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Abbreviations

IGF — insulin-like growth factor

IGFBP — insulin-like growth factor binding protein

IGFBP-RP — insulin-like growth factor binding pro-
tein related proteins

BP-Pr — insulin-like growth factor binding protein
proteases

IGF-I-R — type 1 IGF receptor

Introduction

The insulin-like growth factors (IGFs), insulin-like
growth factors binding proteins (IGFBPs), and the IGFBP
proteases (BP-Pr) are involved in the regulation of somatic
growth and cellular proliferation, in vivo and in vitro. IGFs
are potent mitogenic agents, and their actions are deter-
mined by the availability of free IGFs to interact with the
IGF receptors. The rate of IGF production, clearance, and
degree of binding to the IGFBPs modulate the levels of
free IGFs in a system. There are six insulin-like growth
factors binding proteins that bind to IGFs with high affin-
ity and specificity (IGFBPs). IGFBPs not only regulate
IGFs bioavailability but also have IGF-independent
actions. IGFBPs are produced by a variety of different tis-
sues, with each tissue having specific levels of several
IGFBPs. Additionally, several enzymes capable of
proteolyzing IGFBPs have been identified (BP-Pr). The
cleavage of IGFBPs by BP-Pr plays a key role in modulat-
ing free IGF and IGFBPs levels and actions. There are, at
the time of submission of this manuscript, six insulin-like
growth factors binding proteins like molecules that bind to
IGFs with low affinity. They are called IGFBP-related pro-
teins (IGFBP-RPs) (Fig. 1).

The IGFBPs have several functions: (1) prolongation of
IGFs half-life in the circulation, (2) prevention of IGF-in-
duced hypoglycemia, (3) regulation of the passage of IGFs
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from the intravascular to the extravascular space, (4) limi-
tation of the bioavailability of free IGFs to interact with the
IGF receptors, (5) enhancement of IGFs actions by the for-
mation of a pool of slow release IGFs, and (6) direct cellu-
lar actions mediated through their own receptors, acting
independently of IGFs (Fig. 2).

IGFs and IGFBPs in Serum

The growth effects of growth hormone are mediated
primarily through the hepatic production of IGF-I. In se-
rum, most of the IGF-I and IGF-II are found in the ternary
complex, formed by IGFs, IGFBP-3, as well as IGFBP-5
and the glycoprotein known as the acid labile subunit
(ALS) (1,2). Only small amounts of IGFs are carried by
IGFBPs as a binary complex, and less than 1% circulate in
the free form (/). The ternary complex does not cross the
capillary barrier, and ALS is found only in the intravascu-
lar space (3). The formation of the ternary complex pro-
tects and consequently prolongs the half-life of both
IGFBP-3 and IGFs. The half-life of unbound IGFBP-3 is
between 30 and 90 min and the half-life of free IGF-I is
less then 10 min, while the half-life of the 150 kDa com-
plex is approx 12 h (4). The binding of IGFs to IGFBP-3
and ALS maintains IGFs in the intravascular space for
steady delivery of IGF-I in contrast to the pulsatile levels
of growth hormone (GH) (/). IGFBP-3 not only extends
the serum half-life of IGFs, but also has an important role
in the distribution of IGFs. It affects the localization of
IGF-Iin kidneys and, as a binary complex with IGF-I, func-
tions as a transporter of IGF-I to the extravascular space.
IGFBP-5 also forms a ternary complex with IGFs and ALS,
although IGFBP-3 has twice the potency to form such com-
plexes. At the tissue level, owing to the absence of ALS,
most of the IGFs are bound to the IGFBPs as heterodimers,
with only a small amount found in the free form.

The liver is the main source of circulating IGFs even
though there is physiologically important production in
other tissues with various autocrine and paracrine func-
tions (5). The liver is also the main source of circulating
IGFBP-3 and ALS (3), although different components of
the liver produce different components of the ternary com-
plex. IGFBP-3 is produced by the hepatic endothelia and
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Fig. 2. IGFBP functions. (A) prolongation of IGFs half-life in the circulation, (B) prevention of IGFs-induced hypoglycemia, (C)
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Fig. 4. Age dependent levels of the IGF axis components. See text for details on the developmental aspects of the IGF axis.

by Kupffer cells, and ALS and IGF-I are produced by hepa-
tocytes (6—8). The hepatic production of all three compo-
nents of the 150 kDa complex is regulated by growth
hormone (9), with reduced serum levels of all three com-
ponents of the 150 kDa complex in growth hormone defi-
ciency and/or resistance and elevated levels in growth
hormone excess (9-14) (Fig. 3).

IGFBP-3 is the most abundant IGFBP in postnatal se-
rum and its levels do not change acutely (/5). IGFBP-1
and -2 levels are variable during the day, depending on the
metabolic state (14, 16). The regulators of IGFBP-4 through

-6, in serum, have not been well studied at the present time;
however, their levels have been shown to be age-dependent
(17-19) (Fig. 4). Serum levels of IGFBP-4 increase with
age and correlate with PTH while the serum levels of
IGFBP-5 decrease with age, correlating with serum IGF-I
levels. IGFBP-4 and IGFBP-5 levels are also increased by
GH (20). IGFBP-3 is the predominating IGFBP, with lev-
els (2000-5000 ng/mL) which are an order of magnitude
higher than the levels of the other IGFBPs. After feeding,
IGFBP-1 has the lowest levels (5-20 ng/mL), 10-fold lower
then IGFBP-2, -4, -5, and -6.
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Insulin-Like Growth Factors
Biochemistry, Molecular Biology, and Regulation

IGF-1, originally known as sulfation factor and/or so-
matomedin-C, is the actual mediator of somatic growth.
The IGF-I gene is located in the long arm of chromosome
12 (21). IGF-1is a 70 amino acid peptide with a molecular
weight of 7.5 kDa and a structure 70% homologous to IGF-
IT structure and 50% homologous to proinsulin (22). The
liver is the main source of serum IGF-I even though there
is a physiologically important production of IGF-I at the
tissue level (23). IGF-I has not only endocrine but also
important autocrine and paracrine functions. Hormones
like estrogens, PTH, and glucocorticoid have effects on the
IGF-I production (15,24). Growth hormone is the main
regulator of hepatic IGF-I production, with low levels in
growth hormone deficiency and/or resistance and elevated
levels in growth hormone excess (Fig. 5). Serum levels of
IGF-I are age-dependent with low levels at birth, peak lev-
els during puberty, and steady lowering levels with age
(15,25).

In vitro studies showed that IGF-I stimulates cell growth
and differentiation in nearly all systems (26). In vivo, IGF-I
stimulates growth in the pre- and postnatal periods. Knockout
animals demonstrated that IGF-I is also important for prena-
tal growth and for neurologic development. These mice were
small at birth and had neurological abnormalities (27,28). This
was later proved to be true in humans by the report of one
child with IGF-I deficiency (29). This defect caused low birth
weight, progressive failure to thrive, deafness, and mental re-
tardation. Children with growth hormone deficiency or with

growth hormone receptor deficiency have normal birth
weight, low serum levels of IGF-I, and postnatal growth fail-
ure. Replacement of growth hormone and IGF-I, restores
growth. These findings demonstrate that during the prenatal
period, IGF-1 is growth-hormone-independent and is crucial
for normal development and growth of many tissues includ-
ing the brain.

IGF-I has important functions not related to somatic
growth. Itacts synergistically with insulin in the post-prandial
period, as a hypoglycemic hormone. This function is regu-
lated by IGFBP-1, which in turn is regulated by insulin
(30,31). It alsoregulates renal function; increasing renal blood
flow, glomerular filtration rate, and proximal tubule re-ab-
sorption of phosphate (32-34). Studies in Japanese post-
menopausal women showed positive correlation of IGF-I and
IGFBP-3 with bone mineral density and a negative correla-
tion with the incidence of spine fractures (35).

Several studies indicate that IGF-I involvement is
present not only in normal growth but also in tumor growth.
Abnormalities in the IGF axis causing increased levels of
free IGF-I are found in dysregulated cell growth (as in
malignancies) (36). The association between plasma IGF
levels and prostate cancer risk was demonstrated when men
with plasma IGF-I levels in the highest quartile had a rela-
tive risk to develop prostate cancer of 4.3 when compared
with men in the lowest quartile (37). At the present time
there are no data to determine if this finding is a cause or an
effect. It could be that the elevated IGF-I for many years
stimulates the growth of cancer cells, but it could also be
that the higher IGF-I is a marker of a system that is devel-
oping a tumor.
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IGF-1II is a 67 amino acid peptide with 7.5 kDa. The
IGF-II gene is located on the short arm of chromosome 11
(22). IGF-II production is also mainly in the liver. Even
though postnatal IGF-II levels are not as dependent on
growth hormone as IGF-I, IGF-II levels decrease by 20%
in growth hormone-deficient states, probably owing to the
decreased levels of binding proteins (Fig. 5). The main
regulators of the IGF-II levels are still unknown. Levels
are low at birth, increase in the first weeks of life, and then
remain stable (Fig. 4). Efstradiatis and his group showed
that IGF-II is the most important fetal growth factor but
has no effect on postnatal somatic growth (38). It is also
important in the placental growth, where high levels of
IGF-II exist. In vitro studies showed that even though IGF-
IT binds to IGF-I receptor with 2—15-fold less affinity than
IGF-I, IGF-II produced most of its effects through the type
I IGF receptor (26).

Similar to IGF-I, IGF-II is linked to several tumors. Adre-
nal cortical malignant tumors have 10 times higher IGF-II
concentration than benign tumors or normal glands (39).

IGFs Receptors

The type I IGF receptor, a heterotetramer with a struc-
ture similar to the insulin receptor, mediates most of the
effects of IGFs. It is a tyrosine kinase receptor with two
transmembrane beta subunits that are linked to two extra-
cellular alpha subunits by disulfide bonds (Fig. 1). Disul-
fide bonds also link the two alpha subunits. The alpha
subunits have areas rich in cysteine giving them the speci-
ficity to bind IGFs. The IGF-I receptor has a molecular
weight of 440 kDa and even though it has a 50% homology
to the insulin receptor, the affinity of this receptor to insu-
lin is two orders of magnitude smaller than to IGF-I (26).
The demonstration of hybrid receptors, with one alpha and
one beta subunit from the insulin receptor and another half
from the type I IGF receptor explain the difficulties in try-
ing to differentiate the effects of each receptor (26).

The IGF-II receptor (mannose-6-phosphate receptor) is
structurally different from the type I IGF and insulin re-
ceptors and its physiologic functions are still under inves-
tigation. Most of the studies demonstrate that this receptor
functions mainly as a scavenger, facilitating the degrada-
tion of IGF-II. It binds IGF-I poorly and does not bind
insulin. The IGF-II receptor has been shown to be deleted
in some cancers, indicating that it may serve as a tumor
suppressor by removing IGF-IL.

Evolutionary and Physiological Aspects of Insulin-Like
Growth Factor Binding Proteins (IGFBPs)

There are six high-affinity IGFBPs identified to date,
and at least four IGFBP-RP have been proposed. All six
IGFBPs have at least 50% homology among themselves
and 80% homology between different species (13,40).
Most of the homology is conserved in the N- and C- termi-

nal regions, while the middle region has little similarity
between the different IGFBPs (/). The IGFBPs have a
highly conserved set of at least 16 cysteines, which shape
their structure (15,23).

IGFBP genes are in close proximity to the Homeobox gene
clusters (Hox A through Hox D) and appear to have evolved
together. Itis speculated that both Hox and IGFBP genes origi-
nated from single genes that underwent coordinated duplica-
tions and translocations several times (4/—43). The Hox genes
are DNA binding proteins, and like some of the IGFBPs, are
transcriptionally regulated by retinoic acid. Chromosomes 2
and 7 encode two binding proteins each and all of these four
binding proteins have 18 cysteines (26,43). IGFBP-1 and
IGFBP-3 genes are in chromosome 7, next to the Hox-A gene.
IGFBP-1 has an Arg-Gly-Asp (RGD) sequence and is related
to carbohydrate metabolism while IGFBP-3 is involved pri-
marily in growth (23). Similarly, on the long arm of chromo-
some 2, next to Hox-D, IGFBP-2 also has an RGD sequence
and correlates with the metabolic state while IGFBP-5 func-
tions, as expected owing to its high homology with IGFBP-3,
are primarily growth-related. The IGFBP-6 gene, with 16
cysteines and next to Hox-C, is found on chromosome 12
(41-44), and IGFBP-4, with 20 cysteines, is localized at the
long arm of chromosome 17, next to Hox-B (26,41—44).

Insulin-Like Growth Factor Binding Protein 1

Biochemistry, Molecular Biology, and Regulation

IGFBP-1 is a 25 kDa protein with an RGD sequence in
its structure (40,45). RGD is a recognition sequence for
membrane integrin receptors, which suggests the possibil-
ity of an IGF-independent action via these receptors (45).
The effects of IGFBP-1 are still under investigation. How-
ever, both inhibitory and stimulatory activity have been
reported. IGFBP-1 has serine residues that can be phos-
phorylated. Phosphorylation of IGFBP-1 substantially in-
creases its affinity for IGF-I and is probably involved in
the regulation of IGFBP-1 function. Phosphorylated forms,
in general, inhibit IGF-I action while the de-phosphory-
lated forms appear to have stimulatory activity (46,47).

IGFBP-1 is produced in the liver, decidua, and kidneys
and is the most abundant IGFBP in amniotic fluid. Serum
IGFBP-1 levels are regulated mainly by metabolic factors.
After meals, IGFBP-1 levels fall to less than 10 ng/mL,
while during fasting, IGFBP-1 levels rise to over 100 ng/dl
(15,23). In children with ketotic hypoglycemia who under-
went diagnostic fasting studies, the IGFBP-1 levels were
as high as 700 ng/dl at the time of the hypoglycemia (30).
Insulin and corticosteroids are the main regulators of se-
rum IGFBP-1 levels, through the transcriptional control of
the hepatic production of IGFBP-1 (6). Insulin inhibits the
synthesis of IGFBP-1 resulting in elevated levels during
low insulin states such as intrauterine growth retardation,
fasting, or poorly controlled type 1 diabetes (14,16,48-51).
The inverse has also been shown, with decreased levels in
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conditions of hyperinsulinemia, such as the post-prandial
period, obesity, large-for-gestational-age babies, insulin-
omas, and congenital hyperinsulinism with hypoglycemia
(30). Glucocorticoids and glucagon stimulate IGFBP-1
production in synergism with low levels of insulin (371,51-
55). In chronic renal failure, owing to increased renal pro-
duction, IGFBP-1 levels rise (15). In diabetes and renal
failure high IGFBP-1 levels are thought to have a patho-
physiological role, presumably decreasing the levels
of free IGFs to interact with the IGF-I receptor, and may be
responsible for the decreased linear growth seen in these
conditions. Some cytokines (TNF-, IL-1, and IL-6) are also
involved in the regulation of IGFBP-1 (56). The increase
in serum and hepatic concentrations of IGFBP-1 caused by
these pro-inflammatory agents may be involved in the up-
regulation of IGFBP-1 in catabolic states (56).

IGF Inhibiting Actions

Transgenic mice, which overproduce IGFBP-1, have
significantly lower birthweights, poorer postnatal weight
gain, and disproportionately smaller brains compared to
wild-type (57). These transgenic mice also manifest fast-
ing hyperglycemia, impaired glucose tolerance, and re-
duced fertility, suggesting that IGFBP-1 inhibits metabolic
as well as growth-promoting effects of IGFs (57). Another
transgenic mouse, which had equally high levels of serum
IGFBP-1, did not confirm the growth retardation observed
in the first model (58).

IGFBP-1, in vivo, helps to protect the organism from
the hypoglycemic effects of IGF-1. Without this mecha-
nism, IGF-I could cause hypoglycemia during fasting.
IGFBP-1 levels rise in the fasting state, suppressing the
hypoglycemic effect by binding to IGFs and decreasing
the levels of free IGF-1. The administration of IGFBP-1 to
rats caused a transient elevation in blood glucose, corrobo-
rating this theory (59,60). Another proposed inhibitory
function for IGFBP-1 may occur during fetal development
in certain conditions. In fetuses with poor placental sup-
ply, low availability of nutritional factors cause insulin lev-
els to be low and consequently levels of IGFBP-1 to rise.
The rise in IGFBP-1 levels sequesters free IGF-I from the
circulation so the use of nutrients for fetal growth will de-
crease in detriment to survival. Similarly, large-for-gesta-
tional-age fetuses that have low serum IGFBP-1 (due to
high insulin) have a decreased inhibition of IGFs and thus
are large.

Consistent with the in vivo effects of IGFBP-1 inhibit-
ing the hypoglycemic effects of IGF-I, several studies in
vitro have shown that IGFBP-1, when added to cells in
culture, inhibits IGF-I stimulated growth. The inhibition
of IGF-I action by IGFBP-1 does not occur when IGF-I
analogues with low affinity to the IGFBPs are added to the
system, demonstrating an IGF-dependent mechanism of
inhibition (26).

IGF Stimulating Actions

Even though IGFBP-1 inhibits mitosis by removing
free IGF-I from the extracellular space, in some in vitro
systems IGFBP-1 stimulates growth. IGFBP-1, in the
presence of low concentrations of platelet-poor plasma
and IGF-1, stimulated DNA synthesis in porcine aortic
smooth muscle cells, chick embryo fibroblasts, and
mouse embryo fibroblasts (67,62). Koistinen et al. con-
cluded that IGFBP-1 caused slow and steady release of
IGF-I when they found that concentrations that can in-
hibit IGF-I binding to its receptor sometimes enhance
IGFs-stimulated thymidine incorporation. The inhibition
did not occur when IGFBP-1 was added without IGF-I,
suggesting an effect due to the slow release of IGF-I and
not due to a direct effect of IGFBP-1 (63,64). Gagliano et
al. demonstrated the stimulatory effect of IGFBP-1 in
vivo. IGFBP-1 stimulated healing in rabbit ears when
added with IGF-1. They also demonstrated that this effect
is dependent on the binding of IGFBP-1 to the integrin
receptor (65).

IGFBP-1 is involved in IGF-I transport through the cap-
illary barrier, a process that in certain tissues appears to
involve an insulin-dependent mechanism (60,60).

Insulin-Like Growth Factor Binding Protein 2

Biochemistry, Molecular Biology, and Regulation

IGFBP-2 is a 31 kDa protein (40). Like IGFBP-1,
IGFBP-2 has an RGD sequence although it has not been
demonstrated to bind integrin-type receptors. However,
IGFBP-2 has been shown to be cell-surface-associated via
other, unknown, mechanisms (67). IGFBP-2 is neither
phosphorylated nor glycosylated.

The levels of IGFBP-2 are age-dependent, with high
levels seen in infancy and older age and low levels in young
adults (68) (Fig. 4). IGFBP-2 is the major IGFBP in cere-
brospinal fluid, owing to its production by multiple neural
tissues (69), and IGFBP-2 levels are elevated in the spinal
fluid of patients with some forms of CNS tumors (70). The
concentration of IGFBP-2 in seminal plasma is greater than
that of any IGFBP in any biological fluid, about 10,000 ng/
mL (68). Growth hormone deficiency causes an increase in
the levels of IGFBP-2 in serum (/5,71) (Fig. 5), even
though growth hormone seems to have no direct effects on
IGFBP-2 gene expression in cultured cells. The regulation
of IGFBP-2 levels is also dependent on the metabolic state
and the insulin level albeit, to a lesser degree than IGFBP-
1(72). IGFBP-2 levels increase with prolonged fasting and
are more sensitive to protein restriction than to caloric re-
striction, being elevated in malnutrition and anorexia
nervosa (16). In patients with low levels of insulin, such as
untreated insulin-dependent diabetes mellitus, levels of
IGFBP-2 are elevated and return toward normal with
chronic insulin therapy (50). The levels of IGFBP-2 are
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also altered in some tumors, including prostate cancer. The
levels are higher in malignant adrenal tumors, owing to the
post-transcriptional regulation, than in benign adrenal tu-
mors (39). In vitro, IGFBP-2 is produced in multiple cell
systems (70,72). The in vitro regulators in most cell sys-
tems remain largely unknown; however, in human neuro-
blastoma cells, retinoic acid down regulated IGFBP-2
expression (59).

IGF Inhibiting Actions

IGFBP-2 has mainly inhibitory effects on IGF-medi-
ated functions. Studies performed with multiple cell lines
demonstrated that IGFBP-2 inhibits cell growth and multi-
plication (26). In IEC-6 cells, the inhibition of IGFBP-2
mRNA expression causes stimulation of growth (73) and
the reverse also occurred, since the inhibition of growth by
TGF-p is associated with the induction of IGFBP-2 mRNA
(74). In prostatic stromal cells from patients with benign
prostatic hyperplasia, the IGFBP-2 levels are reduced,
probably causing increased levels of free IGFs, facilitating
tissue growth (75). The mechanism by which glucocorti-
coids inhibit lung growth is in part through the induction of
IGFBP-2 production (76). Nevertheless, targeted disrup-
tion of the IGFBP-2 gene in mice did not result in an al-
tered phenotype (77).

Insulin-Like Growth Factor Binding Protein 3
Biochemistry, Molecular Biology, and Regulation

The molecular weight of IGFBP-3 in its nonglyco-
sylated formis 29 kDa (78). IGFBP-3 has 3 glycosylation
sites and is present in the circulation in the glycosylated
state, with a molecular weight between 40 and 44 kDa
(23).

Serum levels of IGFBP-3, as well as IGFs, are age-de-
pendent, being low at birth and increasing during child-
hood to reach a peak during puberty, after which levels
start to decrease (23,25) (Fig. 4). Nutritional status plays
an important role in controlling serum IGF-I with low IGF-
I levels observed in chronic diseases and malnutrition
(14,16,49). The levels of IGFBP-3, however, are less af-
fected by these conditions (/4). Estrogens, parathyroid
hormone (PTH), and glucocorticoids are other regulators
of IGFs and IGFBPs in the circulation (/15,24).

The mechanism by which growth hormone stimulates
IGFBP-3 production is still under investigation. The three
proposed mechanisms are (1) a direct effect of growth hor-
mone on Kupffer cells, (2) an indirect effect mediated by
IGF-1, and (3) stimulation of nonhepatic tissues. Support
for the first mechanism came from studies of human
hepatocarcinoma cells that demonstrated that GH in-
creased IGFBP-3 gene expression independently of IGF-I
(79). In vivo studies also supported the first mechanism. A
child with IGF-I deficiency, owing to a partial deletion of

the IGF-I gene, had elevated levels of GH, undetectable
levels of IGF-I, and normal levels of IGFBP-3. In another
study, in a large population of growth hormone receptor
deficient patients from Ecuador, the administration of IGF-
I stimulated growth, but did not change IGFBP-3 levels by
RIA (9,80). The second mechanism is supported by other
studies, in vivo and in vitro. In a similar population of
growth hormone receptor-deficient children (from Israel),
IGF-I therapy caused increased levels of IGFBP-3 by West-
ern ligand blotting; however, IGFBP-3 levels by RIA were
not performed (87). One of the explanations for this find-
ing is that IGF-1 did not stimulate the production of IGFBP-
3 but instead protected IGFBP-3 from proteolysis. In some
animal models, IGF-I induces the serum levels of IGFBP-
3 detected by ligand blotting (82). In vitro studies have
shown production of IGFBP-3 in liver cells after IGF-I but
not after growth hormone stimulation (83). The in vitro
support for the third mechanism came from studies in bone
cells. Both unchanged levels of IGFBP-3 in response to
growth hormone (84) and an increase in IGFBP-3 expres-
sion after growth hormone (but not IGF-I) stimulation were
found (85). Depending on the tissue studied, IGFBP-3 ex-
pression has been shown to be regulated in vitro by
interleukin-1 (86), tumor necrosis factor-alpha (TNF-a)
(86,87), transforming growth factor-beta (TGF-P) (88),
retinoic acid (89), PTH, osteogenic protein-1 (90), estra-
diol (91), prostaglandin E, (92), glucocorticoids (24), and
p53 (93). Though considered predominantly a serum and
extracellular protein, IGFBP-3 has been shown to localize
to nuclei of lung cancer cells (94).

IGFBP-3 can promote or inhibit growth both in vivo
and in vitro. Effects of IGFBP-3 can be either IGF-medi-
ated or IGF-independent. Transgenic mice have been de-
veloped that express a human IGFBP-3 transgene in small
bowel, colon, and kidney as detected by Northern analysis,
but do not have increased serum IGFBPs by Western ligand
blotting (95). Of note, the majority of serum hIGFBP-3 in
these transgenic mice was not associated with ALS. Com-
pared to genetically related, wild-type mice and to
nontransgenic littermates, the transgenic mice demon-
strated selective organomegaly affecting heart, liver, and
spleen (95). Birth, body, brain, and kidney weights as well
as litter size did not differ significantly between transgenic
mice and nontransgenics (95). In a different model, rat
ventral prostate following castration rapidly increased gene
expression of IGFBP-2 through -5 in association with
apoptosis (96). In another model, the hIGFBP-3 gene was
transfected into a cell line derived from an IGF receptor
“knockout” mouse, which is nonIGF responsive (97). Cell
growth decreased significantly in this model, proving de-
finitively that IGFBP-3 inhibits cell growth independently
of the type 1 IGF receptor (IGF-I-R) (97). Later in this
review we will detail further support for IGFBP-3 as an
IGF-independent modulator of cell growth.
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IGF Inhibiting Actions

Different cell systems have shown different effects of
IGFBP-3 on IGF-I function. Multiple in vitro studies
showed that IGFBP-3 in solution decreases the stimula-
tory effects of the IGFs, in most of the cases by preventing
IGFs from binding to their receptors since the affinity of
IGF to IGFBP-3 is higher than to the IGF-I receptor (98).
The addition of IGFBP-3 to a variety of cells, in competi-
tion with IGFs, results in attenuation of IGF-mediated mi-
tosis as well as metabolic actions (5,9). The inhibitory
effects of several hormones such as TGF-f and retinoic
acid may be mediated by stimulation of IGFBP-3 (87).

IGF Stimulating Actions

Studies by DeMellow and Baxter and by Conover et al.
showed that even though, in the same cell system, the ad-
dition of IGFBP-3 to culture media caused inhibition of
cell growth, pre-incubation with IGFBP-3 followed by its
removal caused potentiation of the IGF-I effects (98,99).
The conclusion was that the presence of large amounts of
IGFBP-3 caused reduction in the free IGF levels, while
small amounts of IGFBP-3 protected IGFs, intensifying
their effects. Conover et al. also showed that IGFBP-3,
when added to the conditioned media, inhibits IGF-I ac-
tion, probably owing to removal of free IGF-1. When cells
were pre-incubated with IGFBP-3 and then washed, low-
molecular-weight forms of IGFBP-3, probably represent-
ing proteolyzed fragments, were bound to the cell
membrane. In this condition, the IGF-I effects were en-
hanced (98). The proposed mechanism for the difference
between the effects of pre-incubated and soluble IGFBP-3
is that the IGFBP-3 fragments bound to the cell membrane
have an order of magnitude with a lower affinity to IGF-I
than the intact soluble IGFBP-3, which has a higher affin-
ity to the IGFs than the IGF-R. In fact, the affinity of IGF-
I to the membrane-bound IGFBP-3 fragment is lower than
that of the type I IGF receptor. Thus, IGFBP-3 might func-
tion as a reservoir of IGF-I, presenting and slowly releas-
ing IGF-I to interact with its receptor, while protecting the
receptor from down-regulation. In support of this latter
concept, Conover and Powell showed that the IGF-1 recep-
tor down-regulation induced by IGF-I can be prevented by
IGFBP-3 by regulating the availability of IGF-I to bind to
its receptor (100).

In vivo studies have shown that the topical use of
IGFBP-3 in association with IGF-I causes better wound
healing then the use of IGF-I alone (/01). In another study,
the administration of IGFBP-3 and IGF-I to growth hor-
mone-deficient rats caused better growth than the adminis-
tration of IGF-I alone (/02). In the same study, however,
IGFBP-3 protected the rats from the hypoglycemic effects
of IGF-I. Thus, it appears that IGFBP-3 targets IGF-I to-
ward growth provocation and away from the insulin-sensi-
tive glucose-consuming tissues.

Insulin-Like Growth Factor Binding Protein 4

Biochemistry, Molecular Biology, and Regulation

IGFBP-4 is found with its predicted molecular weight
of 24 kDa or in the glycosylated form with a molecular
weight of 28 kDa (15). IGFBP-4 has been identified in all
biological fluids (5). The serum levels increase with age
(Fig. 4). Different cell types produce IGFBP-4 locally, in-
cluding fibroblasts, neuroblastoma cells, prostate cells, and
bone cells (70,103). There is demonstrable binding of
IGFBP-4 to cell membranes (the function of which is un-
known) but IGFBP-4 is found mainly in the extracellular
soluble form (4). The regulatory mechanisms affecting
IGFBP-4 expression are still poorly understood, but at least
in bone, IGFBP-4 is regulated by vitamin D and PTH
(4,103), while in neuroblastoma cells, retinoic acid inhib-
its IGFBP-4 (69).

IGF Inhibiting Actions

All studies using IGFBP-4 in different cell lines reported
so far showed an IGF inhibitory effect (46,103,104).
IGFBP-4, in solution, binds to IGF-I competitively, de-
creasing its binding to the type I IGF receptor. It does not
affect IGF-induced cell proliferation when IGF-I analogs
with low affinity for IGFBP-4 but with normal affinity for
the IGF-I receptor are used (/03). The inhibition of IGF
activity by IGFBP-4 was confirmed to be a consequence of
the diminution of free IGF-I from the extracellular envi-
ronment by the addition of recombinant IGFBP-4
(46,103,105) and by the transfection of IGFBP-4 into cell
lines (104). The regulation of the IGF inhibitory IGFBP-4
function is protease-dependent, as discussed below.

Insulin-Like Growth Factor Binding Protein 5

Biochemistry, Molecular Biology, and Regulation

IGFBP-5 has a molecular weight of 29 kDa and it can be
found in several glycosylation forms with molecular
weight between 29 and 32 kDa (/5). Like IGFBP-3,
IGFBP-5 levels decrease with age, starting after puberty
(Fig. 4). The levels in older women are approx 30% of
teenagers (18,19). Growth hormone treatment of growth
hormone-deficient children or adults increases the serum
levels of IGFBP-5 (Fig. 5). In adults, the change in serum
IGFBP-5 correlated with lumbar bone mass density and
total alkaline phosphatase activity. Fetal tissues have high
levels of IGFBP-5 during rapid growth (25), while levels
in adult tissues vary. CSF and connective tissues have sub-
stantial concentrations of IGFBP-5, and IGFBP-5 is the
main IGFBP expressed in the kidneys (/5). Unlike the oth-
ers IGFBPs, IGFBP-5 strongly binds to bone cells due to
its high affinity for hydroxyapatite (72). Like IGFBP-3,
IGFBP-5 binds to endothelial cell monolayers and is found
in large concentrations in the extracellular matrix. The
binding to the endothelial cells is competitively inhibited
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by heparin and heparan sulfate, and alterations in the
C-terminal region of IGFBP-5 inhibit the binding to the
cells but not to the extracellular matrix (/06). The binding
of IGFBP-5 to the extracellular matrix is on an ionic basis.
When bound to the extracellular matrix the affinity of
IGFBP for IGF-I is reduced seven- to twelve-fold when
compared to the intact IGFBP-5 in solution (46,107).

The mechanisms by which IGFBP-5 is regulated are still
being unraveled. Bone cells produce large amounts of
IGFBP-5 and levels decrease with the progression of matu-
ration due to protease activity, as will be discussed subse-
quently. Treatment of osteoblastic cells with fibroblast
growth factor, transforming growth factor beta (TGF-f3),
platelet-derived growth factor BB, IGFBP-2, and IGFBP-
3 cause a decrease in the IGFBP-5 expression (/08). In the
same cell systems, treatment with IGF-I and retinoic acid
cause the inverse effect, with increased levels of IGFBP-5
mRNA (109). The levels of IGFBP-5 in fibroblasts and
osteoblast-like cells decreased when glucocorticoids were
added to the cells (24,110). In smooth muscle cells,
IGFBP-5 mRNA expression is stimulated by IGF-I by a
mechanism which is time- and dose-dependent and cell
type specific (111).

IGF Inhibiting Actions

IGFBP-5 inhibits the growth of a variety of cells. In
granulosa cells, the levels of IGFBP-5 rise during the de-
generative phase (72). Since IGF-I promotes maturation
and proliferation of the follicles, it was speculated that
IGFBP-5 inhibits IGF-I action (72). It has also been shown
that FSH promotes granulosa cell proliferation by reduc-
ing intact IGFBP-5 levels (in a process which involves in-
duction of a specific binding protein protease) (72). Ling
showed that IGFBP-5 inhibited granulosa cell steroidogen-
esis stimulated by IGF-I (1/2). In the kidneys, IGFBP-5
may also inhibit growth, since itis expressed inversely with
renal tissue growth status (72). IGFBP-5 inhibits glycogen
and DNA synthesis in osteosarcoma cells, a process that is
IGF-I-dependent (105). Porcine smooth muscle cells pro-
duce IGF-I, IGFBP-5, and an IGFBP-5 protease. The use
of a protease-resistant IGFBP-5 inhibited IGF-I effects.
This demonstrates that IGFBP-5 proteolysis serves to regu-
late IGF-I action (113).

IGF Stimulating Actions

Several in vitro studies showed that IGFBP-5 stimulated
IGF-I actions when compared to IGF-I alone (46,114). The
IGF-enhancing actions of IGFBP-5 are particularly evi-
dent in bone cells. Studies suggest a need for IGFBP-5 to
be bound to the cell membrane or extracellular matrix to
cause this potentiating effect (46,114). IGFBP-5, when
bound to the extracellular matrix, has a lower affinity for
IGF-I than the free form but has a prolonged half-life
(47,107). The binding of IGF-I to the matrix-bound

IGFBP-5 facilitates subsequent binding of IGF-I to its re-
ceptors (47,107).

Insulin-Like Growth Factor Binding Protein 6

Biochemistry, Molecular Biology, and Regulation

IGFBP-6 is an O-glycosylated protein (/15) with a pre-
dicted molecular weight of 34 kDa (5). In humans, IGFBP-
6 is found predominantly in CSF and serum (/5). It is the
only IGFBP that preferentially binds to IGF-II by over two
orders of magnitude better than to IGF-1 (1715-117). In
osteoblastic cells, the addition of an excessive concentra-
tion of IGFBP-6 inhibited IGF-II-stimulated DNA and gly-
cogen synthesis but had minimal effects on inhibiting IGF-I
actions (/16). IGFBP-6 is expressed in ovarian cells, pro-
static cells, fibroblasts and other cells (/75). IGF-II and
other hormones regulate the expression of IGFBP-6. Stud-
ies in breast carcinoma cell lines showed that, in the cells
studied, only estrogen receptor negative cells produced
IGFBP-6, and that its expression was not changed by IGF-
I but was enhanced by retinoic acid (//8). In human osteo-
blast cells, retinoic acid increases IGFBP-6 expression by
more than 1000% (119).

The levels of IGFBP-6 in children with chronic renal
failure are at least five times higher than the levels in nor-
mal controls. These levels correlated with glomerular fil-
tration rate and did not change with hGH therapy (720).

IGF Inhibiting Actions

In vitro studies have shown that when added to tissue
culture media, IGFBP-6 inhibits IGF-II binding, sup-
presses IGF-II-dependent myoblast differentiation and
proliferation, but does not affect IGF-I-dependent
functions (/21,122). In osteoblastic cells, the addition of
an excessive concentration of IGFBP-6 also inhibited
IGF-II-stimulated DNA and glycogen synthesis but had
only a relatively lower effect on inhibiting the IGF-I
effects (7).

IGFBP Proteases

An extensive review of IGFBP proteolysis is beyond the
scope of this review. The proteolysis of the IGFBPs is prob-
ably an essential piece of the intricate and complex regula-
tion of IGF action. In general, fragmented binding proteins
have decreased affinity for IGFs, causing release of free
IGFs to interact with its receptor. In serum, the proteolysis
of IGFBP-3 releases IGF-1 and may allow IGF-I to be trans-
ported to the extravascular space. In the extravascular
space, IGFs are bound to various IGFBPs and specific pro-
teases presumably promote the release of IGFs at the tissue
level. As mentioned earlier, the IGFBP-3 bound to the cell
membrane that causes stimulatory effects over IGF action,
is a fragment, due to local proteolysis, with lower affinity
for IGFs (98).
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The BP-Prs were first described in pregnancy serum as
a proteolytic activity against IGFBP-3 (/23). Since then,
BP-Prs have been described in many other clinical situa-
tions, in various body fluids, and have been shown to cleave
IGFBP-2 through —6 with varying specificity. The molecu-
lar nature of some of these proteases is being unraveled
and at least three classes of BP-Prs have been recognized.
These include kallikreins (124, 125), cathepsins (126—129),
and matrix metalloproteinases proteases (MMPs) (130-
132).

Kallikrein-like serine proteases, which cleave IGFBP-
3, include PSA, gamma-nerve growth factor, and plasmin
(133). In fact, plasmin degrades multiple IGFBPs (133).
Thrombin, another serine protease, cleaves IGFBP-5 at
physiologically relevant concentrations (i.e., within one
order of magnitude of fibrinogen, its natural substrate)
(134).

Cathepsins are intracellular proteinases which activate
under acidic conditions and may be relevant to certain
physiologic and pathological processes including neoplas-
tic infiltration. Under these conditions in vivo, a high re-
lease of hydrogen ions may provide an acidic environment
for extracellular cathepsin action which through interac-
tion with the IGF axis may be related to cell growth rates
(135).

MMPs (also called matrixins) comprise a family of pep-
tide hydrolases (2,800 to 92,000 kDa) responsible for the
degradation of extracellular matrix components, such as
collagen and proteoglycans, in processes involving tissue
remodeling. These peptide hydrolases require a metal ion
for their catalytic activity and thus are inactivated by metal
chelators as well as by specific inhibitors. An IGFBP pro-
tease in mouse pregnancy serum belongs to the MMP fam-
ily, as does a zinc-dependent protease produced by dermal
fibroblasts. MMPs have been identified in prostatic fluid
and cells. The IGFBP protease induced in airway smooth
muscle cell culture by inflammatory agents (leukotriene
D4 and interleukin 1-f) has been identified as MMP-1 by
immunoblotting and immunoprecipitation techniques
(136).

Pregnancy serum has elevated levels of proteases, more
specifically, MMPs (130). Protease activity regulating the
IGF-IGFBPs axis is present from early pregnancy (/30)
with MMPs and serine proteinases secretion being docu-
mented during trophoblast invasion (/30). During preg-
nancy, serum levels of MMPs progressively increase,
causing reduction in the levels of intact IGFBP-3. IGFBP-
2, -4, and -5 also undergo proteolysis during pregnancy
(137-139). The increased activity of BP-Prs during preg-
nancy probably causes increased levels of free IGF-I, and
consequently, stimulation of placental and fetal growth.
When chick embryo fibroblasts were exposed to IGF-I and
IGFBP-3, the IGFBP-3 inhibitory effect on IGF-I action
was more pronounced in normal serum than in pregnancy

serum. The authors concluded that the fragmented IGFBP-
3 released IGF-I faster (140,141).

IGFBP proteases are also important autocrine/paracrine
growth regulators. They have been implicated in physi-
ologic processes such as ovarian follicular growth and atre-
sia (142). IGFBP proteases may be the critical elements in
malignant and benign proliferative diseases including pros-
tate cancer and airway smooth muscle hyperplasia of long-
standing asthma (/32).

IGFBP-4 proteases have been identified in neuroblas-
toma cells, smooth muscle cells, and fibroblasts (46). The
IGF enhancing activity of IGFBP-4 proteases was also
demonstrated using protease-resistant forms of IGFBP-4.
IGFBP-4 proteases are activated by the IGFs, predomi-
nantly by IGF-II (143,144). In vitro studies using porcine
vascular smooth muscle cells showed that elevation in the
glucose concentration of the conditioned-media induced
IGFBP-4 proteolysis, which resulted in increased avail-
ability of IGF-I to interact with the receptor (/45). This
mechanism was postulated as one of the causes for some of
the abnormalities in diabetes mellitus. Recently, a novel
IGFBP-4 protease was cloned (/46).

IGFBP-5 activity is also modulated by proteases. Simi-
lar to IGFBP-3 and unlike IGFBP-4, IGFBP-5 is protected
from protease activity when bound to IGFs. IGFBP-5 is
found in high concentrations in the extracellular matrix.
When bound to the matrix, IGFBP-5 is protected from BP-
Pr activity (46).

IGFBP-6 glycosylation protects the protein from pro-
teolysis (147).

Regulation of IGFBP proteolysis is a new area of inves-
tigation, and recent papers have revealed intriguing obser-
vations. In vivo, the IGFBP-3 protease activity detectable
in the serum of newly-diagnosed youngsters with insulin-
dependent diabetes mellitus appears to be reversible by
insulin (/48). IGFs stimulate but IGFBPs inhibit an
IGFBP-4 protease of MC3T3-E1 osteoblasts (/49). Simi-
lar findings have been demonstrated in dermal fibroblasts
(150). The IGFBP-3 protease secreted by MCF-7 breast
cancer cells can be inhibited by IGFs, suggesting a unique
loop by which IGFs can regulate their own activity (/517).
Such findings implicate the relative proportion of IGFs to
IGFBPs to be a critical regulator of IGFBP proteases.

IGFBPs with IGF Independent Function

Several studies have shown a direct effect of the IGFBPs
on cell growth, which is independent of the IGFs. At the
present time, only IGFBP-1, -3, and -5 have been shown to
have independent functions but such actions are postulated
for IGFBP-2 and -4 as well (152,153).

The discovery of IGF-independent modulation of
growth by IGFBPs provided evidence for the presence of
specific cell-surface IGFBP receptors and added a further
layer of complexity to the IGF axis. An accumulating body
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of evidence has revealed that IGFBP-3 has important IGF-
independent effects in vitro on growth regulation in mul-
tiple cells and tissues. Unfortunately, in vivo studies to date
(including those in transgenic animals or with infusions
into human subjects) have not shown direct, inhibitory,
IGF-independent effects of IGFBP-3, even though such
models produced high serum levels of free IGFBP-3.

The existence of cell-surface IGFBP-3 association pro-
teins/receptors was first suggested by Oh, et al., who dem-
onstrated specific, dose-dependent binding of IGFBP-3 to
breast cancer cell surface proteins of 20, 26, and 50 kDa
(94,153). In these estrogen-receptor-negative breast can-
cer cells, the inhibitory effects of IGFBP-3 on growth were
shown to be dose-dependent and diminished by co-incuba-
tion with IGFs but not by IGF analogs with reduced affin-
ity for IGFBP-3.

We have also shown that IGFBP-3 had independent in-
hibitory effects on cell growth, utilizing a cell transfection
system (152). Valentinis et al. showed inhibition of growth
by IGFBP-3 in cells derived from an IGF-I receptor
“knockout” mouse, and demonstrated that the IGF-IGF
receptor interaction is not involved in this IGFBP-3 effect
(154). In addition, these cells demonstrated marked growth
inhibition when transfected with a vector containing the
IGFBP-3 gene (154). This growth inhibition correlated
with the magnitude of IGFBP-3 expression in these clones
(154). Because these cells did not express IGF receptors,
the growth-inhibiting effects of IGFBP-3 clearly were
mediated, not through an IGF-I-R pathway, but presum-
ably through a novel, IGFBP-3-specific pathway.

In cultured ovarian granulosa cells, DNA synthesis is
stimulated by follicle-stimulating hormone. In these cells,
IGFBP-3 inhibited DNA synthesis independently of the
presence of IGFs. To further exclude the possibility of an
effect mediated through IGFs, IGFBP-2, which should also
bind IGFs, was added, but similar inhibition was not ob-
tained (/55). The synthesis of DNA by embryonic fibro-
blasts is inhibited by the addition of IGFBP-3 even in the
presence of high concentrations of insulin, which should
provoke effects mediated through the type I IGF receptor.
The authors concluded that IGFBP-3 had inhibitory ac-
tion, independent of the IGFs (/56). Transfection of the
IGFBP-3 gene into murine fibroblasts inhibited cell growth
by a mechanism that was not reversible by the addition of
excess insulin. Even though insulin has mitogenic activity
in these cells, it does not bind IGFBP-3, and would pre-
sumably saturate the IGF-I-R (152). Lalou et al. generated
a 16-kDa fragment of thIGFBP-3 (by proteolysis with plas-
min) with negligible binding affinity for IGF-I and pre-
sumably none for insulin (/57). This IGFBP-3 fragment
inhibited insulin- and IGF-I-stimulated DNA synthesis in
chick embryo fibroblasts (/57). The same fragment also
inhibited mitogenesis in murine fibroblasts with a defec-
tive IGF-I-R that could respond to bFGF but not IGF, epi-

dermal growth factor, or platelet-derived growth factor
(PDGF) (158).

Jones et al. showed a direct effect of IGFBP-1 stimulat-
ing cell migration in a monolayer-wounding assay. The
direct effect of IGFBP-1 and some of the other stimulatory
activity of IGFBP-1 are dependent on the interaction of the
RGD sequence with the integrin receptor in the cell mem-
brane (159).

IGFBP-4 may also have IGF-independent actions com-
patible with its membrane binding. When the IGFBP-4
gene was transfected into the colon cancer cell line HT—
29, growth inhibition was observed that was not reversed
by IGFs or serum (/04). IGFBP-5 has been shown to stimu-
late in vitro bone cell proliferation both in the absence of
IGFs and in the presence of IGF analogs that do not bind to
IGFBP-5, demonstrating an IGF-independent function,
probably involving cell surface binding sites (91,114).

Recently, a protein biochemically identified as the type
V TGF-f receptor (by affinity cross-linking and immuno-
precipitation techniques) was shown to bind IGFBP-3, and
it may be another IGFBP-3 associated protein (/60). How-
ever, this protein has not been characterized structurally
and it has not been cloned, and its size is several-fold larger
than other putative IGFBP-3 receptors (160).

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
(97,161-163). IGFBP-3 has also been shown to bind
importin, a molecule that facilitates nuclear transport
(164). Nuclear IGFBP-3 may directly control gene expres-
sion. Of note, IGFBP-3 interacts with a plethora of mol-
ecules which may regulate IGFBP-3 action on cells,
including transferrin, heparin, and the latent TGF-f3 bind-
ing protein (LTBP-1) (165-168).

IGFBP-Related Proteins

The IGFBP superfamily also encompasses several
IGFBP-related proteins (IGFBP-rPs) which bind IGFs with
low affinity (/0). The eclectic taxonomy of the IGFBP-rPs
is a work in progress (169-179). IGFBPs and IGFBP-rPs
share the highly conserved and cysteine-rich N-terminus,
which appears to be crucial for several biological actions
including their binding to IGFs (181,182).

IGFBP-rP1 (first named mac25) is a 31-kDa protein
cloned originally from leptomeninges (/70) and more re-
cently from breast cancer cells (169,173). Proteins identi-
cal to IGFBP-rP1 have also been isolated from human
diploid fibroblast cells (prostacyclin-stimulating factor or
PSF) (171) and a bladder carcinoma cell line (tumor-de-
rived adhesion factor or TAF) (172). IGFBP-rP1 is a se-
creted protein and has been identified in normal human
urine, cerebrospinal and amniotic fluids (/82). IGFBP-rP1
mRNA is down-regulated in several tumor cell lines and
highly expressed in senescent mammary epithelial cells,
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suggesting that IGFBP-rP1 has growth-suppressing activ-
ity (1/83). Additional support for this hypothesis came from
studies showing that loss of heterozygosity for IGFBP-rP1
expression was essential to the initiation and progression
of in situ and infiltrating ductal breast cancer (/73). Con-
versely, TGF- stimulates IGFBP-rP1 mRNA expression
in the C2 skeletal myogenic cell line (/84), a line which
transitions from actively dividing, undifferentiated myo-
blasts to nondividing myotubes. IGFBP-rP1 levels are
markedly higher in dividing C2 myoblasts than in nondi-
viding myotubes, suggesting that IGFBP-rP1 has prolif-
erative actions (184).

IGFBP-rP2 (previously called connective tissue growth
factor, CTGF) is involved in human atherosclerosis and
fibrotic disorders and can be identified in serum-free con-
dition media of human breast cancer cells and in human
biological fluids such as normal sera, pregnancy sera, and
cerebrospinal, amniotic, follicular and peritoneal fluids
(183). Recent studies indicate that IGFBP-rP2 appears to
be an important endocrine factor and one of the critical
downstream effectors of TGF-3 (185).

IGFBP-rPs designated -3, -4, -5, and -6 have been pro-
posed, though few reports of their structures and functions
have been published to date. mRNA levels of the
nephroblastoma overexpression gene (novH, the proposed
IGFBP-rP3) and the Wilms’ tumor suppressor gene (WT1)
are inversely correlated in individuals with Wilms’ tumors
(186). IGFBP-rP3 is a target for WT1 regulation, suggest-
ing that IGFBP-rP3 may play an important role during
normal nephrogenesis and in the development of Wilms’
tumors. IGFBP-rP3 may serve as a marker both for renal
podocytic differentiation and heterotypic mesenchymal
differentiation in Wilms’ tumors (186).

The proposed IGFBP-rP4 is human CYR61. Sequence
analysis reveals the presence of several distinct protein
domains, which confer a mosaic structure to human
CYRG61, confirming it as a member of the IGFBP-rP fam-
ily, which includes several proto-oncogene products (177).
CYRG61, a new immediate early gene, may play a role in
cell commitment during embryogenesis and, more gener-
ally, in the control of cell proliferation (/77).

The N-terminus of the L56 protein (the proposed
IGFBP-rP5) contains an IGF-binding domain which may
modulate its activity as a serine protease (/78). These data
are consistent with the assumption that L56 is yet another
protease regulating the availability of IGFs by cleaving
IGFBPs.

Finally, a novel human endothelial cell-specific mol-
ecule (ESM-1) was recently cloned from a human umbili-
cal vein endothelial cell (HUVEC) cDNA library and
proposed as IGFBP-rP6 (179). Time-dependent up-regula-
tion of ESM-1 mRNA was seen after addition of TNF- or
IL-1 P but not with IL-4 or interferon gamma (IFN-) alone
(179). The combination of IFN- and TNF- inhibited the

TNF- induced increase of ESM—1 mRNA levels. These
data suggest that the proposed IGFBP-rP6 may play an
important role in vascular cell biology and human lung
physiology (179).

IGFBPs and Apoptosis

In addition to its role as an IGF modulator and its IGF-
independent actions on cell growth, IGFBP-3 has been re-
cently linked to the induction of apoptosis. The first link
between IGFBP-3 and apoptosis was made when it was
shown that IGFBP-3 is transcriptionally activated by the
tumor suppressor gene p53 (93). Recently, it has been
shown that mutants of p53 which have lost the ability to
activate IGFBP-3 and Bax expression, but maintained their
activation of the cyclin-dependent kinase inhibitor p21, are
able to induce cell cycle arrest, but are unable to induce
apoptosis (187,188). Rajah et al. demonstrated that addi-
tion of exogenous IGFBP-3 to PC-3 cells resulted in a dose-
dependent increase in the apoptotic index which was only
partially attenuated by the addition of IGF-I and unchanged
by the addition of IGF analogs with reduced affinity to
IGFBP-3. Confirmation of the direct action of IGFBP-3 on
apoptosis was achieved by the induction of apoptosis by
IGFBP-3 in IGF-I-R-negative (knockout) murine fibro-
blasts. Using specific antisense oligonucleotides and neu-
tralizing, antilGFBP-3 antibodies to block IGFBP-3
expression and action, IGFBP-3 was identified as the me-
diator of apoptosis induced by retinoic acid (RA) and trans-
forming growth factor-p (TGF-f) in multiple cell types
(89,91,189-191). We also showed that the TGF-3-induced
apoptosis in the p53 negative prostate cancer cell line PC-
3 was prevented by co-treatment with IGFBP-3 neutraliz-
ing antibodies or IGFBP-3 specific antisense thiolated.
This suggests not only that the TGF- (induced apoptosis in
PC-3 cells was mediated by IGFBP-3 but also that IGFBP-
3 induced apoptosis through a novel pathway, independent
of p53.

Additionally, we showed that IGFBP-3 induces
apoptosis in fibroblasts from a type 1 IGF receptor knock-
out mouse demonstrating that this effect is independent of
IGFs and probably occurs through the activation of the
IGFBP-3 receptor present in this and other cell lines. The
effects of IGFBP-3 on apoptosis appear to involve the
serine phosphorylation of bcl-2 and the activation of ICE
proteases (189).

IGFBP-5 is involved in growth arrest and apoptosis of
ship granulosa cells. Castration-associated apoptosis of the
prostate is accompanied by induction of IGFBP-2, -3, -4,
and -5 (96).

Conclusion

Over the last decade, there has been an explosion of data
in the scientific literature regarding the various components
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of the IGF axis. IGFBPs and related molecules are now
believed to be critical elements in numerous cellular pro-
cesses and key factors in several disease states related to
abnormal tissue and somatic growth. Recently, the BP-Prs
were included in this complex system and their importance
is being unraveled. The upcoming years will undoubtedly
bring even more information on the molecular biology of
these key cellular regulators. These discoveries are likely
to lead to better understanding of growth and cellular regu-
lation, and to the development of novel therapeutic ap-
proaches to a variety of diseases.

Acknowledgments

This work was supported in part by grants from
Genentech Foundation (PCS), and PHS grants 2RO1
DK47591 and 1RO1 AI40203 (PC).

References

1.

Baxter, R. C. (1994). Horm. Res. 42, 140-144.

2. Twigg, S. M., Baxter, R. C. (1998). J. Biol. Chem. 273,6074—

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

6079.

. Khosravi, M. J., Diamandi, A., Mistry, J., Krishna, R. G.,

Khare, A. (1997). J. Clin. Endocrinol. Metab. 82,3944-3951.
Hasegawa, T., Cohen, P., and Rosenfeld, R. G. (1995). Growth
Reg. 151-159.

. Cohen P, Rosenfeld, R. G. (1995). In: Human Growth Hor-

mone, Basic and Scientific Aspects. Rosenbloom, A. L. (ed.).
CRC Press: Boca Raton, FL, pp. 43-58.

Arany, E., Afford, S., Strain, A.J., Winwood, P.J., Arthur, M.
J.,and Hill,D.J. (1994).J. Clin. Endocrinol. Metab.79,1871—
1876.

. Chin, E., Zhou, J., Dai, J., Baxter, R. C., and Bondy, C. A.

(1994). Endocrinology 134, 2498-2504.

. Villafuerte, B. C., Koop, B. L., Pao, C. ., Gu, L., Birdsong, G.

G.,and Phillips, L. S. (1994). Endocrinology 134,2044-2050.
Rosenfeld, R. G., Pham, H., Cohen, P., Fielder, P., Gargosky,
S. E., Miiller, H., Nonoshita, L., and Oh, Y. (1994). Acta
Pediatr. 339, 154-158.

Baxter, R. C., Binoux, M. A., Clemmons, D. R., Conover, C.
A.,Drop, S. L., Holly, J. M., Mohan, S., Oh, Y., Rosenfeld, R.
G. (1998). Endocrinology 139, 4036.

Cohen, P., Fielder, P.J., Hasegawa, Y., Frisch, H., Giudice, L.
C.,and Rosenfeld, R. G. (1991). Acta Endocrinol. 124,74-85.
Holly, J. M. P. and Martin J. L. (1994). Growth Reg. 4,20-30.
Lamson, G., Giudice, L. C., and Rosenfeld, R. G. (1991).
Growth Factors 5, 19-28.

Underwood, L. E., Thissen, J. P., Lemozy, S., Ketelslegers, J.
M., and Clemmons, D. R. (1994). Horm. Res. 42, 145-151.
Katz, L. E. L., Rosenfeld, R. G., and Cohen, P. (1995). Endo-
crinologist 5, 36-43.

Smith, W.J., Underwood, L. E., and Clemmons, D. R. (1995).
J. Clin. Endocrinol. Metab. 80, 443-449.

Baxter, R. C. Saunders, H. (1992). J. Endocrinol. 134, 133—
139.

Mohan, S., Farley, J. R., Baylink, D. J. (1995). Prog. Growth
Factor Res. 6, 465-473.

Mohan, S., Libanati, C., Dony, C., Lang, K., Srinivasan, N.,
and Baylink, D. J. (1995). J. Clin. Endocrinol. Metab. 80,
2638-2645.

Thoren, M., Hilding, A., Brismar, T., Magnusson, P.,
Degerblat, M., Larsson, L., Saaf, M., Baylink, D. J., and
Mohan, S. (1983). J. Bone Min. Res. 13, 891-899.

21.

22.

23.

24.

25.

26.
217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Tricoli, J. V., Rall, L. B., Scott, J., Bell, G. I., and Shows, T.
B. (1984). Nature 310, 784-786.

Daughaday, W. H. and Rotwein, P. (1989). Endocr. Rev. 10,
68-91.

Collett-Solberg, P. and Cohen, P. (1996). Endocrinol.
Metabol. Clin. NA. 25, 591-614.

Conover, C. A., Clarkson, J. T., and Bale, L. K. (1995). En-
docrinology 136, 1403-1410.

Cohen, P. and Rosenfeld, R. G. (1994). Curr. Opin. Ped. 6,
462-467.

Jones, J. 1. and Clemmons, D. R. (1995). Endocr. Rev. 16,3-34.
Liu, J-P., Baker, J., Perkins, A. S., Robertson, E. J., and
Efstratiadis, A. (1993). Cell 75, 59-72.

Baker, J., Liu, J.-P., Robertson, E. J., and Efstratiadis, A.
(1993). Cell 75, 73-82.

Woods, K. A., Camacho-Hubner, C., Savage, M. O., and
Clark, A.J. L. (1996). N. Engl. J. Med. 335, 1363—-1367.
Katz, L. E. L., Satin-Smith, M., Collett-Solberg, P., Thornton,
P. S., Baker, L., Stanley, C. A., Cohen, P. (1997). J. Pediatr.
131, 193-199.

Katz, L. E. L., Satin-Smith, M., Collett-Solberg, P., Baker, L.,
Stanley, C. A., and Cohen, P. (1998). J. Clin. Endocrinol.
Metab. 83, 4426-4430.

Hirschberg, R. and Kopple, J. D. (1989). J. Clin. Invest. 83,
326-330.

Hirschberg, R., Kopple, J. D., Blantz, R. C., and Tucker, B. J.
(1991). J. Clin. Invest. 87, 1200-1206.

Sandra, A., Boes, M., Dake, B. L., Stokes, J. B., and Bar, R.
S. (1998). Am. J. Physiol. 275, E32—-E37.

Sugimoto, T., Nishiyama, K., Kuribayashi, F., and Chihara,
K. (1997). J. Bone Min. Res. 12, 1272—-1279.

Werner, H. and LeRoith, D. (1996). Cancer Res. 68, 183-223.
Chan, J. M., Stampfer, M. J., Giovanucci, E., Gann, P. H., Jing
Ma, Wilkinson, P., Hennekens, C. H., and Pollak, M. (1998).
Science 279, 563-566.

DeChiara, T. M., Efstratiadis, A., and Robertson, E. J. (1990).
Nature 345, 78-80.

Boulle, N., Logie, A., Gicquel, C., Perin, L., and Le Bouc, Y.
(1998). J. Clin. Endocrinol. Metab. 83, 1713-1720.
Shimasaki, S. and Ling, N. (1991). Prog. Growth Factor Res.
3, 243-266.

Hong, Y.S., Kim, S. Y., Bhattacharya, A., Pratt, D. R., Hong,
W. K., and Tainsky, M. A. (1995). Gene 159, 209-214.
Matsui, T., Hirai, M., Hirano, M., and Kurosawa, Y. (1993).
FEBS Lett. 336, 107-110.

Allander, S. V., Bajalica, S., Larsson, C., Luthman, H., Powell,
D.R.,Stern,I., Weber, G., Zazzi, H., and Ehrenborg, E. (1993).
Growth Reg. 3, 3-5.

Kou, K., Jenkins, N. A., Gilbert, D. J., et al. (1994). Genomics
20,412-418.

Ruoslathi, E. and Pierschlaber, M. D. (1987). Science 238,
491-497.

Clemmons, D. R. (1994). In: Current Directions in Insulin-
Like Growth Factor Research. LeRoith, D. and Raizada, M.
K. (eds). Plenum Press: New York.

Coverley, J. A. and Baxter,R. C (1997). Mol. Cell. Endocrinol.
128, 1-5.

Batch, J. A., Baxter, R. C., and Werther, G. (1991). J. Clin.
Endocrinol. Metab. 73, 964-968.

Counts, D. R., Gwirtsman, H., Carlsson, L. M., Lesem, M.,
and Cutler, G. B., Jr. (1992). J. Clin. Endocrinol. Metab. 75,
762-767.

Strasser-Vogel, B., Blum, W. F., Past, R., Kessler, U.,
Hoeflich, A., Meiler, B., and Kiess, W. (1995). J. Clin.
Endocrinol. Metab. 80, 1207-1213.

Unterman, T. G., Oehler, D. T., Murphy, L. J., and Lacson, R.
G. (1991). Endocrinology 128, 2693-2701.



134

Genetics, Chemistry, and Function of the IGF/IGFBP System / Collett-Solberg and Cohen

Endocrine

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

Conover, C. A., Divertie, G. D., and Lee, P. D. (1993). Acta
Endocrinol. 128, 140-143.

Lee, P.D. K., Conover, C. A., and Powell, D. R. (1993). Proc.
Soc. Exp. Biol. Med. 204, 4-29.

Price, W. A, Stiles, A. D., Moats-Staats, B. M., and D’Ercole,
A.J. (1992). Endocrinology 130, 1424—1432.

Conover, C. A., Lee, P. D., Riggs, B. L., and Powell, D. R.
(1996). Endocrinology 137, 3295-3301.

Samstein, B., Hoimes, M. L., Fan, J., Frost, R. A., Gelato, M.
C.,and Lang, C. H. (1996). Biochem. Biophys. Res. Commun.
228, 611-615.

Murphy, L. J., Rajkumar, K., and Molnar, P. (1995). Prog.
Growth Factor Res. 6,425-432.

Gutierrez-Ospina, G., Calikoglu, A. S., Ye, P., and D’Ercole,
A.J. (1996). Endocrinology 137, 5484-5492.

Lewitt, M. S., Denyer, G. S., Cooney, G. J., et al. (1991).
Endocrinology 129, 2254-2256.

Lewitt, M. S., Saunders, H., Cooney, G. J., et al. (1993). J.
Endocrinol. 136, 253-260.

Clemmons, D. R. and Gardner, L. I. (1990). J. Cell. Physiol.
145, 129-135.

Elgin, R. G., Busby, W. H., and Clemmons, D, R. (1987).
Proc. Natl. Acad. Sci. USA 84, 3254-3258.

Clemmons, D.R., Cascieri, M. A., Camacho-Hubner, C., etal.
(1990). J. Biol. Chem. 265, 12,210-12,216.

Koistinen, R., Itkinen, P., Selenius, P., et al. (1990). Biochem.
Biophys. Res. Commun. 173, 408-415.

Galiano, R. D., Zhao, L. L., Clemmons, D.R.,Roth, S. 1., Lin,
X., and Mustoe, T. A. (1996). J. Clin. Invest. 98, 2462-2468.
Bar,R.S., Boes, M., Clemmons, D. R., et al. (1990). Endocri-
nology 127, 497-499.

Cohen, P., Noveral, J. P., Bhala, A., et al. (1995). Am. J.
Physiol. 269, L151-L157.

Schwander, J. and Mary, J. L. (1993). Growth Reg. 3, 105—
109.

Bernardini, S., Cianfarani, S., Spagnoli, A., Annicchiarico-
Petruzzelli, M., Melino, G., Massoud, R., Boscherini, B.,
Finazzi-Agro, A., Rosenfeld, R. G., and Federici, G. (1994).
J. Neuroendocrinol. 6, 409-413.

Miiller, H. L., Oh, Y., Lehrnbecher, T., Blum, W. F., and
Rosenfeld, R. G. (1994). J. Clin. Endocrinol. Metab. 79,428
434,

Hardouin, S., Gourmelen, M., Noguiez, P., Seurin, D.,
Roghani, M., Le Bouc, Y., Povoa, G., Merimee, T. J.,
Hossenlopp, P., and Binoux, M. (1989). J. Clin. Endocrinol.
Metab. 69, 1291-1301.

Kelley, K. M., Oh, Y., Gargosky, S. E., Gucef, Z., Matsumoto,
T., Hwa, 1., Ng, L., Simpson, D. M., and Rosenfeld, R. G.
(1996). Intern. J. Biochem. Cell Biol. 28, 619-637.
Corkins, M. R., Vanderhoof, J. A., Slentz, D. H., et al. (1995).
Biochem. Biophys. Res. Commun. 211, 707-713.

Guo, Y. S., Townsend, C. M. Jr., Jin, G. F., et al. (1995). Am.
J. Physiol. 268, E1199-E1204.

Cohen, P., Peehl, D. M., Stamey, T. A., etal. (1993). J. Clin.
Endocrinol. Metab. 76, 1031-1035.

Mouhieddine, O. B., Cazals, V., Kuto, E., Le Bonc, Y., and
Clement, A. (1996). Endocrinology 137, 287-295.

Pintar, J. E., Schuller, A., Wood, T. L., et al. (1996). In: Prog.
Growth Factor Res.

Sommer, A., Spratt, S. K., Tatsuno, G. P.,etal. (1992). Growth
Reg. 3, 46-49.

Gucev, Z. S., Oh, Y., Kelley, K. M., Labarta, J. I., Vorwerk,
P., and Rosenfeld, R. G. (1997). Endocrinology 138, 1464—
1470.

Vaccarello, M. A., Diamond, F. B. Jr., Guevara-Aguirre, J.,
Rosenbloom, A. L., Fielder, P. J., Gargosky, S., Cohen, P.,
Wilson, K., and Rosenfeld, R. G. (1993). J. Clin. Endocrinol.
Metab. 77, 273-280.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Kanety, H., Karasik, A., Klinger, B., Silbergeld, A., and Laron,
7. (1993). Acta Endocrinol. 128, 144—149.

Zapf, J., Hauri, C., Waldvogel, M., Futo, E., Hasler, H., Binz,
K., Guler, H. P., Schmid, C., and Froesch, E. R. (1989). Proc.
Natl. Acad. Sci. USA 86, 3813-3817.

Uchijima, Y., Takenaka, A., Takahashi, S., et al. (1995).
Biosci. Biotech. Biochem. 59, 1503-1515.

Kanzaki, S., Baxter, R. C., Knutsen, R., et al. (1995). J. Bone
Min. Res. 10, 854-858.

Schmid, C., Schlapfer, 1., Peter, M., et al. (1994). Am. J.
Physiol. 267, E226-E233.

Olney, R. C., Wilson, D. M., Mohtai, M., Fielder, P. J., and
Smith, R. L. (1995). J. Endocrinol. 146, 279-286.

Besset, V., Le Magueresse-Battistoni, B., Collette, J., and
Benahmed, M. (1996). Endocrinology 137, 296-303.

Oh, Y., Miiller, H. L., Ng, L., and Rosenfeld, R. G. (1995). J.
Biol. Chem. 270, 13,589-13,592.

Han, G. R., Dohi, D. F., Lee, H. Y., Rajah, R., Walsh, GL.,
Hong, W. K., Cohen, P., and Kurie, J. M. (1997). J. Biol.
Chem. 272, 13,711-13,716.

Hayden, J. M., Strong, D. D., Baylink, D. J., Powell, D. R.,
Sampath, T. K., and Mohan, S. (1997). Endocrinology 138,
4240-4247.

Huynh, H., Yang, Y. F., and Pollak, M. (1996). J. Biol. Chem.
271, 1016-1021.

DiBattista, J. A., Dore, S., Morin, N., Abribat, T. (1996). J.
Cell Biochem. 63, 320-333.

Buckbinder, L., Talbott, R., Velasco-Miguel, S., Takenaka, I.,
Faha, B., Seizinger, B. R., and Kley, N. (1995). Nature 377,
646-649.

Jaques, G., Noll, K., Wegmann, B., Witten, S., Kogan, E.,
Radulescu, R. T., and Havemann, K. (1997). Endocrinology
138, 1767-1770.

Murphy, L. J., Molnar, P., Lu, X., Huang, H. (1995). J. Mol.
Endocrinol. 15, 293-303.

Nickerson, T., Pollak, M., Huynh, H. (1998). Endocrinology
139, 807-810.

Oh, Y., Miiller, H. L., Lamson, G., Rosenfeld, R. G. (1993).
J. Biol. Chem. 268, 14964-14971.

Conover, C. A., Clarkson, J. T., Durham, S. K., et al. (1994).
In: Current Directions in Insulin-Like Growth Factor Re-
search. LeRoith, D. and Raizada, M. K. (eds). Plenum Press:
New York.

DeMellow, J. S. M. and Baxter, R. C. (1988). Biochem.
Biophys. Res. Commun. 156, 199-204.

Conover, C. A. and Powell, D, R. (1991). Endocrinology 129,
710-716.

Hamon, G. A.,Hunt, T. K., and Spencer, E. M. (1993). Growth
Reg. 3, 55-56.

Clark, R. G., Mortensen, D., Reifsynder, D., et al. (1993).
Growth Reg. 3, 50-52.

Mohan, S., Nakao, Y., Honda, Y., Landale, E., Leser, U.,
Dony, C., Lang, K., and Baylink, D. J. (1995). J. Biol. Chem.
270, 20,424-20,431.

Singh, P., Dai, B., Dhruva, B., et al. (1994). Cancer Res. 54,
6563-6570.

Kiefer, M. C., Schmid, C., Waldvogel, M., et al. (1993).
Growth Reg. 3, 56-59.

Booth, B. A., Boes, M., Andress, D. L., et al. (1995). Growth
Reg. 5, 1-17.

Jones, J. 1., Gockerman, A., Busby, W. H. Jr., et al. (1993). J.
Cell. Biol. 121, 679-687.

Canalis, E. and Gabbitas, B. (1995). J. Biol. Chem. 270,
10,771-10,776.

Dong, Y. and Canalis, E. (1995). Endocrinology 136, 2000—
2006.

Okazaki, R., Riggs, B. L., and Conover, C. A. (1994). Endo-
crinology 134, 126-132.



Vol. 12, No. 2 Genetics, Chemistry, and Function of the IGF/IGFBP System / Collett-Solberg and Cohen 135

111. Duan, C., Hawes, S. B., Prevette, T., et al. (1996). J. Biol. 142. Besnard, N., Pisselet, C., Zapf, J., Hornebeck, W., Monniaux,
Chem. 271, 4280-4288. D., and Monget, P. (1996). Endocrinology 137, 1599-1607.

112. Ling, N. C,, Liu, X. J., Malkowski, M., et al. (1993). Growth 143. Tsuboi, R., Shi, C. M., Sato, C., Cox, G.N., Ogawa, H. (1995).
Reg. 3, 70-74. J. Invest. Dermatol. 104, 199-203.

113. Imai, Y., Busby, W. H. Jr., Smith, C. E., Clarke, J. B., 144. Jyung,R. W., Mustoe, J. A., Busby, W. H., and Clemmons, D.
Garmong, A.J., Horwitz, G. D., Rees, C., and Clemmons, D. R. (1994). Surgery 115, 133-239.
R. (1997). J. Clin. Invest. 100, 2596-2605. 145. Jacot, T. A. and Clemmons, D. R. (1998). Endocrinology 139,

114. Andress, D. L. and Birnbaum, R. S. (1992). J. Biol. Chem. 44-50.
267, 22,467-22,472. 146. Lawrence,J.B., Oxvig, C., Overgaard, M. T., Sottrup-Jensen,

115. Bach, L. A., Thotakura, N. R., and Rechler, M. M. (1993). L., Gleich, G.J., Hays, L. G., Yates, J. R. III, and Conover, C.
Growth Reg. 3, 59-62. A. (1999). Proc. Natl. Acad. Sci. USA 16396, 3149-3153.

116. Baxter, R. C. and Saunders, H. (1992). J. Endocrinol. 134, 147. Newmann, G. M., Marinaro, J. A., and Bach, L. A. (1998).
133-139. Biochemistry 37, 6572—-6585.

117. Claussen, M., Buergisser, D., Schuller, A. G., et al. (1995). 148. Bereket, A., Lang, C. H., Blethen, S. L., Fan, J., Frost, R. A.,
Mol. Endocrinol. 9,902-912. and Wilson, T. A. (1995). J. Clin. Endocrinol. Metab. 80,

118. Sheikh, M. S., Shao, Z. M., Hussain, A., etal. (1993). J. Cell. 2282-2288.
Physiol. 155, 556-67. 149. Fowlkes, J. L., Thrailkill, K. M., George-Nascimento, C.,

119. Zhou, Y., Mohan, S., Linkhart, T. A., et al. (1996). Endocri- Rosenberg, C. K., and Serra, D. M. (1997). Endocrinology
nology 137, 975-983. 138, 2280-2285.

120. Powell, D. R., Liu, F., Baker, B. K., Hintz, R. L., Durham, S. 150. Donnelly, M. J. and Holly, J. M. (1996). J. Endocrinol. 149,
K., Brewer, E. D., Frane, J. W., Tonshoff, B., Mehls, O., R1-R7.
Wingen, A. M., Watkins, S. L., Hogg, R. J., and Lee, P. D. 151. Salahifar, H., Baxter, R. C., and Martin, J. L. (1997). Endocri-
(1997). J. Clin. Endocrinol. Metab. 82,2978-2984. nology 138, 1683-1690.

121. Bach,L. A.,Hsieh, S.,Brown, A.L.,etal.(1994). Endocrinol- 152. Cohen, P., Lamson, G., Okajima, T., et al. (1993). Mol.
ogy 135, 2168 -2176. Endocrinol. 7, 380-386.

122. Bach, L. A., Salemi, R., and Leeding, K. S. (1995). Endocri- 153. Oh, Y., Muller, H. L., Pham, H., et al. (1993). J. Biol. Chem.
nology 136, 5061-5069. 268, 26,045-26,048.

123. Binoux, M., Lalou, C., Lassarre, C., et al. (1994). In: Current 154. Valentinis, B., Bhala, A., DeAngelis, T., et al. (1995). Mol.
Directions in Insulin-Like Growth Factor Research. LeRoith, Endocrinol. 9, 361-367.
D., and Raizada, M, K. (eds.). Plenum Press: New York. 155. Bicsak, T. A., Shimonaka, M., Malkowski, et al. (1990). En-

124. Cohen, P., Graves, H. C., Peehl, D. M., Kamarei, M., Giudice, docrinology 126, 2184-2189.
L.C.,and Rosenfeld,R. G. (1992).J. Clin. Endocrinol. Metab. 156. Villaudy, J., Delbe, J., Blat, C., et al. (1991). J. Cell. Physiol.
75, 1046-1053. 149, 492-496.

125. Rajah, R., Bhala, A., Nunn, S. E., Peehl, D. M., and Cohen, P. 157. Lalou, C., Lassarre, C., and Binoux, M. (1996). Endocrinol-
(1996). Endocrinology 137, 2676-2682. ogy 137, 3206-3212.

126. Conover, C. and DeLeon, D. D. (1994). J. Biol. Chem. 2691, 158. Zadeh, S. M., and Binoux, M. (1997). Endocrinology 138,
7076-7080. 3069-3072.

127. Conover, C., Perry, J., and Tindall, D. (1995). J. Clin. 159. Jones, J. 1., Gockerman, A., Busby, W. H., et al. (1993). Proc.
Endocrinol. Metab. 80, 987-993. Natl. Acad. Sci. USA 90, 10,553-10,557.

128. Nunn, S., Peehl, D. M., and Cohen, P. (1997). J. Cell. Physiol. 160. Leal,S.M., Liu, Q., Huang, S. S., Huang, J. S. (1997). J. Biol.
171, 196-204. Chem. 272, 20,572-20,576.

129. Claussen, M., Kubler, B., Wendland, M., Neifer, K., Schmidt, 161. Noll, K., Wegmann, B., Havemann, K., and Jaques, G. (1996).
B.,Zapf, J.,and Braulke, T. (1997). Endocrinology 138,3797— J. Clin. Endocrinol. Metab. 81, 2653-2662.
3803. 162. Schedlich, L.J., Young, T. F., Firth, S. M., and Baxter, R. C.

130 Fowlkes, J. L., Suzuki, K., Nagase, H., and Thrailkill, K. M. (1998). J. Biol. Chem. 273, 18,347-18,352.
(1994). Endocrinology 135, 2810-2813. 163. Wraight, C. J., Liepe L. J., White P. J., Hibbs A. R., Werther

131. Fowlkes, J. L., Enghild, J. J., Suzuki, K., and Nagase, H. G. A. (1998). J. Invest. Dermatol. 111, 239-242.
(1994). J. Biol. Chem. 269, 742-746. 164. Jaques, G., Noll, K., Wegmann, B., Witten, S., Kogan, E.,

132. Rajah,R.,Katz,L.,Nunn, S., Solberg, P., Beers, T., and Cohen, Radulescu, R. T., and Havemann, K. (1997). Endocrinology
P. (1996). Prog. Growth Factor Res. 6,273-284. 138, 1767-1770.

133. Angelloz-Nicoud, P., Harel, L., and Binoux, M. (1996). 165. Hodgkinson, S., Fowke, P., Al Somai, N., and McQuoid, M.
Growth Reg. 6, 130-136. (1995). J. Endocrinol. 145, R1-R6.

134. Zheng, B., Clarke, J. B., Busby, W. H., Duan, C., and 166. Yang, Y. W.-H., Yanagishita, M., and Rechler, M. M. (1996).
Clemmons, D. R. (1998). Endocrinology 139, 1708—1714. Endocrinology 137, 4363-4371.

135. Bereket, A., Wilson, T. A., Kolasa, A.J., Fan, J., and Lang, C. 167. Ferry R.J., Katz L. E., Grimberg A., Cohen P., Weinzimer S.
H. (1996). Endocrinology 137, 2238-2245. A. (1999). Horm. Metab. Res. 31, 192-202.

136. Cohen, P., Peehl, D. M., Graves, H. C., and Rosenfeld, R. G. 168. Murphy L. J. (1998). J. Mol. Endocrinol. 21, 97-107.
(1994). J. Endocrinol. 142, 407-415. 169. Oh, Y., Nagalla, S. R., Yamanaka, Y., Kim, H-S., Wilson, E.,

137. Claussen, M., Zapf, J., and Braulke, T. (1994). J. Clin. and Rosenfeld, R. G. (1996). J. Biol. Chem. 271, 30,322—
Endocrinol. Metab. 134, 1964—-1966. 30,325.

138. Giudice, L. C., Farrel, E. M., Lamson, G., et al. (1990). J. Clin. 170. Murphy, M., Pykett, M. J., Harnish, P., Zang, K. D., and
Endocrinol. Metab. 71, 806-816. George, D. L. (1993). Cell Growth Differ. 4, 715-722.

139. Katz, L. E. L., Stamey, D., Peehl, D. M., et al. (1995). Endo- 171. Yamauchi, T., Umeda, F., Masakado, M., Isaji, M.,
crine Society P-1-204. Mizushima, S., and Nawata, H. (1994). Biochem. J. 303,591

140. Blat, C., Villaudy, J., and Binoux, M. (1994). J. Clin. Invest. 598.
93, 2286-2290. 172. Akaogi, K., Okabe, Y., Funahashi, K., Yoshitake, Y.,

141.

Lassarre, C. and Binoux, M. (1994). Endocrinology 134,
1254-12.

Nishikawa, K., Yasunitsu, H., Umeda, M., and Miyazaki, K.
(1994). Biochem. Biophys. Res. Commun. 198, 1046-1053.



136

Genetics, Chemistry, and Function of the IGF/IGFBP System / Collett-Solberg and Cohen

Endocrine

173.

174.

175.

176.

177.

178.

179.

180.

181.

Burger, A. M., Zhang, X., Li, H., Ostrowski, J. L., Beatty, B.,
Venanzoni, M., Papas, T., and Seth, A. (1998). Oncogene 16,
2459-2467.

Kim, H-S., Nagalla, S. R., Oh, Y., Wilson, E., Roberts, C. T.
Jr., Rosenfeld, R. G. (1997). Proc. Natl. Acad. Sci. USA 94,
12,981-12,986.

Bradham, D. M., Igarashi, A., Potter, R. L., Grotendorst, G. R.
(1991). J. Cell. Biol. 1114, 1285-1294.

Martinerie, C., Viegas-Pequignot, E., Guenard, 1., Dutrillaux,
B., Nguyen, V., Bernheim, A., and Perbal, B. (1992).
Oncogene 7,2529-2534.

Jay, P., Berge-Lefranc, J., Marsollier, C., Mejean, C., Taviaux,
S., and Berta, P. (1997). Oncogene 14, 1753-1757.
Zumbrunn, J. and Trueb, B. (1996). FEBS Lett. 398, 187-192.
Lassalle, P., Molet, S., Janin, A., Heyden, J. V., Tavernier, J.,
Fiers, W., Devos, R., and Tonnel, A.-B. (1996). J. Biol. Chem.
271, 20,458-20,464.

Yamanaka, Y., Wilson, E. M., Rosenfeld, R. G., and Oh, Y.
(1997). J. Biol. Chem. 272, 30,729-30,734.

Vorwerk, P., Yamanaka, Y., Spagnoli, A., Oh, Y., and
Rosenfeld, R. G. (1998). J. Clin Endocrinol. 83, 1392—-1395.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

Wilson, E. M., Oh, Y., and Rosenfeld, R. G. (1997). J. Clin.
Endocrinol. Metab. 82, 1301-1303.

Sprenger C. C., Damon S. E., Hwa V., Rosenfeld, R. G.,
Plymate, S. R. (1999). Cancer Res. 59, 2370-2375.

Damon, S. E., Haugk, K. L., Swisshelm, K., Quinn, L. S.
(1997). Exp. Cell. Res. 237, 192—-195.

Yang, D. H., Kim, H-S., Wilson, E. M., Rosenfeld, R. G., and
Oh, Y. (1998). J. Clin. Endocrinol. Metab. 83, 2593-2596.
Chevalier, G., Yeger, H., Martinerie, C., Laurent, M., Alami,
J., Schofield, P. N., Perbal, B. (1998). Am. J. Pathol. 152,
1563-1575.

Friedlander, P., Haupt, Y., Prives. C., and Oren, M. (1996).
Mol. Cell. Biol. 16,4961-4971.

Ludwig, R. L., Bates, S., and Vousden, K. H. (1996). Mol.
Cell. Biol. 16, 4952-4960.

Rajah, R., Valentis, B., and Cohen, P. (1997). J. Biol. Chem.
272, 12,181-12,188.

Gucev, Z. S., Oh, Y., Kelley, K. M., and Rosenfeld, R. G.
(1996). Cancer Res. 56, 1545-1550.

Erondu, N. E., Dake, B. L., Moser, D. R., Lin, M., Boes, M.,
and Bar, R. S. (1996). Growth Reg. 6, 1-9.



