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ABSTRACT  Mammary gland development is dependent upon insulin-like growth factors (IGFs) 
as survival factors. The actions of the IGFs are modulated by a family of IGF-binding proteins 
(IGFBP1-6). Expression of the IGFBPs is both time-dependent and cell-specific during both the 
developmental phases and the involution of the mammary gland. Although studied extensively 
in vitro, understanding the roles of IGFBPs in vivo has been difficult, largely due to the fact that 
IGFBP knock-out mice have no dramatic phenotypes. This review examines the evidence from in 
vitro studies and the attempts to examine in vivo actions utilising models with IGFBP deficiency 
or over-expression. In vitro studies demonstrate that IGFBPs can act by inhibition of the survival 
effects of IGFs, as well as by enhancing the effects of IGFs. Because the IGFBPs are found associated 
with the extracellular matrix, a role for IGFBPs as a reservoir of IGFs or, alternatively as a potential 
barrier to IGFs, thereby restricting their entry into particular tissues or cellular compartments was 
postulated. We also provide evidence with respect to the IGF-independent actions of the IGFBPs 
which include receptors, nuclear localization, and interaction with the extracellular matrix and cell 
surface proteins including integrins. We believe that recent findings place some of the IGFBPs in a 
larger family of extracellular proteins, the secreted cysteine-rich protein (CCN) family, which have 
similar structural domains (involved in binding to IGFs, extracellular matrix and integrins) and are 
heavily implicated in tissue re-modeling and morphogenesis.
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Insulin-like growth factor binding proteins: an overview

There are 6 IGF binding proteins (IGFBPs) which vary in length 
from 201-289 residues. They bind IGFs with high affinity (KD ~ 
10-10 M) and over 95% of IGFs in serum and other biological fluids 
are bound to IGFBPs. The affinity of IGFBPs for IGFs is typically 
10-fold higher than that of the type I IGF-receptor and thus IGFs 
bound to IGFBPs probably have limited access to cell surface 
receptors. However, IGFBPs also bind to extracellular matrix 
(ECM) glycosaminoglycans (GAGs) and other ECM proteins (Arai 
et al., 1994) which can reduce the affinity of IGF-IGFBP binding 
and potentially increase bioavailability of IGFs. The IGF axis also 
includes a group of IGFBP proteases which act to cleave IGFBPs, 
which also results in a large reduction in affinity between IGFBPs 
and IGFs. In addition to the direct interaction of IGFBPs with IGFs, 
IGFBPs also have IGF-independent effects in some tissues (Mo-
han et al., 1995). As a consequence, IGFBPs serve roles which 
extend well beyond that of simple carriers or distributors of IGFs.
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Mammary gland development: an overview

The development of the mammary gland is a complex process in 
which it undergoes a series of dynamic and unique developmental 
features. As with most tissues there is embryonic development but 
the mammary gland also has additional and considerable postnatal 
developmental phases at puberty, pregnancy and lactation, There 
is also a post-lactation phase involving considerable cell death 
and tissue re-modelling. The fact that many of these processes 
are post-natal makes them more amenable to manipulation and 
for this reason the mammary gland has been a very popular organ 
in which to study these processes. 
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Mammary glands are exocrine glands containing both tubular 
and alveolar structures. They are composed of three tissues: 
epithelial, or parenchymal tissue, adipose and connective tissue. 
Whilst certain aspects of the adipocyte and its role in mammary 
morphogenesis have been reported, the roles of both adipose 
tissue and connective tissue have been studied far less than the 
parenchymal aspects. However, this has begun to change as the 
active role of stroma in tissue development has been better recog-
nised. The rat mammary gland epithelium comprises continuous, 
branching ducts leading from the nipple to smaller ductules that 
terminate in terminal end buds (TEBs), blunt end buds, or alveoli. 
Unique sets of cellular and molecular differentiation mechanisms 
occur during each stage of mammary gland development and 
involve hormones, growth factors and the extracellular matrix. The 
inner luminal or secretory cells are separated from the basement 
membrane by an outer myoepithelial layer. Myoepithelial cells 
secrete basement membrane that separates the epithelium from 
the stromal compartment. A group of acini arising from one terminal 
duct is known as a terminal duct lobular unit (TDLU) and is gener-
ally considered to be the functional unit of the mammary gland.

Insulin-like growth factors play an important role in 
mammary gland development

The IGFs were discovered on the basis of their ability to increase 
cartilage sulfation and to replace the “sulfation factor activity” of 
growth hormone (GH). In fact, it seems that 2 major lactogenic 
hormones, Prolactin (PRL) and GH exert their actions on mammary 
gland function by influencing several components of the IGF axis. 
While PRL seems to act directly on mammary tissue, the effects 
of GH are generally thought to be indirect, involving stimulation 
of IGF-I production. For example, GH treatment increases serum 
concentrations of IGF-I, and the expression of hepatic and mammary 
IGF-I mRNA. During ductal branching and alveolar development, 
prolactin and growth hormone induce IGF-II mRNA which in turn 
induces insulin receptor substrate-1 (IRS-1) and IRS-2. 

Although the actions of IGF-I are well understood, IGF-II recep-
tor signaling in mammary gland development is still somewhat 
unclear. Exogenous IGFs are mitogens and survival factors for 
both normal and tumorigenic mammary epithelial cells in culture. 
Mitogenic effects of IGFs are predominantly mediated through the 
IGF-I receptor. However, type II IGF receptors and hybrid type I 
IGF/insulin receptors also exist. When implanted into mammary 
glands of rodents, IGF-I increases ductal growth and can synergize 
with oestrogen to promote terminal end bud (TEB) development 
and elongation of ducts in hypophysectomized-ovariectomized 
rats. Based on these observations it was proposed that IGF-I, 
produced in the stroma under the stimulus of GH, synergizes 
with estrogen to act on the parenchymal tissues to promote TEB 
formation and ductal growth. In support of this, overexpression of 
IGF-I in transgenic mice results in premature alveolar development 
and similar results were obtained with IGF-II overexpression, us-
ing the mammary-specific promoter, b-lactoglobulin. Furthermore, 
over-expression of IGF-II led to mammary tumours following suc-
cessive pregnancies. 

 The nature of mammary development means that there is also a 
huge loss of epithelial cells, with extensive proteolytic degradation 
and remodelling of the extracellular matrix, at the end of lactation. 
Cell loss occurs in the absence of classical inflammation through 

the process of programmed cell death or apoptosis. For apoptosis 
to occur, suppression of IGF-mediated cell survival appears to be 
required since overexpressing IGF-I in mice could delay involution. 
These results support the proposal that IGFs promote survival of 
mammary epithelial cells and additional evidence for a role for 
IGF in mammary epithelial proliferation comes from in vitro studies 
on isolated epithelial cells and in mammary gland organ culture. 
(Flint et al., 2008).

IGFBP expression in the embryo

All six IGFBPs are expressed in complex fashion early post-
implantation and during subsequent embryonic development. Each 
of the IGFBPs displays its own expression pattern, both spatially and 
temporally as well as often being co-expressed. They are up-regu-
lated during critical periods of tissue morphogenesis, for example 
in the liver (IGFBP-1), whereas IGFBP-2 and IGFBP-4 mRNAs 
and IGF-II expression are often related, suggesting that these 
IGFBPs may be important in modulating IGF-II action. IGFBP-3 
and IGFBP-5 mRNAs (2 highly structurally-related IGFBPs) often 
co-localize. IGFBP-5 is expressed in sites of neural and muscle 
development, for example during differentiation of ectodermal (e.g. 
neural) and mesodermal (e.g. osteoblast and myoblast) lineages. 
IGF-mediated tissue remodeling or cell death in sites of apoptosis 
in the embryo may be influenced by IGFBP-5. IGFBP-6 mRNA 
is expressed ubiquitously from mid-gestation but at relatively 
low levels. The function of this binding protein remains the least 
understood. Studies of IGFBP protein, using immunocytochem-
istry, show considerable overlap with mRNA expression patterns, 
although IGFBPs are secreted molecules and, not surprisingly, are 
also found in locations distal to the site of production. Additional, 
indirect, evidence for a role of the IGFBPs in development comes 
from their chromosomal relationship with homeobox (Hox) genes 
which are well known for their important functions during embry-
onic development. Each of the human IGFBP genes is present in 
the same chromosomal regions as a Hox gene and this can most 
likely be explained by co-evolution from a single ancestral gene 
locus via chromosomal duplication and translocation (Allan et al., 
2001, Flint et al., 2008). 

Expression patterns of the IGFBPs of this nature suggest their 
importance in developmental processes but there is still a dearth 
of experimental evidence that offers causal evidence and which 
provides evidence of the mechanisms involved. This is even more 
acute for the mammary gland because of its relatively limited 
development at this stage. Consequently, the best hopes for un-
derstanding the role of the IGFBPs in mammary development lie 
in studying its extensive post-natal, cyclical development.

IGFBP expression in postnatal mammary development

Distinct mRNA expression patterns of the IGFBPs in the mam-
mary gland also occur during puberty and pregnancy, both with 
respect to their temporal patterns and localization within epithelial 
and stromal compartments. Progress is hampered by the fact that 
there are also species differences (Flint et al., 2000). Rodents 
have been most extensively studied in vivo with comprehensive 
descriptions of changes in IGFBP expression in the mouse mam-
mary gland (Wood et al., 2000). The most abundant of the IGFBPs 
(protein and mRNA) is IGFBP-5 which was highly expressed in the 
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epi thelium throughout postnatal growth, although mRNA was also 
evident occasionally in the stroma. IGFBP-3 was also expressed 
in both epithelium and stroma, being present in the outer epithelial 
cells of the TEB consistent with ex pression in cap cells, whereas 
IGFBP-5 mRNA was observed in the centre of the TEB, where 
cell death occurs to allow lumen formation. These findings are 
consistent with an apoptotic role for IGFBP-5. This apoptotic role 
for IGFBP-5 has also been proposed in in vitro studies of bovine 
mammosphere cultures where lumen formation was preceded by 
an increase in IGFBP-5 secretion. This appears to be too simplis-
tic a notion however, since IGFBP-5 is also highly expressed in 
the developing ductal epithelium during puberty and pregnancy. 
IGFBP-3 localizes to the outer layer of ductal epithelial cells. In 
contrast, IGFBP-2 and -4 mRNA are predominantly expressed in 
the stroma, and IGFBP-2 expression correlates with mac rophages 
proximal to TEBs. Intriguingly, expression of IGFBP-4 was consis-
tent with a role in maintaining tissue boundaries, a process which 
may be of relevance to the disruption of boundaries which occurs 
during metastasis. 

IGFBP levels in the mammary gland decreased during lactation, 
with the exception of IGFBP-3.

This suggests that IGFBPs may be decreased to allow the 
sensitivity to IGFs to be maintained as high as possible, in order 
to ensure cell survival, and optimum milk production, at this critical 
period for the neonate (Flint et al., 2008). 

When the mammary gland ceases to produce milk it under-
goes considerable cell death in which the gland returns to a state 
resembling the non-pregnant gland. During this process, in rats, 
there were increases in IGFBP-2 mRNA (4-fold), IGFBP-4 (6-fold) 
and a dramatic increase in both IGFBP-5 mRNA and protein levels 
(50-fold), within 2d of the cessation of the suckling stimulus. The 
increase in IGFBP-5 also occurs in mice, in pigs and in the dairy 
cow. Thus, during apoptosis in the mammary gland, there appears 
to be a general increase in IGFBP expression, although IGFBP-5 
is quantitatively the most significant, reaching concentrations of 
50-100ug/ml in the involuting mammary gland. The most obvious 
explanation would be that the increase in IGFBPs serve to prevent 
the survival effects of IGFs, consistent with a role of IGFBPs as 
inhibitors of IGF actions (Flint et al., 2005, Flint et al., 2008). 

IGFBP production: is local or systemic the most im-
portant?

The source of IGFBPs in the mammary gland is uncertain, 
except for IGFBP-5, where it was virtually undetectable in serum 
(strongly implying that its local production is essential) and for 
IGFBP-1, where the converse may be true. However, mammary 
expression and serum concentrations of IGFBP-1 were inversely 
related, suggesting that locally produced IGFBP-1 may still be 
the major determinant of mammary concentrations, or may have 
additional, or specific roles from IGFBP-1 derived from the serum 
(Wood et al., 2000). 

What is the biological role of IGFBPs in the mammary 
gland?

Evidence that IGFBPs play a role in inhibiting IGF actions in 
the mammary gland during lactation and post-lactation originated 
from indirect evidence where, for example, GH and prolactin, 

act together to optimise IGF-I synthesis (by GH) whilst inhibit-
ing IGFBP-5 production (by prolactin) (Flint et al., 2008)) (Flint 
et al., 2000). Prolactin also increases IGF-II production in the 
mammary gland and mammary IGFBP-5 mRNA expression is 
decreased in CAATT-enhancer binding protein-b_ko mice, which 
exhibit increased expression of the prolactin receptor. Although 
this suggests a mechanism which would maximise IGF effects, 
no causal relationship had been demonstrated. Direct evidence 
did, however, come from studies in which exogenous IGFBP-5 or 
IGFBP-3 inhibited IGF-I-mediated survival of mammary epithelial 
cells, with increased apoptosis and decreased phosphorylation 
of Akt and the forkhead transcription factor, FKHRL1. Consistent 
with the dramatic increases in IGFBP-5 expression in the involut-
ing mammary gland, in vivo administration of IGFBP-5 during late 
pregnancy impaired mammary development and reduced invasion 
into the mammary fat pad. Studies in transgenic mice express-
ing IGFBP-5 in the mammary gland showed that IGFBP-5 led to 
decreased DNA content in the mammary gland, increased activity 
of the pro-apoptotic molecule caspase-3 and increased activity of 
plasmin along with decreased concentrations of two pro-survival 
molecules, Bcl-2 and Bcl-xL. These changes are all consistent with 
a pro-apoptotic effect of IGFBP-5. Whether this action of IGFBP-5 
is due to inhibition of IGF action or some IGF-independent action 
is not clear from this study but involution is inhibited in transgenic 
mice over-expressing IGF-I and in transgenic mice overexpressing 
IGFBP-5, treatment with an IGF-analogue which binds weakly to 
IGFBP-5 partially overcame the effects of IGFBP-5 suggesting 
that IGFBP-5 was acting, at least in part, by inhibiting IGF action. 
Subsequently, it was shown that Igfbp5 null mice exhibit delayed 
mammary apoptosis adding yet more support for an apoptotic role 
of IGFBP-5. Despite the absence of any direct evidence for a role 
of IGFBPs other than IGFBP-5 in mammary gland function, the 
specific expression patterns of the IGFBPs, and the circumstantial 
evidence for their roles in developmental processes in general, 
make it likely that the other IGFBPs do play specific roles in mam-
mary development and remodelling. 

IGFBPs and stroma

Although much of the attention on IGFBPs has focussed on the 
parenchymal tissue, the role of IGFBPs in the stroma is attracting 
increasing attention, principally due to 2 lines of research. The first 
relates to the adipocyte which plays an important role in stromal 
instruction of parenchymal development. For a review of IGFBPs 
in adipose tissue see Baxter and Twigg (2009). In brief, adipose 
tissue secretes at least IGFBPs1-5 and, in the case of IGFBP-5, 
levels of expression can be very high. Whilst all of the IGFBPs 
can theoretically inhibit the actions of IGF-I (a major stimulus to 
adipocyte differentiation) IGFBP-3 has been shown to be a major 
inhibitor of adipocyte differentiation via an IGF-independent manner 
and may act in concert with TGFb1 and connective tissue growth 
factor (CTGF). This action may be a critical part of the restriction 
of adipocyte differentiation in the mammary gland, which is evident 
during lactation, perhaps to preclude competition for nutrients 
when demand is high for the synthesis of lactose from glucose and 
fatty acids required for milk lipid synthesis. The second series of 
studies of relevance to IGFBPs in the stroma comes from recent 
publications which have linked insulin-like growth factor binding 
protein-5 (IGFBP-5) to metastasis and fibrotic disorders, including 
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scleroderma and idiopathic pulmonary fibrosis. Increased IGFBP-5 
expression is associated with poor outcome during mammary 
metastasis (Huynh, 1998, McGuire et al., 1994, Mita et al., 2007, 
Pekonen et al., 1992). IGFBP-5 also stimulates lung, dermal and 
hepatic fibroblasts, inducing fibrotic responses similar to those 
of TGFb1 (Pilewski et al., 2005, Yasuoka et al., 2009a, Yasuoka 
et al., 2006a, Yasuoka et al., 2009b, Yasuoka et al., 2006b).This 
was somewhat surprising given that, at high concentrations, 
IGFBP-5 is apoptotic in mammary epithelial cells in vitro and in 
vivo (Marshman et al., 2003, Tonner et al., 2002) and is the IGFBP 
which increases dramatically during involution of the mammary 
gland (Clarkson and Watson, 2003, Stein et al., 2004) Consistent 
with an apoptotic function, two recent studies have shown that 
decreased expression of IGFBP-5 is associated with increased 
tumourigenesis in osteosarcoma (Su et al., 2011) and in breast 
cancer induced by foetal alcohol exposure (Polanco et al., 2010). 
However, it is possible to reconcile these apparent contradictory 
results by considering other aspects of the actions of IGFBPs. 
For example, at high concentrations IGFBPs inhibit the actions of 
IGFs whereas at lower, typically equimolar concentrations they can 
enhance IGF actions. Since they are secreted proteins, there is the 
potential to produce a gradient of IGFBP concentration in which 
the highest producing cells undergo apoptosis but neighbouring 
cells (where IGFBP concentrations are lower) may survive and 
even have their survival enhanced by IGFs. We have recently 
shown that IGFBP-5 can indeed enhance survival of epithelial 
cells and does so by enhancing their adhesion to the substratum 
(Allan et al., 2008) (Fig. 1). Whilst enhancing their adhesion to the 
substratum, IGFBP-5 also maintains E-cadherin expression and 

inhibits epithelial migration. This may be part of a repair mechanism 
in which neighbouring cells maintain epithelial integrity (barrier 
function, electrical resistance) whilst in the process of removing 
apoptotic cells. If IGFBP-5 does serve such a protective role for 
the epithelium, why would it activate fibroblasts with the potential 
to disrupt epithelial function via fibrotic scarring? Again, these 
apparently contradictory findings may be reconciled by proposing 
that, upon injury, IGFBP-5 stimulates a mesenchymal response 
(fibrosis) to effect a rapid repair, whilst simultaneously enhancing 
epithelial survival and spreading, in order to limit the fibrotic re-
sponse to the mesenchymal compartment. Even though we have 
shown that IGFBP-5 does act upon fibroblasts, its actions are 
phenotypically very distinct from those of TGFb1 (Fig. 2). Whereas 
TGFb1 induces alignment and organisation of fibroblasts into a 
swirling pattern, IGFBP-5 induces these cells to migrate into groups 
in which adhesion to the substratum appears to be decreased. 
Understanding the precise mechanism of action of IGFBP-5 on 
fibroblasts will be required, to better understand its precise role. 
Activation of the mesenchymal compartment, whilst maintaining 
the epithelial-mesenchymal boundary could be an important part 
of the tissue remodelling which happens at the end of lactation. 
Thus, even though matrix metalloprotease expression increases 
and much cell death occurs (Clarkson and Watson, 2003, Stein et 
al., 2004, Tonner et al., 1997) some ductal cells survive, surrounded 
by a fibrotic response from the mesenchymal cells (O’Brien et al., 
2010). This remodelling is delayed in an IGFBP-5 ko mouse (Ning 
et al., 2007). This encapsulation process could ensure that residual 
ductal epithelium does not become excessively disrupted by the 
fibrotic response, thereby enhancing the prospects of a successful 
re-development of the gland in subsequent pregnancies (O’Brien 
et al., 2010). The host response to tumours, where unaffected 
tissue proximal to the tumour expresses a wound-healing signa-
ture, including increased collagen and fibronectin expression and 
increased expression of IGFBP-5 (Akkiprik et al., 2008) may well be 
analogous to this response. Thus, the association between IGFBP-5 
and metastasis (Huynh, 1998, McGuire et al., 1994, Mita et al., 
2007, Pekonen et al., 1992) may be a host response designed to 
limit, rather than promote, metastasis. We have evidence to sup-
port this from co-culture experiments in which IGFBP-5 can limit 
fibroblast invasion of epithelial monolayers (Fig. 3) and antagonise 
the actions of TGFb1. Furthermore, IGFBP-5 is one of the major 
secreted products of the Senescence Messaging Secretome (SMS) 
now thought to be a tumour suppressor response (Adams, 2009) 
and this would be consistent with the tumour suppressor role 
demonstrated for IGFBP-5 (Polanco et al., 2010, Su et al., 2011). 

Demonstrating causality in IGFBP function

Our understanding of the actions and roles of the IGFBPs is 
still in its early stages. The degree of redundancy or non-essential 
functions of IGFBPs has not aided the process of attributing physi-
ological relevance to many studies which describe mechanistic 
actions of the IGFBPs. Some of the approaches currently used, 
and of potential value in understanding the actions of IGFBPs in 
the mammary gland, are described below. 

i) IGFBP deficiency
Knockouts of IGFBP-1 to -6 have been reported, and these 

are, surprisingly, essentially phenotypically normal, even when 

Fig. 1. IGFBP-5 increases adhesion but decreases migration. (Upper 
panel) MCF-7 cells form spheroids, with limited adhesion to the substra-
tum, in serum-free conditions. IGFBP-5 induces epithelial cell adhesion and 
spreading, whilst maintaining E-cadherin expression (green). Nuclei are 
stained with DAPI (blue). (Lower panel) In the presence of serum, MCF-7 
cells migrate from the wound edge. IGFBP-5 potently inhibits this migration.
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Fig. 3. Co-culture of epithelial cells 
(stained red for E-cadherin) with 
fibroblasts (stained green for col-
lagen). The formation of a boundary 
is evident after 1 day. After 3 days, the 
fibroblasts migrate beyond the bound-
ary, but this is inhibited by IGFBP-5.

more than one IGFBP has been knocked out. This suggests re-
dundancy within the IGFBPs. Nevertheless, specific phenotypes 
do exist including Igfbp5 null mice which have delayed mammary 
apoptosis, consistent with an apoptotic role for IGFBP-5, and mild 
glucose intolerance and increased adiposity. Igfbp4 null mice which 
exhibit growth inhibition and Igfbp1 null mice which have abnormal 
hepatic repair. igfbp-2 null mice have a bone phenotype which may 
be the result of both IGF-dependent and IGF-independent actions 
(Flint et al., 2008). 

ii) IGFBP treatment
Genetically modified mice overexpressing specific IGFBPs 

have been described (Silha and Murphy, 2002, Wolf et al., 2005). 
IGFBP-1 overexpression leads to metabolic defects consistent with 
its proposed role in glucose uptake, resulting in hepatic insulin re-
sistance (Rajkumar et al., 1995, Rajkumar and Murphy, 1999). and 
some growth retardation (Gay et al., 1997). Igfbp2 overexpression 
also produces a modest reduction in body weight (Hoeflich et al., 
2000). Intriguingly a growth retardation is also evident in Igfbp3 
transgenic mice but this is not evident if the IGFBP-3 is mutated 
to inhibit binding of IGF-I (Silha et al., 2005, Silha et al., 2006). 
This demonstrates that IGFBPs can serve as inhibitors of IGFs 
in vivo. A protease-resistant form of IGFBP-4 decreased weight 
of smooth muscle-containing tissues, (Zhang et al., 2002) whilst 
mice overexpressing Igfbp4 in lymphoid tissue exhibited decreased 

thymus size, (Salih et al., 2004, Zhou 
et al., 2004). Igfbp5-overexpressing 
mice are severely growth retarded, and 
show neonatal morbidity and reduced 
fertility (Salih et al., 2005). Even though 
consistent with inhibition of IGF actions, 
overexpression of IGFBP-5 induced a 
phenotype which differed from Igf1, 
Igf2 or Igf1r null mice, suggesting that 
the effects of IGFBP-5 could not be 
explained exclusively by inhibition of 
IGF actions. Expression of IGFBP-5 
in the mammary gland impaired mam-
mary development (Tonner et al., 2002). 
Igfbp6 overexpressing mice utilising a 
glial protein promoter (Bienvenu et al., 
2004) had reduced cerebellum size, 
increased circulating IGFBP-6 and 
reduced body weight and litter size. 

Thus, the effects of IGFBPs in vivo 
are consistently inhibitory, and this con-
trasts with many in vitro studies which 
show enhancement of IGF actions. This 

Fig. 2. TGFb1 induces fibroblast activation whereas IGFBP-5 induces de-adhesion. TGFb1 induces a 
dose-dependent phenotypic response in fibroblasts with a characteristic alignment and swirling pattern. 
IGFBP-5, in contrast, induces cells to migrate into small groups with decreased cell-substratum adhesion.

may simply reflect the fact that overexpression is a rather blunt tool 
and that, if IGFBPs are produced in excessive amounts, then the 
models will largely reflect phenotypes which can be explained by 
inhibition of IGF action. Determining the actions of the IGFBPs at 
physiological concentrations thus remains a significant challenge/
barrier to our understanding of their roles in vivo.

Mechanisms of action of IGFBPs

i) Influencing the actions of IGFs
The best studied action of the IGFBPs is binding to IGFs. 

However, some debate exists about their effects upon binding 
IGFs. IGFBPs may inhibit IGF action by preventing binding to IGF 
receptors or, when bound to the extracellular matrix, they may 
serve as a delivery “reservoir”, enhancing IGF actions. At least 
four of the IGFBPs bind to the surface of cells or the extracellular 
matrix involving RGD sequences and heparin binding domains. 
IGFBP-3 and IGFBP-5 also bind to type I collagen, vitronectin 
and fibronectin (Pilewski et al., 2005). IGFBPs once secreted are 
vulnerable to proteolytic cleavage and are degraded by several 
proteases whereas IGFBP binding to the ECM can protect IGFBPs 
from proteolytic degradation, potentially prolonging their bioavail-
ability. IGFBP binding to extracellular matrix or to the cell surface 
is also influenced by phosphorylation status or proteolytic cleav-
age. For a review of these actions see (Beattie et al., 2006). All of 
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these changes in IGFBP structure could enhance IGF actions by 
increasing IGF bioavailability, in vivo.

ii) Direct effects of IGFBPs
Cell surface “receptors” have been proposed for IGFBP-3 and 

IGFBP-5, although these studies remain to be confirmed. IGF-
independent actions have been proposed for IGFBP-3 in mammary 
epithelial cells. IGFBP-3 has anti-proliferative effects on mammary 
epithelial cells and is induced by members of the TGF-b family 
including TGF-b1 in breast cancer cells. IGFBP-3 binds with high 
affinity to the type V TGF-b receptor suggesting the possibility 
that induction of IGFBP-3 synthesis by TGF-b1 may be a positive 
loop to further inhibit growth of mammary epithelium. Perhaps the 
strongest support for a mechanism of action independent of IGF-I 
comes from studies in which, despite their sequence similarity, 
actions of IGFBP-3 and -5 on cell survival are often opposite. This 
would not be anticipated if they were both acting by inhibiting the 
actions of IGFs. ERK activation by IGFBP-5 has been described 
and p38MAPK-dependent actions of IGFBP-5 and the ability of 
IGFBP-5 to activate p44/p42MAPK (Yasuoka et al., 2009b) have 
also been reported. It is also still a matter of debate as to whether 
IGFBPs exert intracellular actions, including within the nucleus. 
Novel uptake pathways by cells have been shown for IGFBP-3, 
mediated by C-terminal basic residues, involving caveolin and 
transferrin receptors. A more detailed examination of intracellular 
effects is needed to clarify their physiological relevance (Beattie 
et al., 2006).

In addition to their proposed direct actions upon cells, IGFBPs 
also exhibit extracellular interactions not involving the seques-
tration of IGFs. For example, plasminogen is inappropriately 
activated during mammary gland development in IGFBP-5 
transgenic mice (Tonner et al., 2002) and this was confirmed 
in vitro, where IGFBP-5 was shown to directly activate tPA but 
not uPA (Sorrell et al., 2006). Several members of the secreted 
cysteine-rich (CCN) protein family, which includes connective 
tissue growth factor (CTGF), CYR61 and Nov were re-named 
IGFBP8-10 because of structural similarities. The CCN family 
possess integrin “receptors” and are considered to exert their 
effects extracellularly by interaction with integrins, the ECM and 
growth factors. For example CTGF binds to VEGF (Inoki et al., 
2002) and inhibits its actions, whereas it binds to, and enhances 
the actions of, TGFb1 (Abreu et al., 2002). We believe that, at 
least for IGFBP-5, it may be more appropriate to consider it 
as a member of the CCN family as it possesses growth factor 
and integrin binding properties, as well as interacting, via its 
heparin-binding domain, with a variety of extracellular matrix 
molecules. This, in turn, suggests that IGFBPs may act indirectly, 
extracellularly, in a fashion similar to that of CTGF. CTGF acts 
downstream of TGF-b1(Nguyen and Goldschmeding, 2008) 
and IGFBP-3 is a downstream target of TGF-b1 and binds to 
the typeV TGFb receptor. TGF-b1 activates ADAM-12 which 
proteolytically cleaves IGFBP-5. These findings link the IGFBPs 
with TGF-b1, a known inhibitor of epithelial cell proliferation and 
activator of mesenchymal cells. Beyond this linkage, the CCN 
family and the IGFBPs have been included in a larger family 
of secreted cysteine-rich proteins, termed TIC, that comprises 
the Twisted gastrulation (TSG), IGFBP and CCN families (Pell 
et al., 2005). All contain a characteristic conserved 5’ N-terminal 
domain, a non-conserved linker region and a 3’ cysteine-rich 

domain. The TSG and CCN families have major roles in de-
velopment. For example, TSG is involved in patterning in the 
fly embryo whereas the CCN family has actions which include 
differentiation, adhesion, and migration. The fact that the TSG 
and CCN proteins have significant functions in development, 
adds further support to the proposal that the IGFBPs have 
evolved to serve a similar role. IGFBPs are primitive molecules, 
found in all vertebrates studied so far and an IGFBP-related 
protein in Drosophila has been described (Alic and Partridge, 
2008, Honegger et al., 2008).

iii) IGFBP proteolysis
Considerable interest in IGFBP proteolysis was evident around 

10 years ago. However, the difficulties in assigning physiological 
significance to these studies has led to a much reduced effort in 
this area. The first reports of IGFBP proteolysis were in late hu-
man pregnancy serum, directed against IGFBP-3 subsequently 
demonstrated in pregnant mouse and rat serum, in human amniotic 
fluid and in seminal plasma. Certain proteinases (e.g. MMPs and 
PAPP-A) appear to degrade IGFBP–IGF complexes, probably 
near the cell surface, releasing intact, biologically active IGFs able 
to bind to their receptors on the cell surface (Beattie et al., 2006) 
and interest in these proteases continues (Conover et al., 2010). 
This may represent homeostatic conditions but could become 
more significant if IGFBP-degrading proteinases become more 
active (such as MMPs in tumour growth). Other IGFBP-degrading 
proteinases, such as cathepsins, may serve a role of inactivation 
of IGFs and IGFBPs in the extracellular environment. It has also 
been proposed that IGFBP proteases could also have important 
actions by producing novel, bioactive fragments.

Finally, the ability of the IGFBPs to influence IGF action can 
also be modified by IGF proteases, producing amino-terminally 
shortened forms of IGF-I, such as des(1–3) IGF-I, which have 
weak affinity towards IGFBPs. Such truncated IGF-I forms show 
increased biological activity but whether this process has major 
physiological significance still needs to be demonstrated (Beattie 
et al., 2006).

Conclusions

IGFBP expression in the mammary gland is complex, tissue- and 
stage-specific. However, their expression in the embryo and their 
chromosal linkage to Hox genes makes it tempting to speculate 
that they play important developmental roles in the mammary 
gland. The fact that IGFs do, indeed, play critical roles in mam-
mary development, and the fact that the IGFBPs can clearly influ-
ence IGF actions, adds further weight to this proposal. Indeed, 
their ability to bind to IGFs has been the main focus of attention 
in terms of understanding their mechanism of action. Transgenic 
models involving over-expression of IGFBPs supports this role 
and suggest predominantly inhibitory effects of IGFBPs on IGF 
actions. In vivo studies, achieving physiological concentrations of 
IGFBPs, are, however, required before firm conclusions can be 
made about their roles in distinct physiological processes. Such an 
inhibitory role is surely not the explanation for the presence of high 
concentrations of the IGFBPs in the circulation, where they would 
more likely be considered as a latent store of IGFs. In addition, the 
activation of pregnancy-associated proteases in serum, perhaps to 
allow greater delivery of IGFs, adds further, albeit circumstantial, 



IGFBPs in mammary gland development    787 

evidence to support this proposal.
The enhancing effects of IGFBPs are typically demonstrated 

when IGFs and IGFBPs are in approximately equimolar con-
centrations and, although these effects have been consistently 
demonstrated, their physiological relevance still remains uncertain. 
In such studies, IGFBPs may artefactually increase the half-life 
of IGFs by preventing their degradation in the culture medium or 
their adsorption to plastic. On the other hand, in support of such 
enhancing actions, IGFBPs also bind to the ECM, involving their 
RGD sequences or heparin-binding domains, and this can lead to 
a reduction in the affinity of IGFBPs for IGFs. Such a role would 
be consistent with increased bioavailability of IGFs and thereby 
enhanced IGF action. However, studies utilising more physiological 
conditions, perhaps involving perfusion, to simulate the kinetics 
of clearance in the extracellular environment, will be required to 
provide more compelling evidence. In this respect, comparatively 
little is known about tissue clearance and pericellular concentra-
tions of IGFBPs, although there are some reports (Xu et al., 1996, 
Xu et al., 1997). The secretion of IGFBPs into the extracellular 
environment might also serve as a barrier to limit access of IGFs 
to cellular receptors, and such a proposal has been made for the 
mammary gland for IGFBP-4 (Allar and Wood, 2004) and IGFBP-5 
(Flint et al., 2000). 

Mammary development is a complex process involving several 
major cell types and with specific requirements for proliferation and 
apoptosis in different cellular compartments (Wood et al., 2000). 
Recognition of this compartmentalisation of the gland and the ex-
pression patterns of the IGFBPs is crucial if we are to understand 
their precise functions in the mammary gland.

It is now evident that IGFBPs can act independently of the 
IGFs but their relevance/importance in vivo has also been difficult 
to demonstrate. The absence of major phenotypes in mice, even 
when several IGFBPs had been deleted, suggests a degree of 
redundancy of their actions, although there have been no reports 
of compensatory increases in the secretion of other IGFBPs to 
explain this. Nevertheless, IGFBP knockout mice are now beginning 
to identify tissue-specific phenotypes (DeMambro et al., 2008, Leu 
et al., 2003, Ning et al., 2007). Additional studies, involving the use 
of conditional knockouts, and the use of the cleared mammary fat 
pad technique using tissue from knockout animals should improve 
our understanding of their roles in vivo. This has already been suc-
cessfully developed for IGF-I, where deletion of either IGF-I or the 
IGF-IR are lethal or result in animals that are reproductively com-
promised. Transplantation of prenatal mammary epithelium from 
the IGF-IR null mouse into cleared fat pads of wild-type mice has 
also been used to identify an important role for IGFs in mammary 
development (Hadsell and Bonnette, 2000) and, in animals with an 
IGF-I deletion, post-natal survivors exhibited impaired mammary 
ductal growth (Kleinberg et al., 2000). 

For the moment it seems that our understanding of the in vivo 
role of these proteins will continue to depend upon circumstantial 
evidence. Demonstrating a role for IGFBPs in mammary gland de-
velopment requires that the effective IGFBP concentration changes 
during a particular process (eg apoptosis) and that increasing the 
concentration of IGFBP by transgenesis (within physiological limits) 
or knockdown of the gene, influences the process in a predict-
able fashion. To date, for the mammary gland, this has only been 
achieved for IGFBP-5, strongly implicating it in apoptotic events 
associated with involution.

More recently it has become evident that the IGFBPs can act 
independently of the IGF axis. The structural similarities of the 
IGFBPs with other secreted cysteine-rich proteins, which do not 
bind IGFs, supports the concept that IGFBPs have IGF-independent 
actions. Many of the CCN proteins, for example, influence various 
growth factor actions extracellularly without utilising specific recep-
tors of their own. The CCNs were re-named as IGFBPs but it may 
be more appropriate to consider the IGFBPs to be part of the CCN 
family. If so, the complexity of the extracellular environment will 
provide a significant challenge to reductionist approaches designed 
to understand the mechanisms of action of the larger TIC family 
to which the IGFBPs belong.

IGFBPs undoubtedly play important roles in the development 
of the mammary gland, based upon their expression patterns and 
the transgenic and knockout animal models, although functional 
evidence is strongest for IGFBP-5 and IGFBP-3. A better under-
standing of the mechanisms of action of IGFBPs is required to 
provide a better assessment of their potential to influence mammary 
development. Perhaps the close similarities of the IGFBPs with 
the CCN and TSG families, which definitely have important devel-
opmental roles, will mean that an understanding of one family will 
provide clues as to the role of the others, particularly with respect 
to the mechanisms involved in the IGF-independent actions of the 
IGFBPs. The IGFBPs may ultimately prove to be of much greater 
significance because of their IGF-independent actions, rather than 
via the specific action which led to their name.
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