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Abstract In addition to its important role in the regulation
of somatic growth by acting as the major circulating trans-
port protein for the insulin-like growth factors (IGFs), IGF
binding protein-3 (IGFBP-3) has a variety of intracellular
ligands that point to its function within major signaling
pathways. The discovery of its interaction with the retinoid
X receptor has led to the elucidation of roles in regulating
the function of several nuclear hormone receptors including
retinoic acid receptor-a, Nur77 and vitamin D receptor. Its
interaction with the nuclear hormone receptor peroxisome
proliferator-activated receptor-y is believed to be involved
in regulating adipocyte differentiation, which is also modu-
lated by IGFBP-3 through an interaction with TGF 3/Smad
signaling. IGFBP-3 can induce apoptosis alone or in con-
junction with other agents, and in different systems can
activate caspases —8 and —9. At least two unrelated proteins
(LRP1 and TMEM219) have been designated as receptors
for IGFBP-3, the latter with a demonstrated role in inducing
caspase-8-dependent apoptosis. In contrast, IGFBP-3 also
has demonstrated roles in survival-related functions, includ-
ing the repair of DNA double-strand breaks through inter-
action with the epidermal growth factor receptor and DNA-
dependent protein kinase, and the induction of autophagy
through interaction with GRP78. The ability of IGFBP-3 to
modulate the balance between pro-apoptotic and pro-
survival sphingolipids by regulating sphingosine kinase 1
and sphingomyelinases may be integral to its role at the
crossroads between cell death and survival in response to a
variety of stimuli. The pleiotropic nature of IGFBP-3 activ-
ity supports the idea that IGFBP-3 itself, or pathways with
which it interacts, should be investigated as targets of ther-
apy for a variety of diseases.
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Introduction

The insulin-like growth factors, IGF-I and IGF-II (encoded
in humans by the genes /GF/ and /GF2) are ubiquitous
growth factors that influence cell proliferation, differentiation,
survival and migration. The IGFs, which are structurally and
functionally related to insulin (Clemmons 2012), signal
through the type 1 IGF receptor (IGF1R), a heterotetramer
with tyrosine kinase activity, as well as the related insulin
receptor (notably insulin receptor isoform A which mediates
IGF-II signalling) and hybrids of the two receptor types
(Martin and Baxter 2011; Siddle 2012). IGF-like signaling
pathways have been strongly conserved through evolution
and have been shown to modulate longevity in C. elegans
(Lapierre and Hansen 2012).

In contrast to insulin, IGF-I and IGF-II are not known to
be stored intracellularly, but are secreted by their cells of
origin. In the extracellular environment and the circulation,
they are predominantly bound by IGF binding proteins
(IGFBPs), a family of six highly conserved proteins (Firth
and Baxter 2002) encoded by the genes /GFBPI to
IGFBP6. These proteins are characterized by high affinity
for both IGFs, with association constants above 10° L/mol
(Baxter 2000; Forbes, et al. 2012). Although the IGFBP
nomenclature has been applied to other proteins with weak
structural homology to the IGFBPs, in particular mac25
(sometimes called IGFBP-7) and members of the CCN
family, there is now wide consensus that only the six proteins
with high affinity for the IGFs should be known as IGFBPs.

The conserved IGFBP structure can be divided into three
domains of approximately equal size: cysteine-rich amino-
and carboxy-terminal domains, which are highly conserved,
joined by an unconserved central or linker domain. Both
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mutagenesis studies and structural determination by NMR
and X-ray crystallography have revealed that high-affinity
IGF binding involves residues in both the amino- and
carboxy-terminal domains (Baxter 2000; Forbes et al.
2012). Two of the six IGFBPs (IGFBP-3 and IGFBP-5)
form complexes in the circulation that contain either IGF-I
or IGF-II, and a third protein, the acid-labile subunit or ALS
(encoded by the IGFALS gene). The IGFBP binding site for
ALS consists of a highly basic motif in the carboxy-terminal
domain (Firth, et al. 2001; Firth, et al. 1998). Basic residues
in this domain also form a bipartite nuclear localization
signal (NLS) (Schedlich, et al. 2000). IGFBP-6, which also
has a basic carboxy-terminal motif, is unable to bind ALS
(Twigg, et al. 1998), but appears to have a functional NLS
(Tosef, et al. 2008).

IGFBPs were first characterized for their IGF transport
function in the circulation, where they are known to act as a
reservoir of IGFs, mainly bound to IGFBP-3 in ternary
complexes with ALS. Circulating IGFBPs regulate the bio-
availability of the IGFs by controlling their egress from the
circulation to the tissues (Baxter 1993; Payet, et al. 2004;
Rajaram, et al. 1997). Over the past decade, it has become
clear that IGFBPs have many ligands apart from the IGFs
and ALS, and have significant functions in the pericellular
and intracellular spaces in addition to the circulation. This
review, concentrating on IGFBP-3, will discuss recent dis-
coveries of other (i.e. non-IGF) ligands, and the biological
functions in which they have been implicated. These in-
teractions may explain, at least in part, the dichotomous
growth-inhibitory and -stimulatory effects that have been
attributed to IGFBP-3.

Nuclear hormone receptors

In 2000, Liu et al. reported the unexpected finding, by yeast
two-hybrid screen, that IGFBP-3 interacts with the retinoid X
receptor, RXR« (Liu, et al. 2000). RXR« is a member of the
class II nuclear hormone receptors, and typically acts either as
a homodimer or, more commonly, as a heterodimer with other
members of this group including the retinoic acid receptors
(RARs), the vitamin D receptor VDR, the thyroid hormone
receptor TR, liver X receptors (LXRs) and peroxisome
proliferator-activated receptors (PPARs) (Dawson and Xia
2012). This important study revealed IGFBP-3 as a potential
transcriptional regulator, activating effects mediated through
the RXR response element but inhibiting signaling through
the RAR response element (RARE, activated by ligand bind-
ing to RXR-RAR heterodimers) (Liu et al. 2000).

Breast cancer cells with a basal-type molecular subtype have
high IGFBP-3 expression, and growth inhibition of the basal
cell lines Hs578T and MDA-MB-231 by the RAR« ligand, all-
trans-retinoic acid (atRA), was found to be modulated by

@ Springer

endogenous IGFBP-3, such that immunoneutralizing IGFBP-3
sensitized both cell lines to atRA inhibition (Schedlich, et al.
2004). Further investigation showed that IGFBP-3 inhibited
RARE transactivation by binding to RARx and blocking
RXRx-RAR« heterodimerization, with no effect on atRA bind-
ing. Thus, in this context, IGFBP-3 is potentially growth-
stimulatory to these basal-type cell lines, by blocking their
growth inhibition by RAR ligands. Similarly, IGFBP-3 has been
found to block the RAR-dependent differentiation of myeloid
leukemia cells, while it enhanced differentiation induced by an
RXR-selective ligand (Ikezoe, et al. 2004).

Contrasting with its effect in breast cancer cells, in
22RV1 human prostate cancer cells, IGFBP-3 was reported
to induce apoptosis by a mechanism involving another
RXR« dimerization partner, Nur77 (Lee, et al. 2005). This
IGFBP-3 effect involved the rapid mitochondrial transloca-
tion of RXRx-Nur77 dimers, resulting in cytochtome ¢
release, and required direct cytoplasmic interaction between
IGFBP-3 and Nur77 (Lee, et al. 2007), but the precise de-
tails of the mechanism are still unclear. IGFBP-3 also binds
directly to VDR, as does the related binding protein IGFBP-5
(Schedlich, et al. 2007b), and IGFBP-3 is inhibitory to VDR
transcriptional activity (Ikezoe et al. 2004).

The metabolic regulator PPARYy has an important role
during adipogenic differentiation. Since PPARy signals as a
heterodimer with RXR«, it was proposed that IGFBP-3
might interfere with this process (Chan, et al. 2009), partic-
ularly since IGFBP-3 knockout mice are described as hav-
ing increased adiposity (Yakar, et al. 2009). However, the
adipogenic differentiation of bone marrow derived mesen-
chymal stem cells was not enhanced by IGFBP-3 knockout
(Fritton, et al. 2010). Using the 3T3-L1 preadipocyte model
of adipogenesis, both exogenous and overexpressed IGFBP-
3 were found to be inhibitory to adipogenic differentiation
(Chan et al. 2009). This inhibition was associated with the
direct interaction of IGFBP-3 and PPARYy, demonstrated by
coimmunoprecipitation from 3T3-L1 cell lysates, and the
inhibition of PPARy-RXR« dimerization and ligand-
induced transcriptional activity. Recently we have observed
the same effect of IGFBP-3 in human breast cancer cell lines
although, paradoxically, IGFBP-3 did not reverse the
growth-inhibitory effect of PPARYy ligands in these cells,
but acted to enhance the growth inhibition (Pon et al.,
unpublished data).

A few studies have investigated structural determinants
involved in nuclear receptor-IGFBP-3 interactions, using
mutants of both RXRx and IGFBP-3, including the basic
domain IGFBP-3 mutant originally characterized for its
deficient ALS binding and nuclear translocation (Firth et
al. 1998; Schedlich, et al. 1998). Using GST-pulldown as-
says, IGFBP-3 was found to interact with the DNA-binding
domain (C domain) of RXRa. No binding was observed to
the aminoterminal (A/B) domain, the hinge (D) domain,
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or the carboxyterminal ligand-binding (E/F) domain
(Schedlich, et al. 2007a). Examining binding determinants
on IGFBP-3, both aminoterminal residues (T58, R60) and
basic carboxyterminal residues (220-222, 228-232) were
found to be important for RXR« binding (Schedlich et al.
2007a). Similar residues are involved in IGFBP-3 interaction
with PPARy (Chan et al. 2009). Non-RXR« binding mutants
were unable to block atRA signaling, demonstrating the es-
sential role of the IGFBP-3-RXR « interaction in the inhibition
of retinoic acid action. The 228-232 mutant also failed to
inhibit PPARy-dependent adipogenesis (Chan et al. 2009)
and interestingly, appeared to exert a dominant negative effect
in preventing breast cancer cell growth inhibition by the
PPARYy ligand rosiglitazone, in contrast to wild-type
IGFBP-3 which enhanced the rosiglitazone effect (Pon
et al., unpublished data).

Thus it appears that, similar to the interaction between
IGFBP-3 and the IGFs, its interaction with RXR«x involves
both aminoterminal and carboxyterminal residues. However,
in contrast to IGF binding (Yan, et al. 2004), RXR« binding
was not inhibited by mutating the key IGF-binding determi-
nants, L77, L80 and L81 (Schedlich et al. 2007a). These
residues are part of an LXXLL motif, sometimes termed the
“NR box” and known to be involved in coactivator binding of
nuclear receptors (Savkur and Burris 2004). The lack of
involvement of these residues of IGFBP-3 in nuclear hormone
receptor binding suggests that, despite its regulatory role,
IGFBP-3 should not be categorized as a nuclear receptor
coactivator, a conclusion also supported by its demonstrated
interaction with the DNA-binding domain of RXRex.

LRP1 and TGFf signaling

The ways in which extracellular IGFBP-3 regulates intracel-
lular events — apart from simply preventing IGFs from binding
and activating IGF1R — have remained elusive over many
years. IGFBP-3 association with the surface of cells has been
recognized for over two decades (Martin, et al. 1992) but the
original characterization of its binding sites as functional re-
ceptors (Oh, et al. 1993) was not fully substantiated. A large
cell-surface protein termed the type V transforming growth
factor-f3 receptor (TBRV) was later shown to bind IGFBP-3,
but again its putative role in IGFBP-3 signaling was not well
established (Leal, et al. 1997). This protein was subsequently
determined to be identical to the low density lipoprotein
receptor-related protein LRP1, also known as the «2-
macroglobulin receptor, and its mediation of IGFBP-3
growth-inhibitory signaling was said to involve the dephos-
phorylation of insulin receptor substrate-2 (IRS-2) (Huang, et
al. 2004). Another, unrelated report also described an inhibi-
tory role for IGFBP-3 mediated through protein dephosphor-
ylation (Ricort and Binoux 2002).

LRP1 is an endocytosing receptor and its impairment has
been shown to result in extracellular accumulation of
IGFBP-3, supporting a role for this receptor in IGFBP-3
internalization (Lee, et al. 2006). Other studies found that
IGFBP-3 endocytosis requires a caveolin-binding structural
motif and involves its binding to transferrin and internaliza-
tion through the transferrin receptor (Lee, et al. 2004; Singh,
et al. 2004). Interactions with (3; integrin and caveolin-1
have also been reported in other studies (Perks, et al. 2011).
Since LRP1 can bind caveolin-1 and associate with caveolae
(Zhang, et al. 2004), these mechanisms are not necessarily
mutually exclusive. However, a dynamin 2-dependent
endocytic pathway for IGFBP-3 has also been demonstrated
in osteosarcoma cells (Micutkova, et al. 2012), but the
kinetics of transferrin and IGFBP-3 uptake were found to
be different, suggesting that uptake through the transferrin
receptor is unlikely in these cells. How the various proposed
cellular uptake mechanisms might inter-relate and mediate
the regulation of cell signaling by IGFBP-3 remains to be
elucidated.

IGFBP-3 inhibitory signaling through LRP1/T3RV was
originally described as occurring without phosphorylation of
the canonical TGFf3 signaling intermediates, the Smad pro-
teins (Leal, et al. 1999), but other studies showed that IGFBP-
3 could activate Smad2 and Smad3 phosphorylation and
required the type I and type 2 TGF{ receptors (TBRRI and
TRRII). In T47D breast cancer cells, that lack TRRII, resto-
ration of this receptor by transfection sensitized the cells to
Smad2 and Smad3 phosphorylation, and inhibition of cell
proliferation, by IGFBP-3 (Fanayan, et al. 2000). TRRI was
also phosphorylated in response to IGFBP-3, suggesting that
IGFBP-3 required an intact TGF[3 signaling pathway for
growth inhibition of this cell line (Fanayan, et al. 2002).
Subsequently Smad activation by IGFBP-3 has been demon-
strated in a variety of other cell lines. In intestinal smooth
muscle cells, IGFBP-3 was shown to stimulate TRRI and
Smad?2 phosphorylation, resulting in the inhibition of prolif-
eration (Kuemmerle, et al. 2004). Similarly in human
placental explants, IGFBP-3 inhibition of cytotrophoblast
proliferation was shown to involve Smad2 activation and
have a requirement for the TBRI/TBRII system (Forbes,
et al. 2010).

Recently we also demonstrated that IGFBP-3 stimulates
Smad? activation in 3T3-L1 preadipocytes, possibly contribut-
ing to the inhibitory effect of IGFBP-3 on their adipogenic
differentiation (de Silva, et al. 2012). This mechanism may be
predicted to cross-talk with the PPARy-dependent mechanism
described above, since PPARYy ligands can oppose TGFf3
signaling through Smad2 (Liu, et al. 2011) and conversely, loss
of PPARYy in knockout mouse fibroblasts is associated with
constitutive Smad signaling (Ghosh, et al. 2008). Interestingly,
LRP1/TBRV is upregulated by the PPARy agonist
rosiglitazone (Moon, et al. 2012), and has also been implicated
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in the cross-talk between Smad signaling and PPARYy
(Boucher, et al. 2007). Although IGFBP-3 clearly activates
the Smad pathway in multiple cell types, a direct interaction
between IGFBP-3 and the TRRI/T3RII receptors has not been
demonstrated. The precise role (if any) of LRP1/T3RV and its
adapter proteins such as GULP (Ma, et al. 2012), in IGFBP-3
activation of the TBR/Smad signaling pathway, is unknown.

Death receptor signaling

Cell death by apoptosis is defined as proceeding through
either an intrinsic pathway, initiated by intracellular stimuli
such as oxidative stress or DNA damage, or an extrinsic
pathway, initiated by extracellular stress signals and generally
mediated by ligation of a member of the death receptor family.
These mechanisms require the activation of different prote-
ases, including caspase-8 for death receptor-dependent extrin-
sic apoptosis and caspase-9 for caspase-dependent intrinsic
apoptosis (Galluzzi, et al. 2012). IGFBP-3 is inducible by the
tumor suppressor p53 (Buckbinder, et al. 1995) and has been
demonstrated to induced apoptosis either directly (Butt, et al.
2000) or by potentiating other agents that activate the intrinsic
pathway, such as ceramide (Gill, et al. 1997), chemotherapy
drugs (Fowler, et al. 2000; Lee, et al. 2002), irradiation
(Hollowood, et al. 2000) and other factors (Leibowitz, et al.
2013), although not necessarily in a pS3-dependent manner
(Butt et al. 2000; Rajah, et al. 1997). Apoptosis induced by
IGFBP-3 can involve the activation of both caspase-8 and -9
(Butt, et al. 2005; Kim, et al. 2004), and under different
experimental conditions either does (Butt et al. 2005; Jia, et
al. 2010), or does not (Kim et al. 2004), cause the release of
cytochrome ¢ from the mitochondria, which is required for the
formation of the apoptosome and the initiation of a caspase-9-
dependent proteolytic cascade (Galluzzi et al. 2012).

Death receptor-mediated apoptosis initiated by IGFBP-3
was reported in MCF-7 breast cancer cells, the extrinsic
pathway being defined by caspase-8 cleavage but no cyto-
chrome ¢ release or caspase-9 cleavage (Kim et al. 2004).
Subsequently a novel cell “death receptor” involved in
IGFBP-3 action was identified (Ingermann, et al. 2010)
and designated as IGFBP-3R (a name previously given to
LRP1/TBRV). This protein, encoded by the gene TMEM219
(transmembrane protein 219), contains 240 amino acids, i.e.
is smaller than IGFBP-3 itself (264 amino acids), and is
located in both the plasma membrane and cytoplasm of
breast cancer cells. In contrast to members of the tumor
necrosis factor (TNF) receptor family and other proteins
designated as death receptors, it does not contain the char-
acteristic motif known as a death domain, which is involved
in formation of the “death-inducing signaling complex”
(DISC) and activation of caspase-8 (Park 2011). However
it was described by the authors as a death receptor because
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in the presence of IGFBP-3, it induces caspase-8-dependent
apoptosis (Ingermann, et al. 2010). In prostate and breast
cancer xenograft tumors in athymic mice, overexpression of
IGFBP3-R caused some inhibition of tumor growth. In
addition to its growth-inhibitory role in cancer cells, this
protein has been shown to be involved in the inhibitory
effect of IGFBP-3 on airway inflammation and hyper-
responsiveness by opposing TNF« action, with a suggested
role in asthma therapy (Lee, et al. 2011).

EGFR, IGF1R and sphingosine kinase signaling

In addition to extensively-documented growth-inhibitory
effects of IGFBP-3, there is also abundant evidence that it
can be growth-stimulatory. Exogenous IGFBP-3 was shown
two decades ago to potentiate IGF-I-stimulated DNA syn-
thesis and amino acid uptake by fibroblasts but the precise
mechanism remained elusive (Conover, et al. 1996; De
Mellow and Baxter 1988), although reported to involve
Akt activation (Conover, et al. 2000). Subsequent studies
have suggested that there may be many mechanisms through
which IGFBP-3 can be growth-stimulatory rather than
growth-inhibitory, one of which (the blockade of inhibitory
atRA signaling) was mentioned previously.

A potentially growth-stimulatory role for IGFBP-3 in many
cancer types is suggested by the observation that IGFBP-3
mRNA and/or protein levels are reported to be increased, inter
alia, in squamous cell lung cancer (Kettunen, et al. 2004),
melanoma (Xi, et al. 20006), clear cell renal cell carcinoma
(Chuang, et al. 2008), and pancreatic cancer (Xue, et al. 2008).
In breast cancer tissue, high IGFBP-3 expression has been
associated in some studies with markers of poor prognosis,
and/or worse overall survival (Rocha, et al. 1996; Sheen-
Chen, et al. 2009; Vestey, et al. 2005). However, a relationship
with overall or disease-free survival has not always been seen
in breast (Ren, et al. 2007) or other cancers (Katsaros, et al.
2001), and there is evidence that in some cancers, for example
head and neck (Papadimitrakopoulou, et al. 2006) and hepa-
toma (Aishima, et al. 2006), Jow tissue IGFBP-3 expression is
associated with poorer patient outcome. Clearly, tissue
IGFBP-3 expression is only one of a multitude of factors that
might influence the survival of cancer patients, but it is of
interest that a Kaplan-Meier plot (Gyorffy, et al. 2010) for
women with basal-type breast cancers (that typically have
high IGFBP-3 expression) shows a significantly lower prob-
ability of recurrence-free survival for patients whose tumors
have high IGFBP-3 mRNA expression (n=478, hazard ratio=
1.6, logrank P=0.001) (Fig. 1a). In fact, the prognostic value
of high IGFBP-3 expression in basal-type breast cancer ap-
pears to be at least as strong as that of epidermal growth factor
receptor (EGFR) expression (Fig. 1b), an accepted marker in
this molecular subtype (Burness, et al. 2010).



Novel functions of insulin-like growth factor binding protein-3 183
Fig. 1 Kaplan-Meier plots a b
:ilflr:;:fcgf‘rszost;ﬁtgz f(‘)ot;» 478 g 1.0 -\ HR =1.6(1.2-2.12) | 1.0 .":\ HR =1.57 (1.13-2.19)
paticnts with basal-type breast e ol ) Logrank P = 0.0011 o8 \ Logrank P = 0.007
cancers, from a total of 2,977 ﬁ ’ A ’ \
breast cancer patients, that E Ny \-.‘ v
express either high or low S 0.6 W = 08 . e+ =
IGFBP-3 mRNA (A) or EGFR g g T -84
mRNA (B), as indicated, ¢ 041 __ owicrepr-3 041 __ Lowecrr
autoselecting the best cut-off E — High IGFBP-3 — High EGFR
value. Data calculated using the £ 0.24 0.2
KM Plotter online survival E
;I(;EI](})/SIS tool (Gyorfty, et al. E 0 i . 0 .

) 0 5 10 15 0 5 10 15

Time (years) Time (years)

The observation that expression of a constitutively active
mutated c-Ha-Ras oncogene in mammary epithelial cells
caused resistance to the growth-inhibitory effect of IGFBP-3
(Martin and Baxter 1999) led to the discovery that IGFBP-3
could potentiate ligand-dependent signaling through EGFR
(Martin, et al. 2003). In these experiments the ERK and p38
MAP kinase pathways were activated, but not the Akt path-
way, and the potentiation of EGF-stimulated DNA synthesis
by IGFBP-3 was reflected in increased cell proliferation over
7 days. The related binding protein IGFBP-5 was slightly
inhibitory rather than stimulatory, while IGFBP-3 mutated in
the ALS-binding and nuclear localization domain (residues
228-232) was fully active in potentiating DNA synthesis. In
these studies, no direct binding interaction between IGFBP-3
and EGFR was demonstrated (Martin et al. 2003). This
growth-stimulatory effect of IGFBP-3 may depend on the
tumor microenvironment, since it has been reported that in
cells grown on fibronectin, it prevented, rather than stimulat-
ed, EGF-dependent cell proliferation (McIntosh, et al. 2010).

In a mouse xenograft model of human breast cancer, T47D
cells expressing human IGFBP-3, although initially growth-
inhibited in vitro, formed larger tumors in vivo than control
cells with undetectable IGFBP-3 expression (Butt, et al.
2004), resembling the clinical situation where high-IGFBP-3
breast tumors in patients were larger that those with low
IGFBP-3 expression (Rocha, et al. 1997). In the xenograft
model, the faster-growing, IGFBP-3-expressing tumors
showed higher staining for EGFR than control tumors,
suggesting that IGFBP-3 expression might provide a selective
advantage to cells with high EGFR expression. Consistent
with the concept that the IGFBP-3-dependent growth stimu-
lation was mediated through EGFR, only the IGFBP-3-
expressing cells were growth-inhibited in cell culture by an
EGFR kinase inhibitor (Butt et al. 2004). Interestingly, a more
recent study using A431 epidermoid carcinoma cells similarly
found that the development of resistance to the EGFR
inhibitor gefitinib was associated with low IGFBP-3
expression, again supporting the idea that IGFBP-3
might be helping to drive cell growth through EGFR
activation (Guix, et al. 2008).

A mechanistic explanation for these observations was
suggested by a report that in endothelial cells, IGFBP-3
could stimulate the expression and activity of sphingosine
kinase 1 (SphK1), an enzyme that phosphorylates the
growth-inhibitory lipid, sphingosine, to a stimulatory form,
sphingosine-1-phosphate (S1P) (Granata, et al. 2004).
Testing this in breast epithelial cells demonstrated that
SphK1 expression and activity was induced by IGFBP-3,
and appeared to be the mechanism through which IGFBP-3
transactivates EGFR (Martin, et al. 2009). Silencing of
SphK1, but not SphK2, by siRNA prevented EGFR
transactivation, as did silencing of the S1P receptors S1P,
and S1P3, but not S1P,. The potentiatiation of EGFR sig-
naling may be a “constitutive” role of endogenous IGFBP-3,
since downregulation of endogenous IGFBP-3 markedly
blunted the ability of EGF to stimulate tyrosine phosphory-
lation of EGFR (Martin et al. 2009). A similar phenomenon
has been observed in four basal-type breast cancer cell lines
(Martin and Baxter, unpublished data).

IGFIR is known to cross-talk with EGFR (van der
Veeken, et al. 2009), and downregulating endogenous
IGFBP-3 was similarly found to blunt the ability of a
receptor-active, non-IGFBP-binding IGF-1 analogue to
activate IGFIR tyrosine phosphorylation. Indeed, all of
the evidence linking IGFBP-3 to EGFR transactivation
through activation of SphK1/S1P signaling similarly
linked it to IGFIR transactivation (Martin et al. 2009).
There appears to be a reciprocity in the cross-talk be-
tween IGFIR and EGFR activation by IGFBP-3, since
small-molecule inhibitors of either receptor prevented
IGFBP-3 from potentiating signaling through the other
receptor. The ability of IGFBP-3 to potentiate IGF-I-
dependent IGFIR signaling through SphK1 activation
offers an explanation for the 25-year-old observation
of this phenomenon in skin fibroblasts (De Mellow
and Baxter 1988) and provides a powerful rationale
for targeting the “IGFBP-3-SphK1 pathway” in conjunc-
tion with EGFR and/or IGF1R in patients whose tumors
have high expression of EGFR and IGFBP-3, such as
basal-type breast cancer.
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DNA damage signaling

As discussed earlier, IGFBP-3 can potentiate the induction of
apoptosis by ceramide (Gill et al. 1997) as well as other agents.
In human umbilical vein endothelial cells (HUVECs), IGFBP-
3 increased apoptosis induced by the DNA-damaging drug
doxorubicin, but increased cell viability and inhibited apopto-
sis if the generation of ceramide in response to doxorubicin
treatment was prevented by the drug fumonisin B1 (Granata et
al. 2004). Ceramide, which is generated either by de novo
synthesis or by the action of sphingomyelinases on the mem-
brane lipid sphingomyelin, is a precursor of sphingosine and
thus also of SIP (Wymann and Schneiter 2008). The balance
between the non-phosphorylated sphingolipids ceramide and
sphingosine, which oppose cell survival, and their pro-survival
product S1P, may be important in determining whether cells
survive or die in response to DNA damaging therapies such as
doxorubicin (Young, et al. 2013). It is thus of interest that, in
addition to stimulating sphingosine conversion to SIP,
IGFBP-3 has been shown to inhibit an injury-induced increase
in acid and neutral sphingomyelinases in mouse retina
(Kielczewski, et al. 2011), thus potentially decreasing cer-
amide production and shifting the ceramide-S1P balance fur-
ther towards the pro-survival S1P.

Doxorubicin (adriamycin) and etoposide, widely used in
cancer treatment, exert their chemotherapeutic effects in part
by inducing double strand breaks (DSB) in DNA, as does
radiotherapy. This form of DNA damage is potentially the
most hazardous to genomic integrity, in response to which
cells initiate DNA repair processes but may, nevertheless,
eventually undergo apoptotic death. DNA DSB damage can
induce two main repair mechanisms: homologous recombi-
nation (HR), which uses a homologous DNA template to
guide the repair process and is generally restricted to S and G2
phase, and non-homologous end-joining (NHEJ), more com-
mon in mammalian cells, which joins the broken DNA ends
directly and can occur at any stage of the cell cycle (Brandsma
and Gent 2012; Jackson and Bartek 2009). An early
step in DNA DSB repair by NHEJ is the binding of
the serine/threonine kinase, DNA-dependent protein ki-
nase, catalytic subunit (DNA-PKcs) to the damaged
DNA ends, followed by its autophosphorylation. There
is also substantial evidence that EGFR translocates to
the nucleus in response to DNA DSB damage, and
forms part of the DNA-PK-dependent repair process
(Dittmann, et al. 2005; Kriegs, et al. 2010).

We reported several years ago that DNA-PKcs could
phosphorylate IGFBP-3, resulting in its enhanced nuclear
entry and retention (Schedlich, et al. 2003). Since we had
also shown that IGFBP-3 could activate EGFR through
SphK1 in breast cancer cells suggesting that it might be
involved in DNA repair, we investigated whether IGFBP-3
itself had a role in the activation of DNA repair by NHEJ in
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response to DNA-damaging chemotherapy. In the basal-type
triple negative breast cancer cell line MDA-MB-468, which
has high IGFBP-3 expression, endogenous IGFBP-3 was
shown by proximity ligation assay (PLA) to complex with
EGFR associated with lipid rafts, which decreased 2—4 h
following treatment with etoposide. In parallel with the
decline of the EGFR-IGFBP-3 complex in the plasma mem-
brane, it increased in the cell nucleus, concomitant with
increases in nuclear IGFBP-3-DNA-PKcs and EGFR-
DNA-PKcs complexes (Lin, et al. 2012). The detection of
these binary nuclear complexes, all demonstrated by both
co-immunoprecipitation and PLA, suggests that all three
proteins — IGFBP-3, EGFR and DNA-PKcs — probably form
part of a single complex in response to DNA damage.
Complex formation was prevented by the EGFR kinase
inhibitor gefitinib, as shown in Fig. 2 for IGFBP-3
complexed with DNA-PKcs.

When endogenous IGFBP-3 was downregulated by two
siRNAs, DNA-PKcs autophosphorylation was inhibited, as
was the appearance of the nuclear EGFR-DNA-PKcs complex

a

DNA-PK-
IGFBP3
interaction
(PLA)

Merged
with
DAPI

Etoposide

Control Gefitinib+Etoposide

3 . Cytoplasm
= Nucleus 2

Control Etoposide Gef+Etop
(75%) (88%) (78%) « %N

Fig. 2 Four hours after treatment with 20 uM etoposide, complexes
between IGFBP-3 and DNA-PKcs increase in MDA-MB-468 breast
cancer cells, predominantly within the nucleus. This increase is
blocked by the EGFR kinase inhibitor gefitinib. (A) IGFBP-3-DNA-
PKecs interactions are visualized by proximity ligation assay. (B) Quan-
titation of nuclear and extranuclear complexes. The percentage of
complexes detected within nuclei by confocal microscopy (%N) is
indicated. *, P<0.05 compared to control-treated cells. Adapted from
(Lin, et al. 2012).
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in response to etoposide. Importantly, when measured by a
direct DNA end-joining assay, IGFBP-3 downregulation
inhibited NHEJ activity in nuclear extracts, demonstrating that
IGFBP-3 has a direct facilitating role in the repair of DNA
DSB damage by NHEJ (Lin et al. 2012). Loss of SphK1 has
been shown to make several cancer cell lines (breast, colon and
non-small cell lung cancer) more sensitive to doxorubicin-
induced DNA damage (Huwiler, et al. 2011), consistent with
the idea that SphK1 signaling may promote the repair of
damaged DNA, thus enhancing cell survival. Together these
studies support a model in which IGFBP-3, through the acti-
vation of SphK1 and EGFR, has an enabling role in the DNA
damage response by NHEJ, first complexing with EGFR in
lipid rafts and then being co-transported with EGFR to the cell
nucleus where it forms part of the EGFR-DNA-PKcs complex
that is required for the DNA-PKc autophosphorylation re-
sponse and the initiation of NHEJ. Targeting EGFR kinase
activity as a therapeutic approach to sensitize cancers to radio-
therapy is already widely used (Mehta 2012). The discovery of
the involvement of IGFBP-3-SphK1 signaling in this process
suggests that co-targeting this pathway may be of additional
benefit.

GRP78 and autophagy

A recent unbiased search for intracellular IGFBP-3 binding
partners found a strong interaction with the heat shock
protein GRP78 (78 kDa glucose-regulated protein), also
known as binding immunoglobulin protein (BiP) (Grkovic,
etal. 2013). This interaction has also been detected in a yeast
2-hybrid screen (Li, et al. 2012). Because an important
function of GRP78 is as an endoplasmic reticulum chaper-
one, coordinating the cellular response to protein misfolding

i_ IGFBP- 3\ "!,

.' A &*P - EGFR
PhR -
/"“/ G 3\ |DNA—PKcs
N v

Cell cycl DNA i
Apoptosis :rr?;?e Autophagy (< by Nﬁ%ﬁ'r
| Gatekeeper | | Caretaker |

Fig. 3 Proposed role of IGFBP-3 in regulating the balance between
cell cycle arrest/cell death, and autophagy/cell survival. IGFBP-3 can
promote apoptosis alone or in conjunction with ceramide and other
agents, but suppresses ceramide generation by downregulating
sphingomyelinases. By stimulating sphingosine kinase 1 (SphK1),
IGFBP-3 can increase pro-survival sphingosine-1-phosphate (S1P),
thus potentiating EGFR activation and cooperating with DNA-PKcs
to permit DNA double-strand break repair by non-homologous end-
joining (NHEJ). IGFBP-3 also promotes autophagy through interaction
with GRP78. See text for details. By regulating both DNA damage
repair and cell cycle arrest/apoptosis, IGFBP-3 has both caretaker and
gatekeeper roles

(Luo and Lee 2013), the involvement of IGFBP-3 in this
process was sought, but IGFBP-3 was not implicated in any
pathway of unfolded protein response signaling (Grkovic et
al. 2013). GRP78 has also been shown to be required for
stress-induced autophagy (Li, et al. 2008), and an investiga-
tion of the possible role for the IGFBP-3-GRP78 interaction
in this process in breast cancer cells revealed that IGFBP-3
could enhance the survival of cells subjected to glucose
starvation and hypoxia in a GRP78-dependent manner
(Grkovic et al. 2013). This effect was shown to depend
on the induction of autophagy by its inhibition by 3-
methyladenine, its prevention by downregulation of the
autophagic pathway intermediates beclin-1 and Atg7, and
an IGFBP-3-dependent increase in the autophagy marker
LC3-II. Intriguingly, glucose deprivation was shown to
cause a marked under-glycosylation of IGFBP-3. Since the
interaction between IGFBP-3 and GRP78 is enhanced when
the IGFBP-3 is underglycosylated (Grkovic et al. 2013),
these finding imply that in solid tumors, where a deficit in
nutrient and oxygen supply may occur commonly, IGFBP-3
may play a key role in mediating an autophagic survival
response. This suggests that targeting the IGFBP-3-GRP78
interaction could be a valuable strategy in the therapy of
solid tumors. Whether this IGFBP-3-dependent autophagic
response to nutritional stress is also seen in response to
genotoxic stress, and therefore contributes to the determina-
tion of cell fate after DNA-damaging therapy, will be an
important area for future investigation.

Concluding comments

The past decade has seen considerable progress in un-
derstanding the many cellular roles of IGFBP-3. While
its originally-discovered function as the major carrier of
endocrine IGF-I and IGF-II in ternary complexes with
ALS is vitally important in the regulation of somatic
growth, the recognition that it has many ligands in
addition to the IGFs and ALS, that mediate a multiplic-
ity of biological functions, has provided not only new
insights into the mechanisms of a variety of cellular
processes, but also potential new targets for the treat-
ment of cancer and other diseases. Acting at the cross-
roads between cell death and cell survival, IGFBP-3
may now be seen to act both as a “caretaker”, contrib-
uting to the repair of damaged DNA, as well as a
“gatekeeper”, preventing cell replication and promoting
cell death when genomic integrity is compromised
(Kinzler and Vogelstein 1997). Its glycosylation-
regulated interaction with GRP78, and its function in
regulating the balance of bioactive sphingolipids, may
well be important components of its contribution to
these mechanisms (Fig. 3).
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It may be asked why it has taken so long to recognise
how integrally IGFBP-3 is involved in such vital cell pro-
cesses. A possible explanation is that, unlike genes such as
the caretaker BRCAI or the tumor suppressor 7P53, no
disease-causing mutations of the /GFBP3 gene have been
identified. In the absence of this genetic evidence, detailed
functional studies have been required to elucidate the pivotal
place occupied by IGFBP-3 in several important biological
processes. Exploiting this knowledge about IGFBP-3-
regulated pathways may provide new opportunities for ther-
apeutic intervention in a variety of diseases.
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