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Abstract

The biologic effects of insulin-like growth factor-1 (IGF-1) are mediated by specific
cell surface receptors. IGF-1 binding to the extracellular a-subunits activates the tyrosine
kinase intrinsic to the cytoplasmic portion of the IGF-1 receptor, leading to autophosphory-
lation of specific tyrosine residues in the receptor B-subunit. One early molecular event that
links the receptor kinase to the biologic actions of IGF-1 is tyrosine phosphorylation of the
insulin receptor substrate family (IRS-1 to -4). IRS acts as a multisite ‘docking’ protein by
binding to downstream signal-transducing molecules. Phosphorylation of multiple tyrosine
residues results in the association of IRS-1 with the Src homology 2 (SH2) domains of other
cytoplasmic signaling proteins, including phosphatidylinositol 3" kinase, Syp, Grb2 and
Nck. By binding to Grb2, IRS proteins couple the IGF-1 receptor to the Ras/mitogen-
activated protein kinase pathway. This pathway regulates cell growth, differentiation and
proliferation. Severe pre- and postnatal growth retardation may arise from abnormalities of
IGF-1 signaling such as IGF-1-binding alterations and IGF-1 receptor mutations. Knockout
studies have shown severe growth impairment in mice lacking IRS family components or
Akt. Finally, in human placentas from pregnancies complicated by intrauterine growth
retardation, multiple alterations of IGF-1-signaling molecules have recently been described.

Copyright © 2007 S. Karger AG, Basel

Structure of the Insulin and IGF-1 Receptors

Insulin and insulin-like growth factor-1 (IGF-1) are peptide hormones that
are homologous in primary structure but differ in their physiological effects.
Insulin and IGF-1 exert their biological effects by binding to their respective
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Fig. 1. The IGF family of ligands and receptors (IGF-1R). Modified from Dupont et al. [1].

receptors, the insulin receptor (IR) and the IGF-1 receptor (IGF-1R). The IR and
IGF-1R have similar molecular weights, and both have tyrosine kinase activity.
The IR and IGF-1R are both comprised of 2 extracellular a-subunits containing
ligand-binding sites and 2 transmembrane B-subunits transmitting the ligand-
induced signal [1, 2]. More specifically, IGF-1R and IR 3-subunits consist of 3
domains: (1) a juxtamembrane domain, with motifs required for recruiting the
major signaling adapter proteins; (2) a tyrosine kinase domain, essential for cat-
alytic activity of the receptor, and (3) the carboxyl-terminal domain, which has
several important residues for IGF-1R and IR signaling (fig. 1).

Despite the structural similarities between IGF-1 and insulin, the IR and
IGF-1R have a 100- to 1,000-fold higher binding affinity for their cognate lig-
ands. The a-subunits have been shown to confer ligand-binding specificity [3].

Structural differences in the cytoplasmic domain of the B-subunits of the
IR and IGF-1R may contribute to the divergence of these 2 signaling pathways.
The highest degree of homology between the 2 receptors is found within the
tyrosine kinase domain (about 84%), whereas the region of greatest divergence
between the IR and IGF-1R is found within the juxtamembrane domain (about
61%) and the carboxyl-terminal domain (about 56%) [4, 5].
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Fig. 2. Multiple signaling pathways for the IGF-1R. ERK = Extracellular signal-
regulated kinase; MEK = mitogen extracellular kinase; JNK = Jun kinase; CT = carboxy-
terminal; GDP = guanosine diphosphate; GTP = guanosine triphosphate; PDK =
phosphoinositide-dependent kinase; PH = pleckstrin homology domain; PI = phos-
phatidylinositol; PTEN = phosphatase and tensin homologue; SHC = Src homology colla-
gen; SHP = Src homology phosphatase. Modified from Dupont et al. [1].

Signal Transduction via Insulin Receptor and IGF-1 Receptor

Many of the intracellular signaling events mediated by activation of the IR
and IGF-1R are remarkably similar [6—8]. Some of the shared substrates that
become phosphorylated by the IGF-1R and IR include members of the insulin
receptor substrate (IRS) family of proteins (IRS-1, -2, -3 and -4) [9-12], Gab-1
[13], and Shc [14]. The ability of phosphorylated soluble proteins, such as the
IRS family, to bind Src-homology-2-containing proteins may provide a way to
relay a signal from a receptor anchored in the plasma membrane to other cellu-
lar compartments. Upon stimulation by insulin or IGF-1, tyrosine-phosphorylated
IRS and Shc proteins form signaling complexes between phosphotyrosine-
containing binding motifs and Src homology 2 domains found in molecules
such as growth factor receptor binding-2 protein (Grb2) [15, 16] and the p85
regulatory subunit of the phosphatidylinositol 3’ kinase [17] and Syp (a tyrosine
phosphatase) [18] (fig. 2). Binding of phosphatidylinositol 3’ kinase to

Cianfarani/Geremia/Puglianiello/Maiorana/Germani 18

o




EDV11016.gxd 9/08/07 10:03 AM Page 19 $

phosphorylated IRS leads to a 10-fold stimulation of its activity, accounting for
the rapid rise in phosphorylated phosphatidylinositols in stimulated cells.
Binding of Grb2 to IRS and the subsequent binding of Grb2 (an adapter pro-
tein) to Sos protein may account for the increase in the proportion of the active
Ras-GTP complex, which in turn leads to activation of mitogen-activated pro-
tein kinase (MAPK) cascade (fig. 2). Binding of Syp to IRS causes a marked
increase in its tyrosine phosphatase activity. Activated Syp may dephosphory-
late IRS, thereby terminating signaling. The phosphotyrosine residues on IRS-1
also form docking sites for other signaling molecules, including Fyn [19], Nck
[20] and Crk [21]. By binding to Grb2, the Rass/MAPK pathway regulates cell
growth, differentiation and proliferation in response to insulin and IGF-1 [22,
23]. Various protein tyrosine phosphatases can regulate the activities of the IR
and IGF-1R signaling systems. The specificity of signaling may be explained
by the preferential use of different substrates by the IR and IGF-1R [24]. In par-
ticular, the IR couples preferentially to IRS-2, whereas the IGF-1R couples
preferentially to IRS-1. This conclusion has been confirmed by ablation of the
IRS-1 and IRS-2 genes in mice [25-27].

Altered Ligand-Receptor Interaction:
Missense Mutation in the IGF-1 Gene

In mice, the growth-hormone-IGF-1 system plays a key role in intrauter-
ine development and postnatal growth and metabolism [28-30]. Knockout
models of the growth hormone receptor and IGF-1 have indicated that in
utero IGF-1, but not growth hormone, is required for normal fetal growth
[28, 30, 31].

Walenkamp et al. [32] recently described a 55-year-old patient, the first
child of consanguineous parents, presenting with severe intrauterine and post-
natal growth retardation, microcephaly and sensorineural deafness. A homozy-
gous G to A nucleotide substitution in the /GF-1 gene changing valine 44 into
methionine was found. The inactivating nature of the mutation was proven by
functional analysis. Proof for the inactivating nature of V44M was provided by
demonstrating a 90-fold lower binding affinity for the IGF-1R in receptor-
binding assays using recombinantly produced protein. Additional investigations
revealed osteoporosis, a partial gonadal dysfunction and a relatively well-
preserved cardiac function. The phenotype of this patient was caused by a com-
plete lack of bioactive IGF-1. IGF-2, although in the upper normal range, was
not able to compensate for IGF-1 deficiency in utero, in childhood and neither
in adulthood. Nine of the 24 relatives studied carried the mutation. They had a
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significantly lower birth weight, final height and head circumference than
noncarriers.

IGF-1 Receptor Mutations

Since deletion of the murine /GF-1R gene causes marked prenatal growth
failure (birth weight, 45% of normal weight), with the affected neonates dying
from respiratory depression, the complete absence of IGF-1Rs in humans
would be expected to cause severe disease and perhaps be lethal. However, less
severe perturbations might attenuate the phenotype, as do naturally occurring
missense mutations in the /R gene that cause moderate insulin resistance.

Abuzzahab et al. [33] screened 2 groups of children for abnormalities in
the /GF-IR gene: (a) a group of 42 patients with unexplained intrauterine
growth retardation and subsequent short stature, and (b) a second cohort con-
sisted, of 50 children with short stature who had elevated circulating IGF-1 con-
centrations. In the first cohort, 1 girl who was a compound heterozygote for
point mutations in exon 2 of the /GF-IR gene that altered the amino acid
sequence to Argl08GlIn in one allele and Lys115Asn in the other was found.
Fibroblasts cultured from the patient had decreased IGF-1R function, as com-
pared with that in control fibroblasts. In the second group, 1 boy with a non-
sense mutation (Arg59stop) that reduced the number of IGF-1R on fibroblasts
was identified. Both children had intrauterine growth retardation and poor post-
natal growth.

Kawashima et al. [34] identified a heterozygous mutation (R709Q) chang-
ing the cleavage site from Arg-Lys-Arg-Arg to Arg-Lys-GIn-Arg in a 6-year-old
Japanese girl (case 1) and her mother, who also showed intrauterine growth
restriction (IUGR) with short stature (case 2). Furthermore, (a) fibroblasts from
case 2 contained more IGF-1R proreceptor protein and less mature 3-subunit
protein; (b) ['>’I]IGF-1 binding to fibroblasts from case 2 was reduced, com-
pared with normal controls, and (c) both IGF-1-stimulated [*H]thymidine
incorporation and IGF-1R B-subunit autophosphorylation were low in fibrob-
lasts from case 2, compared with those of controls. These findings strongly
suggest that this mutation leads to failure of processing of the IGF-1R prore-
ceptor to mature IGF-1R, causing short stature and IUGR.

More recently, Walenkamp et al. [35] described a 35-year-old female with
mild intrauterine growth failure, progressive postnatal growth retardation,
severe failure to thrive and microcephaly. Her daughter was born with severe
intrauterine growth retardation and also showed postnatal failure to thrive and
microcephaly. A heterozygous G31483A nucleotide substitution in the /GF-1R
gene, changing a negatively charged glutamic acid at position 1050 into a
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Table 1. Clinical features of the 4 families with heterozygous IGF-1R mutations, modified from Walenkamp

etal. [35]
No. Subject Mutation Birth Birth Head Last
weight length circumference reported
height
1A index case R108Q -3.5 —4.8
K115N
1B mother KI115N —-2.0 —1.6
1C father R108Q —-2.0 —2.8
2A index case R59stop -3.5 —5.8 —4.6 at birth —2.6
2B brother R59stop —-2.7 2N}
2C mother R59stop —24 —1.6 —2.6
3A index case R709Q -1.5 -1.0 —2.1
3B mother R709Q —-1.6 -2.9
4A mother E1050K —2.1 -0.3 —3.0 at 35 years —4.0
4B daughter E1050K —33 —4.2 —5.6 at 2 months -23

Families 1 and 2 were described by Abuzzahab et al. [33], family 3 by Kawashima et al. [34] and family 4 by
Walenkamp et al. [35]. Data are expressed as SDS.

positively charged lysine residue (E1050K) was found. E1050 is a conserved
residue in the intracellular kinase domain. The patients had a mutation in exon
16, coding for the intracellular tyrosine kinase domain of the receptor. The tyro-
sine kinase (catalytic) domain is part of the cytoplasmic portion of the (3-chain
of the IGF-1R. Binding of IGF-1 to the extracellular a-chain induces a confor-
mational change in the structure of the receptor, leading to autophosphorylation
of 3 tyrosines in the activation loop of the catalytic domain of the B-chain.
Phosphorylation of the tyrosine residues results in a dramatic conformational
change. Dermal fibroblasts of the mother showed normal binding of iodinated
IGF-1, but autophosphorylation and activation of downstream signaling cas-
cades upon challenging with IGF-1 was markedly reduced. The mutation affect-
ing the intracellular portion of IGF-1R caused IGF-1 insensitivity as shown by
the dramatic reduction of the fibrobast [*H]thymidine incorporation upon chal-
lenge with a dose range of IGF-1.

It is noteworthy that these patients with defects in the /GF-1R gene were
not phenotypically identical (table 1). The reasons for these differences are not
evident but could reflect differences in the intensity of IGF-1 signaling among
these patients, since the /GF-1R mutations blunt but do not abrogate IGF-1 sig-
naling. The phenotypic differences may also be explained by tissue-specific
imprinting of the expression of the /GF-IR alleles.
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In the human, the /GF-IR gene is located on the distal long arm of chromo-
some 15 (15g26.3). The receptor is synthesized as a large precursor protein that
undergoes extensive posttranslational modifications including cleavage and glyco-
sylation. Monoallelic loss of chromosome 15q and loss of 1 copy of the /GF-IR
gene due to deletions of the distal long arm of chromosome 15 have been found in
patients with intrauterine growth retardation and postnatal growth deficit [36, 37].

In a tall child with 3 copies of the /IGF-IR gene, accelerated growth
was ascribed to overactivation of the receptor kinase resulting from increased
binding of the ligand [38]. It was concluded that hemizygosity for /GF-IR can
cause primary IGF-1 resistance. Patients with loss of material from the distal
arm of chromosome 15 show intrauterine growth retardation, postnatal growth
deficits, occasionally craniofacial and skeletal abnormalities and mild to mod-
erate mental retardation [36].

IGF-1 Signaling Alterations

The activated receptors for insulin and IGF-1 phosphorylate various cellu-
lar substrates, including IRS-1 and IRS-2, which integrate the pleiotropic
effects of insulin, IGF-1 and other cytokines on cellular function. Deletion of
Irs] produces small, insulin-resistant mice with nearly normal glucose home-
ostasis due to compensatory B-cell expansion [39]. In contrast, mice lacking
IRS-2 display nearly normal growth but develop diabetes 8-10 weeks after
birth accompanied by reduced (3-cell mass and impaired function [40].

IRS-1 and IRS-2 mediate the effects of insulin and IGF-1 on embryonic
development, postnatal somatic growth and glucose homeostasis. IRS-1 has a
predominant role in somatic growth, as deletion of /rs/ reduces embryonic and
neonatal growth by 40%, whereas deletion of /rs2 reduces growth by 10%.
Irs1+/—1Irs2 —/— mice are approximately 60% the size of wild-type animals,
whereas Irsl —/—Irs2 +/— mice are only 30% the size of controls, implicating
IRS-1 as the principal element by which IGF-1 mediates somatic growth [41].

The serine-threonine kinase Akt, also known as protein kinase B (PKB), is
an important effector for phosphatidylinositol 3’ kinase signaling initiated by
numerous growth factors and hormones. Akt2/PKBf3, 1 of 3 known mammalian
isoforms of Akt/PKB, was recently demonstrated to be required for at least some
of the metabolic actions of insulin. Cho et al. [42] showed that mice deficient in
another closely related isoform of the kinase, Akt1/PKBa, display a conspicuous
impairment in growth. Akt/ —/— mice demonstrated defects in both fetal and
postnatal growth, and these persisted into adulthood. Ak#/ —/ — animals were dis-
tinguishable from wild-type animals because of their smaller size. Examination
of Aktl/PKBa-deficient mice at birth revealed an ~20% reduction in body
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weight in comparison with wild-type mice, suggesting that reduction in size
occurs during embryonic development. The decrease in body weight was evident
throughout postnatal development, regardless of sex, and persisted into adulthood.
However, in striking contrast to Akt2/PKBR null mice, Aktl/PKBa-deficient
mice are normal with regard to glucose tolerance and insulin-stimulated disposal
of blood glucose. Thus, the characterization of the 4kzI knockout mice and its
comparison to the previously reported Aks2-deficiency phenotype revealed the
nonredundant functions of Akt/ and Akt2 genes with respect to growth and
insulin-regulated glucose metabolism [42].

IGF-1 Signaling Alterations in Human Placentas with
Intrauterine Growth Restriction

IGFs promote growth and development of the fetoplacental unit during
gestation [43], and impairment of their placental actions may result in altered
intrauterine growth of the fetus. Laviola et al. [44] investigated IGF-1 signaling
in human placentas from pregnancies complicated by IUGR. Placental tissue
was removed immediately after delivery and analyzed by immunoprecipitation
and immunoblotting techniques to study multiple signaling molecules involved
in IGF-1 regulation of growth and differentiation.

IUGR placentas exhibited a 33% reduction in the protein content of IGF-
1Rs but no changes in IR protein levels. In addition, IRS-2 protein levels were
reduced in IUGR placentas, with no changes in IRS-1 or Shc protein content,
and this was associated with a parallel decrease in IRS-2-associated phos-
phatidylinositol 3’ kinase.

Akt protein expression was also reduced in IUGR, whereas phosphoryla-
tion of Akt and its substrate glycogen synthase kinase-3 was unchanged.
Finally, in IUGR placentas there was impaired activation of multiple members
of the MAPK family, because phosphorylation of p38 and c-Jun N-terminal
kinase was reduced by 70%.

Targeted disruption of the p38 MAPK gene results in homozygous embry-
onic lethality because of severe defects in placental development. In particular,
p38 mutant placentas display impaired vascularization and insufficient oxygen
and nutrient transport as well as increased rates of apoptosis, consistent with a
defect in placental angiogenesis [45, 46]. In primary human trophoblast, spe-
cific activation of Jun kinase in response to placental growth factor protects
from serum-withdrawal-induced apoptosis [47]. Reduced activation of Jun
kinase has also been observed in placental tissue from women with pre-eclampsia
[48], which features a defective vascular development of the fetoplacental unit,
similar to [UGR pregnancies [49].
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Fig. 3. RT-PCR analysis of IGF-1 (a) and IR (b) mRNA expression in human cytotro-
phoblasts of placentas from pregnancies complicated by intrauterine growth retardation and
controls. mRNA expression indicated as INIM.
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Fig. 4. Western immunoblotting for IR protein in human cytotrophoblasts of placentas
from pregnancies complicated by intrauterine growth retardation and controls.

Together, these findings strongly support the hypothesis that the impair-
ment in the integrated activation of the MAPKs observed in IUGR placentas
may play an important role in altering placental angiogenesis, ultimately lead-
ing to reduced fetal growth. The human syncytial trophoblast is known to serve
several roles in pregnancy. It mediates the transport of nutrients and
immunoglobulins from the maternal to the fetal circulation and also functions
as an endocrine organ, secreting steroid and protein hormones [50]. Syncytial
trophoblast has been proposed to derive from mononuclear cytotrophoblasts
undergoing a process of differentiation and fusion, or, alternatively, endomito-
sis (i.e. nuclear division without cytokinesis).

We recently applied a method to generate purified human cytotrophoblasts
from human term placentas by adding a Percoll gradient centrifugation step to a
standard trypsin-DNase dispersion method [50]. Viability was greater than
90%. We investigated the expression of IGF-1 and IRs in pregnancies compli-
cated by intrauterine growth retardation. Preliminary data suggest that whilst
IGF-1R expression is unaltered, IR mRNA and protein expression seems to be
impaired in cytotrophoblasts from IUGR placentas (figs 3, 4).
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