the 
[94]. It is a calcium-dependent, serine protease, and it has IGF/IGFBP-3/ALS complex, thus resulting in a better 
an estimated molecular weight of 52 kDa. equilibrium with other carriers or extravascular tissues 

[99]. However, IGFBP-3 has also been shown to bind to 
non-proteoglycan-containing proteins on the cell surface, 

Phosphorylation of IGFBPs and one group has presented data suggesting that this 
may be through a specific cell surface receptor. IGFBP- 

Three of the five forms of IGFBPs have been shown 5, in contrast, binds only to a heparin inhibitable cell 
to be phosphorylated, specifically IGFBP-1, -3 and -5. surface site. Functionally, IGFBP-3 binding to cell sur- 
IGFBP-1 is phosphorylated on serine residues at pos- faces is important because it results in a ten-fold reduction 
itions 101, 119 and 169 by a kinase that is present in CHO in IGFBP-3 affinity of IGF-I [84], and adherence has 
cells and HEP-G2 cells. Phosphorylation increases the been shown to enhance the effect of IGF-I in stimulating 
affinity of IGFBP-1 for IGF-I by six-fold. This probably AIB uptake by fibroblasts [100]. 
has some physiological significance since different phos- Similarly, IGF-I that is bound to ECM-associated 
phorylated forms have been found in physiological fluids IGFBP-3 or IGFBP-5 is in a more favorable equilibrium 
[62]. In amniotic fluid, most of the IGFBP-1 that is with receptors [66]. IGFBP-5 binding to ECM results in 
detected is in the nonphosphorylated form, whereas an eight-fold reduction in affinity and is associated with 
serum from adult animals contains mostly phos- stabilization of the IGFBP-5/IGF complex such that it is 
phorylated forms. The number of phosphates per resistant to proteolytic cleavage. IGFBP-5 clearly associ- 
IGFBP-1 molecule appears to control the affinity of ates with proteoglycans in the ECM; however, other non- 
IGFBP-1 for IGF-I since mutagenesis experiments have proteoglycans containing proteins can also bind IGFBP- 
shown that mutants that cannot phosphorylate the 101 5. Adherence to proteoglycans results in a major 
or 169 positions have significantly reduced affinity [95]. reduction (15-fold) in the affinity of IGFBP-5 for IGF-I, 

The relativedegreeofphosphorylationcanbedetected and a modest reduction (three-fold) in the affinity of 
by nondenaturing PAGE which results in separation of IGFBP-3 [101]. The eight-fold reduction in IGFBP-5 
the various phosphoisoforms with different electro- affinity that occurs after ECM association may be 
phoretic mobilities [62]. IGFBP-1 phosphomutants also required for IGFBP-5 to potentiate IGF action. IGFBP- 
have electrophoretic mobilities that correspond to their 3 binds poorly to the extracellular matrix (ECM) com- 
relative loss of phosphates. The biochemical identity of pared to IGFBP-5, and ECM binding results in a minimal 
the kinase that is present in HEP-G2 cells (probably also change in affinity. Therefore, ECM and cell surface 
present in normal hepatocytes) and that phosphorylates adherence may be important mechanisms by which the 
IGFBP-1 is unknown. Attempts to purify this material effects of these binding proteins modulate the effects of 
showed that casein kinase II is a candidate enzyme and a IGF-I (see below). 
kinase with an Mr estimate of 38 kDa that has bio- 
chemical properties similar, but not identical to, casein MODULATION OF IGF ACTION BY IGFBPs 
kinase I, was also identified [96]. The hormonal variables 
that regulate these kinase activities are unknown. White The effects of each form of IGFBP and IGF actions 
and coworkers have shown that diabetic serum contains have been studied in detail, but most of the studies have 
a very highly phosphorylated form of IGFBP-1 that has been conducted in vitro using cultured cells. Recently, 
a relatively high affinity for IGF-I and the regulation of some in vivo studies have been forthcoming as well as one 
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significant gene targeting experiment for IGFBP-2. These Four important in-vivo experiments have been con- 
data have allowed a more comprehensive picture of the ducted that have shown inhibitory effects of 1GFBP-1 
role of these proteins in controlling IGF action. Because (Table 2). Lewitt and coworkers injected a very large 
of their relatively high affinities, the IGF binding proteins concentration of IGFBP- 1 that resulted in at least a 10 : 1 
have the potential to control the distribution of the IGFs excess of IGFBP-I to free IGF-I into rats [42]. This 
among soluble forms of IGFBPs, the forms of IGFBPs resulted in a transient increase in blood glucose con- 
that are bound to either cell surfaces or ECM, and cell centration that had returned to normal at a time when 
surface IGF receptors. In addition, by controlling the the ratio had decreased to less than 4: 1. This suggests 
rate of effiux from the vascular compartment and the that, at very high molar ratios, IGFBP-1 can inhibit free 
exposure to renal tubular cells, the principal site of IGF- IGF-I concentrations sufficiently to reduce the effect of 
I degradation and elimination, they have a direct role in free IGF-I on glucose incorporation. Cox and coworkers 
controlling IGF-I bioavailability. Although this review injected a molar excess of IGFBP-1 with IGF-1 to hypo- 
will discuss the individual actions of each protein, since physectomized rats and achieved some attenuation of 
they have usually been studied in isolation, it is important IGF-I action in stimulating growth and sulfate incor- 
to remember that each cell type synthesizes multiple poration into cartilage [106]. These investigators used the 
forms of IGFBPs as well as IGFBP proteases. Therefore, nonphosphorylated form of IGFBP-I ,  suggesting that, if 
the target actions of any given form of IGFBP are regu- a high enough molar ratio is used, the phosphorylated 
lated by the abundance of that binding protein, its affinity form is not required to achieve inhibition. Two experi- 
for IGF-1 or IGF-II, the relative concentration of  IGF-1 merits, using transgenic animals, have been reported. 
and -I| within that physiological fluid and the amount of D'Ercole and coworkers created a transgenic mouse 
proteolytic activity, strain in which there was high expression of IGFBP-I 

Another variable that is often overlooked is that most in the brain [107]. Since IGFBP-1 is not constitutively 
cell culture experiments are conducted by removing the synthesized in the brain, this resulted in a phar- 
conditioned culture medium from the cell cultures at the macological situation in which there were relatively high 
time of initiation of the experiment, thereby reducing the concentrations of IGFBP-1 compared to free IGF-I. 
soluble binding protein levels in the medium to zero, then Under these conditions, brain growth retardation was 
adding back IGF-I. This is a nonphysiological situation noted. Interestingly, although the IGFBP-1 levels that 
since IGFBPs are present in all interstitial fluids, and, were achieved in serum were ten times normal, the ani- 
therefore, changes in IGF-I in vivo occur on a background reals showed no somatic growth retardation, suggesting 
of some concentration of binding protein. Therefore, the that the molar excess of IGFBP-I to IGF-I in the brain 
use of established culture conditions will artificially was relatively greater than in the serum. The phos- 
increase free IGF-I and will not mimic the usual in z~ivo phorylation state of the IGFBP-1 in the brain or in the 
pericellular environment, serum was not determined. 

In a separate series of studies. Rajkumar and cowor- 
IGFBP-1 kers used a different promoter and achieved very high 

I GFBP-1 expression during fetal growth [108]. This pro- 
Inhibition of IGF actions moter was activated very early in fetal life and resulted 

in high IGFBP-1 levels in fetal tissues. Under these con- 
Addition of an excess of IGFBP-1 with IGF-I or IGF- ditions, these investigators achieved a small amount of 

I1 will result in inhibition of their actions if certain somatic growth retardation. The levels of IGFBP-I in 
requirements are met. The form of IGFBP-1 must be the serum were markedly elevated, at least tenfold greater 
highly phosphorylated or it must be added in a molar than they would have been under normal physiologic 
excess of at least a 4 : 1. In addition, using an assay system, conditions. These two experiments illustrate that if in 
in which the biological response can be quantified after a vitro conditions can be mimicked in in ~,iz'o models, e.g. 
relatively brief interval, will make it more likely that extremely high levels of IGFBP-1 relative to IGF-I, then 
inhibition will be detected. Thus, excess IGFBP-1 has growth attenuation can be observed. 
been shown to inhibit alpha aminoisobutyric acid (AIB) 
uptake in JEG-3 carcinoma cells and protein synthesis in 
muscle cells [102]. Likewise, it can inhibit IGF-I stimu- Simulation of IGF action 
lated glucose incorporation into Balb/c3T3 fibroblasts 
[103]. One experiment has shown that IGFBP-1 blocks When experiments are designed to mimic more closely 
IGF-I interaction with receptors on human endometrial the normal physiological ratio o f l G F - I  to IGFBP-1, this 
membranes, suggesting that this is the principal mech- form of IGFBP can be shown to potentiate the effects of 
anism by which inhibition occurs [104]. Highly phos- IGF-I. Specifically, when nonphosphorylated forms are 
phorylated forms of IGFBP-1 have been shown to inhibit added with a molar excess of IGF-I to IGFBP-I to por- 
3H-thymidine incorporation using prolonged incubation cine aortic smooth muscle or human fibroblast cultures 
times of 24-36 h. Similarly, it inhibits DNA synthesis there is a 5.5-fold enhancement of the effect of IGF-I 
in FRTL5 cells, chick pelvic embryo leaflets and chick on DNA synthesis [63, 109]. Under these conditions, 
embryo fibroblasts [105]. degradation and clearance of IGF-I have been inhibited 
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Table 2. IGFBP functions in vivo 

Binding protein Proposed function Animal model 

IGFBP-1 Molar excess inhibits IGF growth-promoting actions. Transgenic mice 
Inhibits insulin-like actions Hypophysectomized rats 

IGFBP-2 Enhances IGF-mediated splenic growth Normal rats 
Knockout mice 

IGFBP-3 Enhances IGF-I actions in bone muscle and visceral organ growth Hypox or oophorectomized rats 
Major carrier of IGF-I and IGF-II Transgenic mice 

IGFBP-4 Inhibits IGF actions ND 
IGFBP-5 Inhibits or enhances IGF actions depending upon its affinity ND 

Localizes IGF-I and -II in ECM ND 
IGFBP-6 Inhibits IGF-II actions preferentially 

ND: not determined. 

and the affinity of  the binding protein is low enough phosphorylated recombinant IGFBP-1 with IGF-I  to 
that it approximates that of the receptor, thus allowing skin incisions in rats showed an enhancement of wound- 
material that is bound to IGF to remain in equilibrium breaking strength by 33-40% if a molar ratio of IGF-I  
with receptors for a prolonged interval. Since a 36-h assay to IGFBP-1 of  4 : 1 or greater was used [113]. In contrast, 
is used, this may permit the presentation of IGF-I  to its if phosphorylated IGFBP-1 was utilized, there was no 
receptor at a critical time during the cell cycle potentiating effect. Frost and Tang showed that the endo- 
progression. Maintenance of  a more optimal receptor metrial stromal cell response to medroxyprogesterone 
number may also be attained with this type of exper- which induces luteinization and increases the secretion 
imental design since it has been shown that the addition of  phosphorylated IGFBP-1 is associated with growth 
of high concentrations of free IGF-I  to cells may result attenuation [114]. In contrast, the proliferative phase 
in down regulation of receptors, endometrium is associated with the secretion of  non- 

IGF-I  mutants that have a reduced affinity for IGFBPs phosphorylated IGFBP-1. This suggests that the phos- 
have also been used to illustrate this phenomenon, phory la t ions ta teof lGFBP-1  maybe  important f or local 
Specifically, in human fibroblasts, an IGF-I  mutant that control of IGF action. 
bound poorly to lGFBP- l  did not result in optimal stimu- More recently, Tsouboi et al. have reported that 
lation of DNA synthesis compared to wild type IGF-I  IGFBP-1 enhances the effects of  IGF-I  in promoting 
[110]. Similarly, insulin which does not bind to IGF bind- healing of dermal ulcers in both normal rabbits and in 
ing proteins cannot mimic the full effect o f l G F - I  in many rabbits with diabetes. The rate of re-epithelization and 
cell culture systems, even though it will achieve the same granulation tissue formation was stimulated, compared 
percentage binding to receptors and the same degree of  to control animals that received IGF-I  alone when an 
receptor activation of receptor tyrosine kinase if added IGF-I  to nonphosphorylated IGFBP-1 ratio of  3 : 1 was 
in high enough concentration. This suggests that some used [115]. To date, no transgenic animals have been 
other effect of  the IGF / IGFBP  complex is required dur- prepared with the mutant form IGFBP-1 that is non- 
ing DNA synthesis assays for optimal responsiveness, phosphorylated to determine if hypersecretion of this 
Koistinen et al. confirmed these findings in dermal fibro- form can accelerate growth. 
blasts, showing the IGF-I  to IGFBP-1 molar ratios 
between 2 : 1 and 25 : 1 resulted in an increase in the 3H- IGF-independent actions 
thymidine incorporation response [111]. 

Kratz et al. showed that an equimolar or higher ratio As pointed out previously, IGFBP-1 contains an R GD 
was used, that IGFBP-1 also enhanced the response of sequence and binds to the c~5fll integrin [59, 116]. The 
keratinocytes to IGF-I  and that IGFBP-1 added alone functional significance of  this interaction was shown by 
had no effect [112]. The phosphorylation state of IGFBP transfecting the IGFBP-1 cDNA into CHO cells. The 
has been shown to be important since phosphorylated cells that were expressing high concentrations of  lGFBP- 
IGFBP-1 resulted in significant inhibition of  the ability 1 migrated much more rapidly than cells that were trans- 
of  human fibroblasts to respond to IGF-I  with increased fected with vector alone. In addition, exogenous addition 
DNA synthesis, whereas dephosphorylated IGFBP-1 of pure IGFBP-1 to control cells resulted in enhanced 
resulted in potentiation in the same system [109]. migration. Since there was no response to IGF-I, this 

appeared to be a direct effect of IGFBP-1. To determine 
In vivo studies that the RG D  sequence was required and that the inter- 

action was with the ~5j~l receptor, the cells were trans- 
Although in vivo studies showing the potentiation of fected with a mutant IGFBP-1 that contained a single 

IGF action are limited, several wound-healing studies substitution in amino acid position 221 converting the 
have shown that IGFBP-1 has a potentiation activity, arginine to tryptophan. The cells that were transfected 
Jyuan et al. reported that application of non- did not show any increase in their rate of migration. 
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Similarly, exogenously added [Trp 22~] IGFBP-1 did not actions of IGF-I. The addition of excess purified IGFBP- 
stimulate migration of nontransfected cells. 3 with IGF-I inhibits the insulin-like actions of IGF-I in 

Unlike IGFBP-1, we were not able to demonstrate that Balb/c 3T3 cells [102]. The addition of excess IGFBP- 
the c~5//1 integrin could bind to IGFBP-2. In contrast to 3 to cultured fibroblasts inhibits their DNA synthesis 
this observation, Dehanty et al. have demonstrated that response to IGF-I  with maximum inhibition noted at a 
IGF-potentiating activity can be demonstrated by 4:1 molar ratio of IGFBP-3 to IGF-I [124]. IGFBP-3 
IGFBP-2 and that this effect is lost when the RGD has also been shown in chick fibroblasts to inhibit IGF- 
sequence is modified in IGFBP-2 [117]. The integrin that I-stimulated DNA synthesis, and it also inhibits the effect 
mediates this effect has not been determined, of F G F  on these cells, suggesting that it may have IGF- 

independent actions [125]. IGFBP-3 has been noted to 
IGFBP-2 inhibit IGF-I-stimulated steroidogenesis in rat granulosa 

cells and to inhibit cyclic AMP generation by IGF-I [126]. 
Inhibitory actions It also inhibits collagen synthesis in cultured rat osteo- 

blasts or mouse osteoblasts [127]. Although it inhibits 
IGFBP-2 concentrations in serum are induced by IGF- IGF-stimulated glucose uptake in porcine fat cells, it has 

I and inhibited by GH; therefore, its role in controlling no effect on insulin-stimulated uptake. 
IGF action is an important subject of  analysis. Purified 
IGFBP-2 has been shown to inhibit DNA synthesis in 
chick embryo fibroblasts and rat astroglial cells [36, 118]. Potentiation of IGF action 
It is also an important inhibitor of IGF-II  stimulated 
DNA synthesis in lung carcinoma cells. This inhibition Demello and Baxter first reported that, if IGFBP-3 
is believed to occur by inhibition of IGF binding the was associated with cell surfaces, it could stimulate DNA 
receptor since it inhibits binding to MDBK cells [119]. synthesis in human fibroblasts [65]. Pre-incubation of 
Des-IGF-I  does not bind to IGFBP-2 and stimulates the cultures with IGFBP-3 prior to IGF-I addition was 
DNA synthesis in MDBK cells. Its effect exceeds that required. Conover extended these observations to deter- 
of IGF-II,  suggesting that IGFBP-2 is inhibiting this mine that, when IGFBP-3 was coincubated with increas- 
response. IGFBP-2 has also been shown to inhibit other ing concentrations of IGF-I, there was a dose-dependent 
functions of IGF-I, such as inhibition of protein break- increase in AIB uptake [100]. She has proposed that pro- 
down [119]. IGFBP-2 could inhibit completely the effect teolysis of IGFBP-3 or processing of the molecule on the 
o f lGF- I  stimulating smooth muscle cells to migrate [116]. cell surface may be required for this response. Conover 
IGF-I stimulated collagen synthesis has been shown to has shown that IGF receptor down-regulation is pre- 
be inhibited by IGFBP-2 [120]. vented by preincubation of IGFBP-3, and this may be 

one mechanism whereby it enhances the effects of IGF- 
Stimulatory effects 1. Similarly, Ernst and Rodan reported that cell surface- 

associated IGFBP-3 could potentiate the effect of IGF-I 
In spite of these reports of inhibition, several para- and A1B uptake in rat osteoblasts [128]. Blum confirmed 

doxical observations have been noted. First, when IGF- these observations, showing that coincubating IGF-I 
I is administered to experimental animals, there is a large with IGFBP-3 results in a 90% increase in DNA synthesis 
increase in IGFBP-2, suggesting that it may not always in BHK cells [129]. Proteolysis of IGFBP-3 also may be 
be inhibiting IGF action. Second, gene knockout animals important. Schmidt et al. have shown that the 30-kDa 
in whom IGFBP-2 has been deleted have small spleens fragment of IGFBP-3 that is generated by a protease 
compared to control animals, suggesting that the known results in potentiation of the effect of IGF-I on osteobtast 
effect of IGF-I on inducing splenic enlargement in normal DNA synthesis [126]. 
animals may be due, in part, to enhanced expression of Administration of IGFBP-3 and 1GF-i to rat wounds 
IGFBP-2 [121]. In t,itro, Bar et al. showed that partially results in accelerated healing [130]. The combination of 
purified IGFBP-2 enhanced the effect of IGF-I on glucose IGFBP-3 and IGF-I is anti-catabolic and functions better 
transport and AIB uptake in microvascular epithelial than administration of IGF-I alone to GH deficient rats 
cells [122]. Whether this is a direct effect of IGFBP-2 or [131]. The studies of Bagi et al. have shown that admin- 
IGF-I bound to IGFBP-2 was not determined. Bovine istration o f lG F - I  plus IGFBP-3 to oophorectomized rats 
IGFBP-2 was also shown to potentiate the replication results in the stimulation of growth and an increase in 
response to IGF-I by smooth muscle cells by approxi- bone mineral density [132]. This increase is dependent 
mately 80% [123]. upon dose and equimolar administration of IGF-I and 

IGFBP-Y Stewart et al. have shown that a polyclonal 
IGFBP-3 antibody to IGF-I that functions similarly to IGFBP- 

3 in prolonging IGF half-life in plasma results in the 
Inhibition oflGFaction potentiation of IGF-I-stimulated growth in hypo- 

physectomized rats [133]. In contrast, in Snell dwarf mice, 
Because of its role of carrying IGFs in serum, IGFBP-3 administration of a molar excess of IGFBP-3 with IGF- 

has been an important focus of modulating the endocrine I results in the inhibition of the IGF-I-stimulated growth 
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response [134]. Administration of an IGF analog to pigs of IGFBP-4 is an important post-translational modi- 
that binds poorly to IGFBP-3 did not result in growth fication. Fibroblasts and smooth muscle cells have been 
stimulation. Interestingly, overexpression of IGFBP-3 in shown to release IGFBP-4 proteases [143, 144]. Fol- 
tissues also may enhance the effects of IGF-I. IGFBP-3 lowing proteolytic cleavage, there is an increase in the 
transgenic animals show visceral tissue enlargement. AIB uptake or DNA synthesis responses to IGF-I in 
IGF-I is known to be anti-apoptotic to breast epithelial these test systems. The proteolytic cleavage site in rat 
cells. Transfection of breast epithelium with a tissue- IGFBP-4 has been identified and is between residues 
specific IGFBP-3 promoter resulted in inhibition of the K120 and H121 [61]. There is also a secondary site 
normal involution that occurs when rat pups are with- between residues M131 and K132 [145]. Mutagenesis of 
drawn during lactation [135]. This suggests, but does not these cleavage sites with readdition of a mutant that is 
prove, that IGFBP-3 is acting locally to potentiate the resistant to proteolysis shows that the protease-resistant 
effects of IGF-I in inhibiting apoptosis, mutant is more active in inhibiting IGF-I action. No in 

vivo studies of IGFBP-4 action have been reported to 
IGF independent effects date. In summary, IGFBP-4's main role is to protect 

cells from over-stimulation by the IGFs and possibly to 
Direct effects of IGFBP-3 on cell growth have also been accelerate their clearance. 

reported. Transfection of Balb/c3T3 cells with IGFBP- 
3 cDNA results in inhibition of their DNA synthesis IGFBP-5 
independently of IGF-I. IGFBP-3 has also been shown 
to attenuate the effects of FSH on granulosa cell function Inhibition of IGF action 
directly and to inhibit the response of mouse embryo 
fibroblasts to serum or F G F  [124, 136]. More recently, Addition of molar excess of IGFBP-5 to cell lines that 
the inhibitory effects of TGF-fl on breast carcinoma cell do not secrete IGFBP-5 protease generally results in inhi- 
division have been shown to be mediated through an bition of IGF actions. Keifer et al. showed that IGFBP- 
induction of IGFBP-3. Oh et al. have shown that addition 5 can inhibit IGF-I stimulation of DNA and glycogen 
of IGFBP-3 or truncated fragments that do not bind to synthesis in human osteosarcoma cells [146]. Wang et al. 

IGF-I to HS578T human breast cancer cells results in the showed inhibition of steroidogenesis in granulosa cells 
inhibition of DNA synthesis independently of its effects [147]. 
on IGF-I actions [137]. These investigators have purified 
a group of cell surface proteins that bind to IGFBP-3 Potentiation of IGF activity 
and have preliminary reported amino acid sequence data, 
suggesting that IGFBP-3 may have its own receptor on Multiple investigators have reported stimulation of 
the cell surface, which mediates these actions [138]. IGF action. When IGFBP-5 is allowed to associate with 

fibroblast ECM, and then fibroblasts are replated on top 
IGFBP-4 of this matrix, it can result in a two-fold enhancement of 

IGF action [66]. Since the affinity of IGFBP-5 for IGF-I is 
IGFBP-4 is the only form of IGF binding protein lowered eight-fold after ECM association, and the IGF- 

that has been shown to consistently inhibit IGF-I action, bound IGFBP-5 is in a more favorable equilibrium with 
Although there is minimal IGFBP-4 in serum, substantial receptors, this affinity shift presumably accounts for this 
concentrations may exist in some pericellular fluids, effect. Bautista et al. have shown that IGFBP-5 potent- 
IGFBP-4 does not have any of the properties associated luted the effect of IGF-I on osteoblast growth and protein 
with lowering of IGFBP affinity, such as cell surface synthesis [148]. Andress et al. also reported this effect 
association or dephosphorylation. It does undergo pro- for osteoblasts and have shown that a 22-kDa IGFBP-5 
teolytic cleavage, and the fragments do not bind IGF-I fragment that is generated by proteolysis also directly 
or -II. stimulates DNA synthesis in these cells independently of 

Mohan et al. originally showed IGFBP-4's ability to IGF-I [149]. Whether this fragment is binding to a unique 
inhibit the effect of IGF-I on chick pelvic cartilage growth receptor is unknown; however, they have reported a 300- 
[139]. Inhibition was does-dependent and required a kDa protein present on the surface of these cells that 
molar excess of IGFBP-4. Similarly, Ui et al. showed that binds to IGFBP-5 and the 22-kDa fragment [150]. Con- 
IGFBP-4 could inhibit steroidogenesis in rat granulosa over has reported data that IGF-I binding to IGFBP-5 
cells [140], and Coulouscou et al. showed its ability to inhibits proteolysis of binding protein, although the need 
inhibit DNA synthesis in HD-29 colon carcinoma cells for proteolysis of IGFBP-5 for potentiation of IGF-I 
[141]. Other IGF-I stimulated differentiated functions DNA stimulated synthesis has not been definitively estab- 
that have been shown to be inhibited are cyclic AMP lished [151]. 
generation in osteoblasts, protein synthesis in B104 cells, Since the ability of IGFBP-5 to potentiate IGF action 
glycogen synthesis in osteosarcoma cells and steroido- on smooth muscle cells, fibroblasts or osteoblasts results 
genesis in granulosa cells in response to FSH [142]. It is from its ability to bind to ECM, understanding the fac- 
also a potent inhibitor of IGF-I-stimulated DNA syn- tors in ECM and the regions of IGFBP-5 that are necess- 
thesis in smooth muscle cells [143]. Proteolytic cleavage ary for ECM association is important. Proteoglycans are 
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a major  component  of  the ECM that binds to IGFBP-5.  dence for a carrier protein. Arch Biochem Biophys 1975, 
168, 638-645. 

Glycosaminoglycans, such as heparin and heparan 2. Hintz RL, Liu F. Demonstration of specifc plasma pro- 
sulfate, bind to IGFBP-5,  whereas chondroitin sulfate tein binding sites for somatomedin. J Clin Endocr Metal) 
A and C have no activity [100]. This suggests that the 1977, 45, 988-995. 
glycosaminoglycan structure that is necessary for this 3. Furlanetto RW. Somatomedin binding protein: Evidence 
binding is conferred by O-sulfation of the 2 and 3 pos- for heterogenous subunit structure. J Clin Endocr Metah 

1980, 51, 12-19. 
itions of  the iduronic acid ring. The region between amino 4. Drop SLS, Kortleve DJ, Guyda HJ. Isolation of a sore- 
acids 201 and 218 in ]GFBP-5 contains 10 out of  18 atomedin-binding protein from preterm amniotic fluid. 
amino acids that are basic. Competitive binding studies Development of a radioimmunoassay. J Clin Endoer 
with peptides and mutants have shown that this region Metab 1984, 59, 899-907. 
contains the G A G  binding domain that is required for 5. Povoa G, Enberg G, Jornvall H, Hall K. Isolation and 

characterization of a somatomedin binding protein from ECM association [152]. Mutagenesis of  key residues in 
mid term human amniotic fluid. Eur J Biochem 1984, 144, 

this area, principally amino acids 207, 214 and 218, results 199 204. 
in nearly complete loss of  its affinity for either gly- 6. Brewer MT, Stetler GL, Squires CH, Thompson RC, 
cosaminoglycan of ECM [152, 153]. Proteoglycans often Busby WH, Clemmons DR. Cloning, characterization and 
bind to basic residues and, therefore, may be the principle expression of a human insulin-like growth factor binding 
ECM binding component.  IGFBP-5 also binds to ECM protein. Biochem Biophys Res Commun 1988, 152, 1289 

1297. 
by binding plasminogen activator inhibitor-I and 7. Lee YL, Hintz RL, James DM, Lee PDK, Shively JE, 
vitronectin. Association of the PAI-I  vitronectin complex Powell DR. Insulin like growth factor IGF binding protein 
with IGFBP-5 maybe an important  mechanism for its complementary deoxyribonucleic acid from human Hep 
stabilization within ECM. G2 hepatoma cells: predicted protein sequence suggests 

and IGF binding domain different from those of IGF-I 
and IGF-II receptors. Molec Endocr 1988, 3, 404411. 

IGFBP-6 8. Brown AL, Chiariotti L, Orlowski CC, et al. Nucleotide 
sequence and expression ofa cDNA clone encoding a fetal 

In vivo studies of  IGFBP-6 are quite limited. It may rat binding protein for insulin-like growth factors. J Biol 
have an anti-gonadotropin effect in the ovaries since it Chem 1989, 264, 5148 5154. 
inhibits effects of  FSH and LH combined in the ster- 9. Martin JL, Baxter RC. Insulin like growth factor binding 
oidogenesis response to IGF-I .  In addition, it has been protein from human plasma, purification and charac- 

terization. J Biol Chem 1986, 261, 8754-8760. 
shown in bone that IGFBP-6 is regulated rather uniquely, 10. Wood, WI, Cachianes G, Henzel W J, et al. Cloning and 
which suggests that it may be an important  modulator  of  expression of the GH dependent insulin like growth factor 
IGF- I I  action in this tissue, binding protein. Molec L~doer 1988, 2, 1176-1185. 

11. Shimasaki S, Shimonaka M, Zhang HP, Ling N. ldenti- 
SUMMARY fication of five different insulin-like growth factor binding 

proteins (IGFBPs) from adult rat serum and molecular 
The IGF-binding proteins are important  modulators cloning of a novel IGFBP in rat and human. ,l Biol Chem 

199 I, 266, 10,646-10,653. 
of  IGF  action. They function to control the half-life of 12. Drop SLS, Kortleve DJ, Guyda HJ, Posner BI. lmmu- 
IGF-I  and -II in blood, their distribution among tissues noassay of a somatomedin-binding protein from human 
and extracellular fluids and, most importantly, the ability amniotic fluid: levels in fetal, neonatal, and adult sera. J 

Clin Endocr Metab 1984, 59, 908 915. of  IGF-I  or IGF- I I  to associate with cell surface recep- 
13. Baxter RC, Martin, JL. Radioimmunoassay of growth tors. Since equilibrium in extracellular fluids almost hormone dependent insulin-like growth /'actor binding 

always favors binding to the IGFBPs as opposed to the protein in human plasma. J Clin lm:est 1986, 78, 150+ 
IGF  receptors, these proteins function as important  1512. 
modulators  of  I G F  action. Variables that alter their 14. Baxter RC. Physiological roles of the [GF binding 
affinity, such as proteolysis, adherence to cell surfaces proteins, In Spencer EM ed. Modern Concepls o[ Insulin- 

like Growth Factors. New York, Elsevier, 1991, 371 380. 
or extracellular matrix and phosphorylation, may be an 15. Streck RD, Wood TL, Hsu MS. Pintar JE. Insulin-like 
important  means for controlling the release of  I G F  to growth factor I and I1 and insulin-like growth factor bind- 
receptors. Since the concentrations in these proteins and ing protien-2 mRNAs are expressed in adjacent tissues 
extracellular fluids may be regulated either coordinately within rat embryonic and fetal limbs. De~" Biol 1992, 151, 

586 596. 
or independently of  the factors that regulate the IGFs, 16. Jennische E, Skottner A, Hansson HA. Dynamic changes 
this provides an important  additional level of  control of  in insulin-like growth factor I immunoreactivity correlate 
the degree of exposure of  cells to this potent mitogen, with repair events in rat ear after freeze- thaw injury. Exp 

In spite of  much in vitro evidence to support  these Molec Pathol 1987, 47, 193-201. 
conclusions, in vivo experiments, using transgenic or gene 17. Behringer RR, Lewin TM, Quaife C J, Palmiter RD, Brin- 

stre RL, D'Ercole AJ. Expression of insulin-like growth 
targeting techniques, are only beginning to emerge. This factor l stimulates normal somatic growth in growth hor- 
will be an important  area for future investigation, mone deficient transgenic mice. Endocrinology 1990, 127, 

1033 1040. 
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