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Abstract

The role of insulin-like growth factor-l (IGF-l) in skeletal growth and development has captivated
investigators since its discovery fifty years ago. Because IGF-I is ubiquitous yet critical to eukaryotic life, the
IGF regulatory system evolved into an exceedingly complex system of ligands, binding proteins, receptors
and proteases. Furthermore, both IGFs and the other components of this regulatory system are under the
influence of a multitude of genetic, environmental and hormonal determinants. Hence, an answer to one of
the most frequently asked question of whether serum IGF-I can predict disease states or determine

osteoporotic risk cannot, by its very nature, be simple. IBMS BoneKEy. 2008 January;5(1):7-15.
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Introduction

In seminal work that would set the stage for
a entire discipline, Salmon and Daughaday
reported the presence of a soluble factor
induced by growth hormone that had insulin-
like properties and mediated somatic growth
(1). Subsequent studies over the next half-
century would investigate in detail the local
and systemic effects of IGF-I. With the
advent of an accurate and precise measure
of serum IGF-I, circulating levels of this
peptide were linked to longevity and to a
host of chronic disorders such as cancer,
atherosclerosis, osteoporosis, renal failure
and Alzheimer’s. During the same period,
there was a flood of conflicting studies
suggesting that circulating IGF-I was purely
inert and served only as a storage depot for
the import and export of IGF-I. In this review,
| will focus on our current understanding of
the relationship between IGF-I and the bone
remodeling unit, using recent findings from
genomic engineering to provide a better
appreciation of the role of circulating IGF-I in
skeletal physiology and to at least partially
address the issue of IGF-I as a risk predictor
for osteoporosis.

IGF-I Physiology

The IGFs are 7 kilodalton peptides that
regulate cell growth and death (2-6). IGF-I is
the predominant adult growth factor, while
IGF-1l is critical for prenatal development.
Bone is the second richest source of IGF-I
and IGF-Il, and these ‘local’ IGFs play a
major role in skeletal modeling and bone
mass acquisition. IGFs are also highly
conserved across species; hence the
physiology of these peptides can be studied
in various animal models. IGF-I and IGF-II
differ in their ability to promote tissue growth
due to the presence of two distinct IGF
receptors (i.e., the type | and type |I
receptors) (7). IGF-IR is a tetramer
consisting of two identical extracellular a-
subunits (conferring ligand binding
specificity) and two identical transmembrane
B-subunits (possessing tyrosine kinase
activity). IGF-IR resembles the insulin
receptor, and shares amino acid sequence
homology (8). IGF-II and insulin also bind to
the IGF-I receptor but with 2-15-fold and
1,000-fold lower affinity, respectively (9).
IGF1R has intrinsic tyrosine kinase activity
critical for specific second message
generation, and ligand binding to the
extracellular domain of the IGF-IR results in
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autophosphorylation and tyrosine
phosphorylation of IGF-IR substrates.
Tyrosine-phosphorylated insulin  receptor
substrate-1 (IRS-1) and SHC bind effector
proteins involved in  interconnecting
pathways, including Ras/Raf-1/mitogen-
activated protein kinase (MAPK, also known
as extracellular signal-regulated kinase,
ERK) (10) and phosphatidylinositol 3-kinase
(PI3K)/phosphoinositide-dependent kinase-1
(PDK-1)/Akt. Activation of the Ras/Raf-
1/MAPK pathway is critical for cell
proliferation whereas the PI3K/PDK-1/Akt
pathway is a cell survival signaling system
(11). The protein encoded by the
Phosphatase and Tensin homolog gene
deleted on chromosome Ten (PTEN) is a
lipid phosphatase that decreases the
activation of Akt by dephosphorylating
phosphatidylinositol-3,4,5-triphosphate
(PIP3) and phosphatidylinositol-3,4-
biphosphate (PIP2). PTEN acts as an "off"
switch for the PISK/PDK-1/Akt pathway as
well as a tumor suppressor; mutations of
PTEN have been reported in various types
of human cancers (12;13). Furthermore,
conditional gene deletion of PTEN in
osteoblasts results in mice with very high
bone mass (14). In contrast to the IGFIR,
the monomeric IGF type Il receptor (IGF-1IR)
binds IGF-Il but not insulin, with a 500-fold
increased affinity compared to IGF-I. The
major physiologic role for IGFIIR is to clear
IGF-II from the extracellular space.

There is little ‘free’ IGF-I in the circulation or
elsewhere; rather the IGFs are bound to a
family of high affinity IGF binding proteins
(IGFBPs). There are six IGFBPs (-1,-2,-3,-
4,-5, and -6) that belong to the same gene
family, although several features (e.g.,
binding to extracellular matrices) distinguish
one from the other (15). The binding affinity
of IGFBPs to IGFs is greater than that of the
IGF receptors themselves, hence the
IGFBPs can block the interaction between
IGF-I and the IGFIR (16;17). Nevertheless,
binding of IGFBPs to IGFs can also protect
the IGFs from proteolytic degradation, and
consequently enhance IGF actions by
augmenting their bioavailability in local
tissues (16;17). The IGFBPs also may serve
to deliver IGF-I to the IGF1R. Therefore, the
IGFBPs can act as either agonists or

antagonists for IGF-I, and their ultimate
impact on the IGFs also depends to a large
extent on their post-translational
modification by phosphorylation and the
degree of proteolysis (16-19).

The IGFBPs also have IGF-independent
properties, some of which may occur at the
remodeling unit (16;20). IGFBP-3 was the
first binding protein demonstrated to have
effects on cell growth, independent of IGF-I.
IGFBP-2 was recently shown to suppress
PTEN activity in tumor cells by binding to the
integrin receptor (21). Our investigative
group, in collaboration with David Clemmons
at UNC-Chapel Hill, demonstrated that
IGFBP-2, independent of IGF-I, can
suppress PTEN activity in osteoblasts and
osteoclasts (22). If supported by future in
vivo studies, these data would suggest there
may be another mechanism whereby the
IGF regulatory system affects differentiation
and/or programmed cell death. In a similar
vein, PAPP-A, a serine protease that
cleaves IGFBP-4 and other peptides, when
genetically deleted, produces a skeletal
phenotype of low bone mass, presumably
due to decreased IGF-I availability
(Conover, personal communication).
Hence, the IGF regulatory system can be
affected in numerous ways and cause
significant changes in the growing skeleton.

What role, if any, does circulating IGF-I play
in skeletal growth and maturation? To
answer that question, the physiology of the
IGF ternary complex needs to be fully
understood. First, the distribution of IGFs in
the circulating pool is determined by the
relative saturation of the IGFBPs, and the
composition of a ternary complex. This 150
kD complex is composed of IGF-I (and -II),
IGFBP-3 (or IGFBP-5), and the acid labile
subunit, ALS, a 70kD protein. Normally, the
vast majority of circulating IGF is bound to
this saturated intravascular complex,
whereas the IGFBPs are unsaturated and
have significant binding capacity.
Translocation of IGF-I out of the circulation
can only occur by the transcapillary
transport of unbound IGF-I, or by movement
of IGF-I bound to the low molecular weight
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Figure 1. Bone remodeling requires recruitment of osteoblasts and osteoclasts in a finely orchestrated
manner. IGF-l is important in the differentiative function of the osteoblast (Oblast) as well as being
synthesized by these cells. IGF-I is also important in osteoclastogenesis and may be a critical factor in early
adipogenesis. The stem cell stage is depicted in the left column, the pre-osteoclast, -osteoblast, and -
adipocyte stage in the middle column, and the differentiated cell in the right column.

IGFBPs from blood to the interstitium.
Infusions of IGF-I can produce a transient
rise in free IGF-I, and therefore some
delivery to tissue sites. But co-incident with
these changes, there is suppression of IGF-
I, insulin, and endogenous growth hormone
(GH). As such, during the course of IGF-|
treatment, IGF-l is partitioned into these
pools so that some IGF-lI saturates the
ternary complex and stays in the circulation.
The remaining IGF-I goes into the lower
molecular weight (50 kDa) unsaturated
IGFBP pool where transport into the
extravascular space is possible. Partitioning
of IGFs into the various binding fractions is
protective yet critical for the biologic activity
of IGF-I. It may also explain why treatment
with IGF-I may not increase circulating
levels in rodents and may have distinct

tissue effects compared to therapy with
growth hormone that results in a predictable
rise in IGF-I, ALS and IGFBP-3. Since it has
been demonstrated that IGF-I infusions can
stimulate bone turnover, it is clear that
components of the circulating IGF-I complex
are not inert and are important physiologic
regulators.

IGF-l and the Bone Remodeling Unit

Bone formation and remodeling require the
integration of multiple signaling pathways,
which in turn regulate the activities of
lineage-specific master genes as well as
their cellular substrates (11). Despite the
importance of the IGFs in cell growth and
homeostasis (i.e., cell cycling and
apoptosis), their precise role in osteoblast
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and osteoclast differentiation is still a matter
of debate. In part this relates to the complex,
yet developmentally sensitive and finely
orchestrated process that drives
mesenchymal stem cells into the bone
lineage (see Figure 1). Not unexpectedly,
this pathway involves multiple transcription
factors and cytokines, as well as the IGFs.
The most notable transcription factors that
control osteoblast fate are Runx2 and
Osterix (Osx). Runx2 (runt-related
transcription factor 2)/Cbfa1 (core binding
factor 1)/Pebp2A  (polyoma enhancer
binding protein 2A), a transcription factor
that belongs to the Runx family, is the a
subunit of a heterodimeric transcription
factor, PEBP2/CBF, which is composed of a
and B subunits (23;24). Runx2 is required
for osteoblast differentiation and bone
formation; gene deletion results in
embryonic lethality with the notable absence
of a skeleton. Runx2 also functions later in
osteoblast differentiation to regulate the
formation of the extracellular matrix (25).
IGF-I can regulate Runx2 expression by
activation of the PI3K, Pak1, and ERK
pathways (26;27).

Osx is a master zinc-finger-containing
transcription factor of osteoblast lineage
progression that is highly specific to
osteoblasts in vivo (28). It acts downstream
of BMP-2/Smad signaling (26;27). The Osx
amino acid sequence predicts three C2H2-
type zinc fingers that have a high degree of
identity to similar DNA-binding domains in
the transcription factors Sp1, Sp3 and Sp4.
The expression of Osx is more specific to
osteoblasts than Runx2 (29). Because no
Osx transcripts are detected in skeletal
elements of Runx2-null mice, Osx must be
downstream of Runx2 in the pathway of
osteoblast differentiation (28). Moreover,
both IGF-I and BMP-2 are shown to up-
regulate Osx expression during early
osteoblast differentiation (30). In
mesenchymal stem cells, it appears that
both MAPK and PKD signaling pathways
serve as points of convergence for
mediating the IGF-I- and BMP-2-induced
effects on Osx expression (31). IGF-I-
mediated Osx expression requires all three
MAPK components (Erk, p38, and JNK),
whereas BMP-2 requires p38 and JNK

signaling, and the synergistic interactions of
BMP-2 and IGF-I are also disrupted by PKD
inhibition (31).

It should be noted that Runx2-independent
pathways of ossification may exist, including
(1) the Wnt signaling pathway; (2) the Msx2-
dependent vascular ossification pathway;
and (3) Osx induction via DIx5, a homeobox
transcription factor, which acts downstream
of BMP-2 (30;31). These studies suggest
additional pathways may act in parallel to, or
independent of Runx2 to regulate Osx
expression during osteogenic lineage
progression. Indeed, in the canonical Wnt
signaling pathway, there is likely to be cross-
talk with the IGF pathway. For example, -
catenin binds to IRS-1 (as well as other
factors), to enhance its transport from the
cytoplasm into the nucleus, where it can
affect a cascade of downstream target
genes.

In sum, IGFs enhance late differentiation of
osteoblasts. In contrast, their mitogenic role
in the skeleton is relatively limited. However,
IGF-I may also be important in lineage
allocation, or in promoting adipogenesis
within the marrow niche independent of
other known transcription factors.
Mesenchymal stem cells can enter several
distinct lineages, and the precise timing of
IGF-I action in this process requires further
investigation.

IGF-I affects the remodeling unit not only
through modulation of the osteoblast, but
also the osteoclast. Recent studies have
been particularly insightful. The IGF1R is
expressed on osteoclasts and on some
hematopoietic precursor cells. Recombinant
IGF-I stimulates osteoclastogenesis in vitro,
and RANKL, the cytokine necessary for
osteoclast differentiation, is enhanced in
marrow stromal cells. In vivo administration
of IGF-I, or growth hormone, to rodents or
humans leads to increased bone turnover
including both formation and resorption. This
would make IGF-I a remodeling stimulus
(30).
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Genetic Manipulation of the IGF
Regulatory System and the Skeletal
Consequences

Genomic engineering has the capability to
define the role of skeletal and circulatory
growth factors in respect to bone acquisition
and remodeling. Indeed, each of the
components of the IGF regulatory system
has been deleted or over-expressed either
globally or conditionally in bone. A
comprehensive review of all of these studies
is beyond the scope of this review. Suffice it
to say that findings from these studies have
been surprising, albeit illuminating. For
example, global deletion of the Igf1 gene
generally results in postnatal death due to
skeletal muscle insufficiency. However,
about 20% of the pups survive, due in part
to tremendous increases in GH secretion, as
a compensation for the absence of IGF-I.
The adult Igff gene-deficient mouse is
generally very small, with short femurs,
reduced cortical bone, but greater trabecular
elements in the vertebrae and distal femur
(32). Marrow stromal cells from these mice
do not proliferate or differentiate in vitro to
the same degree as wild type controls.
However, the most compelling feature of this
mutant is the trabecular bone phenotype,
which has been somewhat of a paradox.
Interestingly, deletion of the Als gene in
mice results in a similar but more dramatic
phenotype whereby the cortical elements
are markedly diminished but the trabecular
component is increased. Both mutants
(Igf1(-/-) and Als(-/-)) are unresponsive to
PTH (33). Preliminary data from the Yakar
and Rosen laboratories also suggest that in
both mutants, the magnitude of osteoclast
differentiation in response to mCSF and
RANKL is less than controls. These data
imply that despite secondary increases in
growth hormone, the /gf1 mutants have an
intrinsic defect in osteoclastogenesis.
Whether this is cell autonomous or not
remains to be determined. Similarly, the
decline in circulating IGF-I with PTH
treatment in rodents (Jilka R, personal
communication) will require further studies,
although it may imply greater tissue delivery,
rather than increases in the ternary complex.
However, in humans treated with PTH for
osteoporosis, IGF-I levels are unchanged.

Global deletion or transgenic expression of
the IGFBPs has been successfully
accomplished, but the results are less clear
than expected. For example, IGFBP-2
transgenics tend to have shorter femurs and
stunted growth, while the global Igfbp2
knockout is characterized by reduced bone
turnover and impaired bone formation.
IGFBP-5 transgenics have low bone mass
even though this binding protein is
considered an agonist for IGF-l. On the
other hand, gene deletion of Igfbp3 results in
greater bone turnover, albeit lower bone
mass. Faced with drawing conclusions from
genetically engineered mice, two factors
become evident. First, there is a tremendous
degree of compensation that occurs with
deletion or overexpression of IGF
components in mice. These changes can
overshadow a primary skeletal phenotype
that results from the initial germ line event.
Second, deletion or over-expression of a
single IGFBP can produce a phenotype that
may not reflect the true function of that
peptide, in part because the relative
proportion of IGF-I to the respective IGFBP
is a critical part of the action of the latter. So,
for example, with IGFBP-2, over-expression
of this protein results in low bone mass, but
if there is co-incident administration of IGF-I,
high bone mass would likely occur.

Another genetic approach for understanding
the function of a particular growth factor,
binding protein, or cytokine, is to delete or
over-express an IGF regulatory component
in the skeleton only. For example, Zhang et
al. used a Cre/loxP system to delete the
IGF-IR in mature osteoblasts (34). These
investigators found that mice with the
receptor knockout had a significant
impairment in mineralization lag time but
adequate numbers of osteoblasts. Similarly,
targeted over-expression of IGF-l in
osteoblasts resulted in mice with increased
differentiative function (e.g., greater collagen
synthesis), more osteoclasts with greater
bone resorption, but no change in the
number of osteoblast precursors. In vitro
studies have demonstrated that IGF-l can
increase type | collagen synthesis, alkaline
phosphatase activity and osteocalcin
production in osteoblasts (35;36). IGF-I also
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acts as a potent anti-apoptotic factor
particularly for osteoblasts and osteocytes,
probably via the PI3’s kinase signaling
pathway. On the other hand, Rowe et al.
used timed microarray technology with a
GFP Col3.6 promoter and showed that
during marrow stromal cell recruitment, IGF-
| expression declined, particularly as these
cells entered the osteoblast lineage (37).
Taken together, these data suggest that
IGF-1 is very important in the late stages of
osteoblast differentiation, and less important
for the recruitment of osteoblast precursors.

Deletion or overexpression occurs as an
engineered germ line alteration. Hence the
defect is established from the time of
embryogenesis and is present throughout
life. This makes it very difficult to determine
when skeletal growth factors exert their most
important effects on the skeleton.
Introduction of a conditional allele for the
Cre-recombinase gene that can be activated
by specific compounds such as tamoxifen,
RU-486 or tetracycline, with a bone- or liver-
specific promoter, can begin to address
these and other questions. For example, the
Yakar laboratory recently demonstrated that
a liver-specific inducible deletion of the Igf1
gene at 4 weeks of age using a single dose
of tamoxifen resulted in a significant skeletal
phenotype with reduced cortical bone mass
at 8 and 16 weeks of age. On the other
hand, gene deletion at 8 or 16 weeks of age
had much less of an impact on the cortical
skeleton. Not surprisingly, these findings
would suggest that the genes regulating
peak bone acquisition are turning on very
early in life, around the time of weaning, or
sooner. More importantly, in our quest for
identifying allelic determinants of these
genes, it is clear that developmental timing
for the onset or offset of particular genes is
of critical importance.

Genetic engineering in mice and humans
can also occur spontaneously in nature as
mutations. For example, our laboratory
found a very small mutant mouse that was
born from a normal mother in a regular
colony. Small (Sm), as it was subsequently
named, arose from a homozygous recessive

mutation. The defect was mapped to mouse
chromosome 1 and subsequently identified
as being a nonsense mutation in the Irs1
gene, leading to a truncated protein that
could not signal properly. Besides its small
size, sm/sm also had a pronounced skeletal
phenotype including reduced bone mass
(both cortical and trabecular), and markedly
impaired bone formation, but surprisingly,
normal numbers of osteoblasts and
osteoclasts. Interestingly, the genetically
engineered Irs1(-/-) mice also are short, do
not respond to PTH and have low bone
mass (38). But unlike sm/sm, these mice
had reduced numbers of both osteoblasts
and osteoclasts. Both these strains will be
useful in understanding the downstream
consequences of impaired signaling from
the IGF1R. But, they also highlight two
caveats. First, compensatory changes that
permit survival may also affect skeletal
integrity. Second, the genetic background is
important for understanding the skeletal
phenotype. In this case, the two mutants
differed in their genetic background (i.e.,
strain). Thus, gene by gene interactions are
a critical aspect of mouse and human
physiology and these effects will require
more studies.

Summary

IGF-1 is an important growth factor for the
skeleton, primarily because it affects the
differentiative function of osteoblasts. But,
the other components of the IGF regulatory
system can also impact bone development
in both an IGF-lI-dependent and -
independent manner. Circulating IGF-I is
important for cortical integrity, probably by
stimulating periosteal expansion. There may
be a role for circulating IGF-I in modulating
trabecular acquisition but this is not clear.
The effects of IGF-I on osteoclastogenesis
require further study. In terms of fracture risk
prediction, although we have a solid working
knowledge of IGF-I, the dynamic of the IGF-I
circulating complex is such that conclusions
based on correlative data should be
considered only in the context of the many
variables associated with in vivo analyses.

12

Copyright 2008 International Bone & Mineral Society



IBMS BoneKEy. 2008 January;5(1):7-15
http://lwww.bonekey-ibms.org/cgi/content/full/ibmske;5/1/7
doi: 10.1138/20080293

Acknowledgment: This  work  was
supported by PHS NIAMS; AR53853

Peer

Review: This article has been

reviewed by Serge Ferrari and René Rizzoli.

Conflict of Interest: None reported.

References

1.

Salmon WD Jr, Daughaday WH. A
hormonally controlled serum factor
which stimulates sulfate incorporation
by cartilage in vitro. J Lab Clin Med.
1957 Jun;49(6):825-36.

Froesch ER, Buergi H, Ramseier EB,
Bally P, Labhart A. Antibody-
suppressible and non-suppressible
insulin-like activities in human serum
and their physiologic significance. An
insulin assay with adipose tissue of
increased precision and specificity. J
Clin Invest. 1963 Nov;42:1816-34.

Dulak NC, Temin HM. A partially
purified polypeptide fraction from rat
liver cell conditioned medium with
multiplication-stimulating activity for
embryo fibroblasts. J Cell Physiol.
1973 Apr;81(2):153-60.

Daughaday WH, Hall K, Raben MS,
Salmon WD Jr, van den Brande JL,
van Wyk JJ. Somatomedin: proposed
designation for sulphation factor.
Nature. 1972 Jan 14;235(5333):107.

Rinderknecht E, Humbel RE. The
amino acid sequence of human
insulin-like growth factor | and its
structural homology with proinsulin. J
Biol Chem. 1978 Apr 25;253(8):2769-
76.

Daughaday WH, Hall K, Salmon WD
Jr, Van den Brande JL, Van Wyk JJ.
On the nomenclature of the
somatomedins and insulin-like growth
factors. J Clin Endocrinol Metab. 1987
Nov;65(5):1075-6.

Le Roith D, Parrizas M, Blakesley VA.
The insulin-like  growth factor-l

10.

1.

12.

13.

14.

15.

receptor and apoptosis. Implications
for the aging progress. Endocrine.
1997 Aug;7(1):103-5.

Zeslawski W, Beisel HG, Kamionka M,
Kalus W, Engh RA, Huber R, Lang K,
Holak TA. The interaction of insulin-
like growth factor-l with the N-terminal
domain of IGFBP-5. EMBO J. 2001
Jul 16;20(14):3638-44.

D'Ercole AJ. Insulin-like growth factors
and their receptors in growth.
Endocrinol Metab Clin North Am. 1996
Sep;25(3):573-90.

Maroni PD, Koul S, Meacham RB,
Koul HK. Mitogen activated protein
kinase signal transduction pathways in
the prostate. Cell Commun Signal.
2004 Jun 25;2(1):5.

Niu T, Rosen CJ. The insulin-like
growth factor-I gene and osteoporosis:
a critical appraisal. Gene. 2005 Nov
21;361:38-56.

Zhao H, Dupont J, Yakar S, Karas M,
LeRoith D. PTEN inhibits cell
proliferation and induces apoptosis by
downregulating cell surface IGF-IR
expression in prostate cancer cells.
Oncogene. 2004 Jan 22;23(3):786-94.

Sansal |, Sellers WR. The biology and
clinical relevance of the PTEN tumor
suppressor pathway. J Clin Oncol.
2004 Jul 15;22(14):2954-63.

Liu X, Bruxvoort KJ, Zylstra CR, Liu J,
Cichowski R, Faugere MC, Bouxsein
ML, Wan C, Wiliams BO, Clemens
TL. Lifelong accumulation of bone in
mice lacking Pten in osteoblasts. Proc
Natl Acad Sci U S A. 2007 Feb
13;104(7):2259-64.

Rajaram S, Baylink DJ, Mohan S.
Insulin-like  growth  factor-binding
proteins in serum and other biological
fluids: regulation and functions.
Endocr Rev. 1997 Dec;18(6):801-31.

13

Copyright 2008 International Bone & Mineral Society



IBMS BoneKEy. 2008 January;5(1):7-15
http://lwww.bonekey-ibms.org/cgi/content/full/ibmske;5/1/7
doi: 10.1138/20080293

16.

17.

18.

19.

20.

21.

22.

23.

Kelley KM, Oh Y, Gargosky SE,
Gucev Z, Matsumoto T, Hwa V, Ng L,
Simpson DM, Rosenfeld RG. Insulin-
like growth factor-binding proteins
(IGFBPs) and their regulatory
dynamics. Int J Biochem Cell Biol.
1996 Jun;28(6):619-37.

Collett-Solberg PF, Cohen P. The role
of the insulin-like growth factor binding
proteins and the IGFBP proteases in

modulating IGF action. Endocrinol
Metab  Clin  North  Am. 1996
Sep;25(3):591-614.

Coverley JA, Baxter RC.

Phosphorylation of insulin-like growth
factor binding proteins. Mol Cell
Endocrinol. 1997 Apr 4;128(1-2):1-5.

Claussen M, Kibler B, Wendland M,
Neifer K, Schmidt B, Zapf J, Braulke
T. Proteolysis of insulin-like growth
factors (IGF) and IGF binding proteins
by cathepsin D. Endocrinology. 1997
Sep;138(9):3797-803.

Mohan S, Baylink DJ, Pettis JL.
Insulin-like growth factor (IGF)-binding
proteins in serum--do they have
additional roles besides modulating
the endocrine IGF actions? J Clin
Endocrinol Metab. 1996
Nov;81(11):3817-20.

Perks CM, Vernon EG, Rosendahl
AH, Tonge D, Holly JM. IGF-Il and
IGFBP-2 differentially regulate PTEN
in human breast cancer cells.
Oncogene. 2007 Aug 30;26(40):5966-
72.

DeMambro VE, Clemmons D, Beamer
WG, Bouxsein ML, Canalis E, Rosen
CJ. Serum IGFBP-2 (IGF binding
protein-2) is a marker of bone
turnover; in vivo evidence from the
IGFBP-2 null male mouse. J Bone
Miner Res. 2007 Sep;22(Suppl
1):871.

Komori T. Runx2, a multifunctional
transcription  factor in  skeletal

24.

25.

26.

27.

28.

20.

30.

development. J Cell Biochem.

2002;87(1):1-8.

Ilto Y. Molecular basis of tissue-
specific gene expression mediated by
the runt domain transcription factor
PEBP2/CBF. Genes Cells. 1999
Dec;4(12):685-96.

Ducy P, Starbuck M, Priemel M, Shen
J, Pinero G, Geoffroy V, Amling M,
Karsenty G. A Cbfal-dependent
genetic pathway controls  bone
formation beyond embryonic
development. Genes Dev. 1999 Apr
15;13(8):1025-36.

Xiao G, Jiang D, Thomas P, Benson
MD, Guan K, Karsenty G, Franceschi
RT. MAPK pathways activate and
phosphorylate the osteoblast-specific
transcription factor, Cbfal. J Biol
Chem. 2000 Feb 11;275(6):4453-9.

Qiao M, Shapiro P, Kumar R,
Passaniti A. Insulin-like growth factor-
1 regulates endogenous RUNX2
activity in endothelial cells through a
phosphatidylinositol 3-kinase/ERK-
dependent and  Akt-independent
signaling pathway. J Biol Chem. 2004
Oct 8;279(41):42709-18.

Nakashima K, Zhou X, Kunkel G,
Zhang Z, Deng JM, Behringer RR, de
Crombrugghe B. The novel zinc
finger-containing transcription factor
osterix is required for osteoblast
differentiation and bone formation.
Cell. 2002 Jan 11;108(1):17-29.

Nakashima K, de Crombrugghe B.
Transcriptional mechanisms in
osteoblast differentiation and bone
formation. Trends Genet. 2003
Aug;19(8):458-66.

Celil AB, Hollinger JO, Campbell PG.
Osx transcriptional regulation s
mediated by additional pathways to
BMP2/Smad  signaling. J  Cell
Biochem. 2005 Jun 1;95(3):518-28.

14

Copyright 2008 International Bone & Mineral Society



IBMS BoneKEy. 2008 January;5(1):7-15

http://lwww.bonekey-ibms.org/cgi/content/full/ibmske;5/1/7

doi: 10.1138/20080293

31.

32.

33.

34.

Celil AB, Campbell PG. BMP-2 and
insulin-like growth factor-I mediate
Osterix (Osx) expression in human
mesenchymal stem cells via the
MAPK and protein kinase D signaling
pathways. J Biol Chem. 2005 Sep
9;280(36):31353-9.

Clemens TL, Chernausek SD. Genetic
strategies for elucidating insulin-like
growth factor action in bone. Growth
Horm IGF Res. 2004 Jun;14(3):195-9.

Yakar S, Bouxsein ML, Canalis E, Sun
H, Glatt V, Gundberg C, Cohen P,
Hwang D, Boisclair Y, Leroith D,
Rosen CJ. The ternary IGF complex
influences postnatal bone acquisition
and the skeletal response to
intermittent parathyroid hormone. J
Endocrinol. 2006 May;189(2):289-99.

Zhang M, Xuan S, Bouxsein ML, von
Stechow D, Akeno N, Faugere MC,
Malluche H, Zhao G, Rosen CJ,
Efstratiadis A, Clemens TL.
Osteoblast-specific knockout of the
insulin-like  growth  factor (IGF)
receptor gene reveals an essential
role of IGF signaling in bone matrix
mineralization. J Biol Chem. 2002 Nov
15;277(46):44005-12.

35.

36.

37.

38.

Schmid C, Schlapfer |, Waldvogel M,
Meier PJ, Schwander J, Boni-
Schnetzler M, Zapf J, Froesch ER.
Differential regulation of insulin-like
growth factor binding protein (IGFBP)-
2 mRNA in liver and bone cells by
insulin and retinoic acid in vitro. FEBS
Lett. 1992 Jun 1;303(2-3):205-9.

Canalis E, Lian JB. Effects of bone
associated growth factors on DNA,
collagen and osteocalcin synthesis in
cultured fetal rat calvariae. Bone.
1988;9(4):243-6.

Kalajzic I, Staal A, Yang WP, Wu Y,
Johnson SE, Feyen JH, Krueger W,
Maye P, Yu F, Zhao Y, Kuo L, Gupta
RR, Achenie LE, Wang HW, Shin DG,
Rowe DW. Expression profile of
osteoblast lineage at defined stages of
differentiation. J Biol Chem. 2005 Jul
1;280(26):24618-26.

Yamaguchi M, Ogata N, Shinoda Y,
Akune T, Kamekura S, Terauchi Y,
Kadowaki T, Hoshi K, Chung UI,
Nakamura K, Kawaguchi H. Insulin
receptor substrate-1 is required for
bone anabolic function of parathyroid
hormone in mice. Endocrinology. 2005
Jun;146(6):2620-8.

15

Copyright 2008 International Bone & Mineral Society



