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Abstract
The stromal-specific proteoglycan decorin has emerged in recent years as a critical regulator of
tumor initiation and progression. Decorin regulates the biology of various types of cancer by
modulating the activity of several tyrosine-kinase receptors coordinating growth, survival,
migration, and angiogenesis. Decorin binds to surface receptors for the epidermal and hepatocyte
growth factors (EGF and HGF) with high affinity and negatively regulates their activity and
signaling via robust internalization and eventual degradation. The insulin-like growth factor I
(IGF-I) system plays a critical role in the regulation of cell growth both in vivo and in vitro. The
IGF-I receptor (IGF-IR) is also essential for cellular transformation due to its ability to enhance
cell proliferation and protect cancer cells from apoptosis. Recent data have pointed out a role of
decorin in regulating the IGF-I system in both non-transformed and transformed cells.
Significantly, there is a surprising dichotomy in the mechanisms of decorin action on IGF-IR
signaling, which considerably differs between physiological and pathological cellular models. In
this review, we summarize the current knowledge on decorin regulation of the IGF-I system in
normal and transformed cells, and discuss possible decorin-based therapeutic approaches to target
IGF-IR-driven tumors.
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Introduction
Decorin, the prototypical member of the small leucine-rich proteoglycans (SLRP) gene
superfamily [1,2], is a chondroitin/dermatan sulfate proteoglycan synthesized by stromal
fibroblasts, stressed vascular endothelial cells and smooth muscle cells [3]. The decorin
protein core is encoded by a relatively large and complex gene [4,5], and has been found to
regulate many diverse physiological processes since the original characterization as a
regulator of collagen fibrillogenesis [6-10]. These processes include regulation of bone and
tendon pathophysiology, innate immunity, hypersensitivity reactions, diabetic nephropathy,
angiogenesis and hepatic fibrosis [11-24]. For the most part, soluble decorin acts as a
monomer in solution [25] and most of its biological functions are mediated by the leucine-
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rich protein core, although the single glycosaminoglycan chain, either dermatan or
chondroitin sulfate, may also play physiological roles [26-28]. Soluble decorin modulates
the biology of various types of cancer by down-regulating the activity of several tyrosine-
kinase receptors (RTKs) critical for malignant cell growth and survival [29-32]. Decorin
binds EGFR [33,34] and the Met receptor [30] with high affinity at an empirically
determined Kd of 80 nM and 2 nM, respectively. This interaction leads to physical down-
regulation of both RTK activity exclusively within caveolin-1-positive endosomes and
followed by subsequent degradation via lysosomes [35,36]. This mode of internalization is
in stark contrast to agonist binding to cognate receptors, which directly promotes receptor
recycling to the plasma membrane, as mediated by clathrin, for additional rounds of
signaling. However, even agonist binding can lead to partial internalization and lysosomal
degradation. Therefore, the first linkage of decorin to tumorigenesis came from the finding
of increased deposits of decorin within the stroma of human colon carcinomas [37].
Definitive evidence of decorin in cancer progression was obtained from the analyses of
decorin-null mice where ~30% of these mice develop spontaneous intestinal tumors [38,39].
Remarkably, mice lacking both decorin and p53 show a faster rate of tumor development
and succumb to a very aggressive form of thymic lymphomas, indicating that lack of decorin
is permissive for lymphomagenesis [40]. Therefore, strong biochemical and genetic
evidence reveal a tumor repressive role for decorin to act as a soluble pan-RTK inhibitor to
stunt tumorigenic growth and inhibit cancer cell invasion and metastasis [41-45]. Indeed, the
anti-oncogenic role for decorin has been well documented in various experimental models
[2,46], including colon [47,48], breast [49] and ovarian [50] carcinoma cells, syngeneic rat
gliomas [51], and squamous and colon carcinoma xenografts [43,52,53].

The possible mechanism of action has been described previously and occurs, paradoxically,
via a transient activation of the EGFR and the Met receptor [36,42,54-56] to achieve
suppression of tumorigenic growth [35,57]. Decorin, via binding to EGFR and Met,
suppresses GSK3β inactivation and induces a non-canonical, GSK3β-independent pathway
of β-catenin suppression coincident with increased phosphorylation of Myc at Thr58, a
known phospho-acceptor residue that controls Myc stability [58]. This ultimately leads to
26S proteasome-mediated degradation of both oncoproteins, as well as elaborating a
mechanism for p21 induction via Myc degradation leading to a repression of this particular
locus. Moreover, decorin is able to suppress HIF-1α and VEGFA expression under
normoxic conditions to subvert tumor angiogenesis, presumably before the angiogenic
switch occurs [59]. Further proof-of-principle for decorin as a tumor repressor came from
studies utilizing adenovirus-mediated or systemic delivery of decorin to prevent metastases
in an orthotopic breast carcinoma xenograft model [43,45]. Finally, systemic delivery of
decorin retards the growth of prostate cancer in a mouse model of prostate carcinogenesis
[60] and inhibits metastasis formation in various breast tumor models [44,61,62].

The role of systemically administered decorin to suppress tumorigenesis was given a
completely novel perspective following a pre-clinical high-resolution global gene expression
analysis of a triple-negative orthotopic breast carcinoma xenograft model. This view was
supported by the exclusive differential modulation found in the tumor microenvironment
transcriptome without any significant changes in gene expression occurring within the tumor
proper. Decorin protein core profoundly inhibited a subset of genes necessary to orchestrate
an immunomodulatory response (such as Irg1, ligp, Mrgpra2, Il1b) while simultaneously
inducing expression of tumor suppressor genes and cell adhesion molecules (Peg3, Cadm1)
[63]. Crosstalk between decorin and the IGF-IR system in modulating and forming part of
this gene signature gives plausibility that a subset of the profiled genes in the ontological
categories of cytoskeletal and cell cycle regulation are a function of decorin bioactivity via
IGF-IR. The importance of this possibility is underscored by the confirmed identification of
activated IGF-IR in the progression of many diverse neoplastic states such as in breast, lung,
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liver, colon, prostate, and pancreas [64]. Therefore, the ability of decorin to repress
downstream IGF-IR signaling may be of paramount importance in the progression of these
tumor types.

Collectively, this plethora of in vitro and in vivo data detail a function for decorin as a
soluble tumor repressor capable of attenuating, in a protracted fashion, receptor tyrosine
kinases localized on the cell surface of tumor cells through concurrent induction of several
cyclin-dependent kinase inhibitors and repression of potent oncogenes. Further, the
intricacies of decorin-evoked suppression of tumor growth appears to be much more
complex than previously predicted due to the profound cadence of gene expression changes
occurring within the tumor microenvironment following systemic treatment.

The IGF-I system
The insulin-like growth factor (IGF-I) system includes six binding proteins, three ligands,
IGF-I, IGF-II and insulin, and three major receptors, the insulin-like growth factor receptor I
(IGF-IR), the insulin receptor (IR) and the insulin-like growth factor receptor 2 (IGF-IIR)
[65]. Extensive homology exists between IR and IGF-IR, varying from 45-65% with highly
conserved regions within the tyrosine-kinase cassette and substrate binding domain, where
homology is upwards of 60-80% [66]. Expression of IR and IGF components is widespread
throughout the body and is driven by a variety of stimuli under normal physiological
conditions including proper nutrition and exercise [65,66]. Further complexity arises from
promiscuous hybrid receptor formation with up to six different species of receptor homo- or
hetero-hybrids that inherently display varying affinities for ligands, as well as condition-
specific splicing events: IR-A and IR-B differ by excluding or including exon 11 [65,67].

The IGF-IR is a hetero-tetrameric (α2β2) transmembrane glycoprotein with tyrosine kinase
activity, that shares high similarity with other IR family members, except for IGF-IIR [66]
Structural features of IGF-IR ectodomain include two extra-cellular α subunits harboring the
ligand-binding site, and two β subunits which have a short extra-cellular portion, a trans-
membrane and a cytoplasmic region (Fig. 1).

The IGF-IR plays an essential role in cell growth in vitro and in vivo Mice homozygous for
a targeted disruption of the insulin-like growth factor 1 receptor (IGF-IR) gene exhibit
severe growth retardation, being only 45 % the size of wild-type littermates, and die shortly
after birth due to respiratory failure [68,69]. Significantly, fibroblasts derived from IGF-IR
knock-out mice cells (R-cells) [70] are refractory to transformation induced by a variety of
cellular oncogenes, including c-Src, the bovine papilloma virus, the EGFR and the PDGFR
and several tumorigenic agents but fully transformed when the IGF-IR is re-expressed
[71,72]. It is important to note that activating mutations leading to ligand-independent IGF-
IR receptor signaling are relatively rare [65]. Indeed, the transformative properties of IGF-
IR derives from aberrant expression [66,67] as confirmed by reintroduction of IGF-IR into
IGF-IR null mouse fibroblast cells (known as R-cells) leading to oncogenic transformation
[73] in response to a variety of classical oncogenes. However, anomalous expression of the
receptors themselves is not the only culprit in transformative events as the various biological
ligands, including insulin and IGF-I, have also been implicated in tumorigenesis [71]

In vitro experiments on tumor cells and epidemiological studies have confirmed that
activation of the IGF-IR is involved in the development of many neoplastic diseases,
including carcinomas of the lungs, prostate, pancreas, liver, colon and breast [65,67,73,74].
The transforming capability of the IGF-IR most likely depends on its ability to sustain cell
proliferation, protect cancer cells from apoptosis and enhance migration and invasion [71].
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The insulin receptor (IR) is expressed in two isoforms: the IR isoform A (IR-A) and isoform
B (IR-B). The IR-A is predominantly expressed in fetal tissues and cancer cells whereas the
IR-B is preferentially expressed in differentiated insulin-responsive tissues and cells [66].
While the IR-B binds insulin with high affinity, the IR-A has high affinity for insulin but
also binds IGF-II, although the affinity is 3 to 10-fold lower than that for insulin. Instead,
IGF-II binds to IGF-IR and to IR-A with similar affinities and shares with the homolog
ligand IGF-I mitogenic and anti-apoptotic effects [66]. While the role of the IR-B in the
regulation of metabolic effects has been known for several years, there is more recent
evidence suggesting that the IR, and in particular the IR-A, may also be involved in the
pathogenesis of cancer [72]. Several studies have now established that IGF-II elicits
biological effects via activation of the IR-A [72,75,76]. Predominant expression of the IR-A
over the IR-B has been detected in several cancer models and an autocrine proliferative loop
between IGF-II and the IR-A has been demonstrated in malignant thyroid and breast cancer
cells [67].

It has been recently shown that insulin and IGF-II have inherently different mechanisms for
the internalization of the IR-A receptor following ligand binding [77]. These mechanisms
determine differences in the signaling capacity of the receptor, based on the relative binding
affinities of the ligands. For example, IGF-II promotes slower kinetics of Akt-mediated
phosphorylation of IRS-1 at Ser307, which is necessary for IRS-1 degradation when
compared to insulin [77].

Decorin regulation of the IGF-I system in normal cells
The first evidence for a physiological role of decorin in the regulation of IGF-IR signaling
was provided by Schönherr et al. [78] who demonstrated through co-immunoprecipitation
experiments that decorin binds the IGF-IR on an immortalized endothelial cell line with an
affinity in the nanomolar range (Kd = 18 nM) comparable to IGF-I. In addition, decorin
binds IGF-I itself (Fig. 1), although the affinity is lower (Kd= 190 nM) than canonical IGF-
I-binding proteins [78]. Decorin binding to the IGF-IR in endothelial cells promotes receptor
phosphorylation at levels comparable to IGF-I and subsequent activation of downstream
signaling proteins, as measured by IGF-IR-dependent Akt phosphorylation [78]. Notably,
decorin does not interfere with IGF-I, as simultaneous incubation of endothelial cells with
decorin and IGF-I does not alter IGF-IR phosphorylation and Akt activation when compared
to the addition of a single ligand [78]. Significantly, adenoviral-mediated decorin expression
induces sustained IGF-IR downregulation, thereby suggesting that decorin may be critical in
the regulation of IGF-IR stability in endothelial cells [78]. It was further established that
decorin protein core is sufficient for IGF-IR signaling in endothelial cells and the N-
terminus of the protein is the IGF-IR binding region [78].

The physiological relevance of the decorin/IGF-IR interaction was confirmed in two animal
models, such as inflammatory angiogenesis in the cornea and unilateral ureteral obstruction,
where the IGF-IR was upregulated in decorin-deficient mice compared to controls.
However, this mechanism could not compensate for decorin-deficiency in both animal
models suggesting that decorin and IGF-IR may work in concert to regulate signaling in
endothelial cells [78]. Subsequent studies have corroborated the role of decorin in
modulating IGF-IR signaling in several physiological cell models, including fibroblasts,
endothelial cells, and various malignant cell types such as the urothelial carcinoma lines
5637 and T24, triple negative breast carcinoma cells, MDA-MB-231, and squamous
carcinoma cells, HeLa [64].

Decorin promotes endothelial cell adhesion and migration on fibrillar collagen by triggering
Rac activation in an IGF-IR-dependent fashion [79]. Additionally, decorin modulates α2β1
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integrin biological responses in a transformed endothelial cell line likely through the IGF-IR
[79]. The acute regulation of decorin via IGF-IR on endothelial cells might be due, in part,
to the finding that these particular cells express several fold higher levels of IGF-IR (at both
the mRNA and protein levels) and that most of the IR-A was found to be sequestered within
hybrid receptors [80]. This phenomenon is not confined only to endothelial cells, as decorin
is also critical in regulating IGF-IR activation and biological output in renal fibroblasts,
specialized extravillous trophoblastic cells, and renal tubular epithelial cells. In renal
fibroblasts decorin promotes IGF-IR activation and regulates the synthesis of the elastic
fiber component fibrillin-1 through activation of the IGF-IR/mTOR/p70S6K signaling
cascade [81]. The IGF-IR is overexpressed in diabetic kidneys from Dcn−/− compared to
Dcn+/+ mice but IGF-IR upregulation could not compensate for decorin deficiency resulting
in reduced fibrillin-1 levels [81]. This illustrates a cooperative function for both decorin and
IGF-IR, via genetic models, to initiate and maintain physiological levels of fibrillin-1. In
contrast, in the placenta extravillus trophoblasts, soluble decorin inhibits migration by
promoting IGF-IR phosphorylation and activation in a dose-dependent manner but the anti-
proliferative action of decorin is IGF-IR-independent and likely mediated either through the
EGFR [82] or VEGFR2, as decorin is able to bind VEGFR2 with affinity and suppress
ERK1/2 mediated signaling downstream of this receptor [83]. Collectively, these results
suggest that in normal cells, decorin mimics the action of the IGF-I ligand and therefore
functions as an IGF-IR agonist. The decorin/IGF-IR interaction positively regulates receptor
phosphorylation and downstream signaling to achieve specific biological functions in non-
transformed cells (Fig. 2). Seemingly diametric to the situation seen in the above two
examples, loss of decorin in diabetic mice promotes an increase in IGF-IR levels and
apoptosis with aberrant deposition of extracellular matrix [14]. Intriguingly, restoration of
decorin abrogates, via IGF-IR, high glucose induced apoptosis and evokes a protective
response against diabetic nephropathy [14].

Decorin action on the IGF-IR in neoplasia
All of the aforementioned studies were performed with “normal, non-malignant” cells. Thus,
until recently, there were no published data on a possible role of decorin in modulating
cancer growth via the IGF-IR in transformed cells or in tumor models. To establish whether
decorin may regulate IGF-IR function in bladder cancer, we analyzed decorin expression in
different publicly-available bladder cancer microarray studies using the Oncomine database.
Notably, in two independent data sets [84,85], there was a marked (3.5 to 13 fold) decrease
of decorin mRNA levels in primary bladder cancers as compared to normal counterparts
[64]. The IGF-IR and decorin show a differential expression in bladder cancer. The IGF-IR
is specifically expressed by the basal urothelium in low-grade bladder cancer (arrows, Fig.
3A) and is markedly increased and extended to the full-thickness of the tumors in high-grade
bladder cancers (Fig. 3B), without any appreciable stromal expression. In contrast, decorin
is expressed primarily in the submucosal stroma of the urinary bladder (Fig. 3C) and its
expression is clearly attenuated in the stroma of high-grade bladder cancers (Fig. 3D). It
would be conceivable that increased IGF-IR activity and or expression might be causative
for decreased decorin expression, i.e. via hypermethylation of the decorin promoter as found
in colon carcinoma [31], within urothelial neoplasia. Moreover, the IGF-IR acts as a “scatter
factor” in urothelial cancer cells markedly enhancing cell motility and invasion without
affecting cell proliferation [86]. These effects require the activation of the Akt and MAPK
pathways as IGF-I induces Akt- and MAPK-dependent phosphorylation of paxillin [86].
Interestingly, proline-rich tyrosine-kinase 2 (Pyk2), is potently activated by IGF-I and is
required for the invasive phenotype of urothelial carcinoma cells [87]. Whether decorin
attenuates Pyk2 activity in these cells and in vivo is not known, but it could be an additional
mechanism for the cross-talk between soluble matrix constituents such SLRPs and RTK
signaling. Collectively, these results support the hypothesis that the IGF-IR may play a
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critical role in the establishment of the invasive phenotype in urothelial neoplasia, a process
affected by stroma-derived decorin.

We further found that decorin protein core can bind with high affinity to both the IGF-IR
and its natural ligand IGF-I, and we also established that decorin binds the IGF-IR in a
region that does not overlap with the canonical binding site for IGF-I [64]. It is important to
convey that we found no discernable changes between decorin proteoglycan or protein core
in binding to either IGF-I or IGF-IR. The binding affinities obtained were comparable
between these two protein species [64]. However, distinct differences possibly solicited by
the glycanated form versus protein core on downstream IGF-IR signaling events have not
yet been established. Significantly, decorin stimulation of urothelial cancer cells has no
effect on IGF-IR phosphorylation but instead severely decreases ligand-dependent IGF-IR
activation levels in a dose-dependent manner [64]. In addition, prolonged exposure to
decorin does not affect the stability of the IGF-IR in urothelial cancer cells either alone or in
the presence of IGF-I. In the context of potential decorin based therapeutics to temper IGF-
IR signaling in neoplasia, this effect will be of considerable importance as downregulation
of IGF-IR promotes increased IR-A homodimer formation and thus cancer cells with
enhanced IGF-II/IR-A signaling capacities. This has been verified in several in vitro models
and confirmed with an IGF-IR knockout osteoblast cell line [66]. As decorin does not affect
stability of the IGF-IR, for reasons discussed below, the increase in IR-A homodimers
should be prevented and thus IGF-IR treatments based on decorin will circumvent this
unwanted resistance of IGF-IR [66]. Hybrid receptor composition analysis will need to be
performed to substantiate this claim following decorin treatment.

These experiments interestingly suggest that decorin affects IGF-IR function in bladder
cancer in a manner that is substantially different from its known activity on the IGF-IR in
endothelial cells (or other non-malignant cells) where decorin promotes IGF-IR activation
followed by receptor degradation [88]. In addition, decorin action substantially differs from
its known activity on EGFR and Met where decorin leads to a physical downregulation of
these two RTKs via caveolin-mediated endocytosis [3]. In urothelial cancer cells, decorin
alone does not induce colocalization between the IGF-IR and caveolin-1, in contrast to the
colocalization that is readily detectable following IGF-I stimulation [64]. Significantly,
decorin stimulation considerably reduces IGF-I-induced IGF-IR and caveolin-1
colocalization, suggesting that decorin may affect either IGF-IR internalization or divert the
receptor into a different endocytic compartment. Previous experiments in human skin
fibroblasts have indicated that pharmacological inhibition of the IGF-IR does not affect
decorin uptake suggesting that decorin endocytosis may not use the IGF-IR as cargo to
internalize from the cell surface [89]. Thus it seems that decorin bioactivity focuses on
suppressing ligand-induced IGF-IR phosphorylation but not receptor levels and may suggest
a function for decorin at the cell membrane in our bladder cancer cell system [64]. However,
we cannot rule out the possibility that decorin may play a role in regulating the early stage of
IGF-IR internalization from the cell surface but not in modulating IGF-IR sorting into the
lysosomal degradative compartment.

It is important to mention that the inability of decorin to affect IGF-IR levels is not limited
to urothelial cancer cells (more specifically 5637 and T24 cell lines), as in fact the same
results were reproducible in the triple-negative basal breast carcinoma cell line, MDA-
MB-231 as well as in cervical squamous carcinoma HeLa cells insofar as total IGF-IR was
unchanged but activation by IGF-I was significantly attenuated by decorin [64]. While
decorin affect IGF-IR levels in normal cells [41], it has not been previously established
whether decorin could affect the IGF-IR axis by additionally regulating the stability/
activation of downstream signaling effectors.
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The docking protein insulin receptor substrate 1 (IRS-1) is one of the major downstream
effectors of the IGF-IR signaling pathway: IRS-1 upon ligand stimulation is recruited to the
IGF-IR and regulates the activation of the PI3K and Akt pathways [66]. Thus, IRS-1
function is critical for IGF-IR-dependent biological effects, including cell proliferation and
transformation. Accordingly, we determined IRS-1 protein levels after prolonged exposure
to IGF-I and/or decorin, and demonstrated that chronic IGF-I stimulation promotes IRS-1
degradation in urothelial cancer cells [64]. Significantly, while decorin enhances IRS-1
degradation, it has no effect in regulating the stability of either IRS-2 or Shc proteins, two
other critical components of the IGF-IR signaling pathway. Collectively, these results
provide the first evidence for a role of decorin in regulating ligand-dependent stability of
IRS-1 and put forward a novel hypothesis that decorin may regulate IGF-IR-dependent
biological responses not only by directly affecting receptor activation but also by
modulating the stability of downstream signaling proteins.

However, the mechanism through which decorin affects IRS-1 stability is currently
unknown. Because decorin alone has no effect on IRS-1 stability, we can exclude that IRS-1
stability may be affected indirectly by decorin acting on other RTKs. One possible
mechanism suggests that decorin might suppress total IRS-1 levels insofar as that IGF-I and
insulin-induced IRS-1 downregulation is modulated by serine-phosphorylation of IRS-1
residues. We can therefore reasonably make the hypothesis that decorin, by reducing IGF-IR
activation, similar to small molecule inhibitors targeted against IGF-IR such as
picropodophyllin [66], may negatively regulate IRS-1 tyrosine-phosphorylation, thus
increasing the fraction of serine-phosphorylated IRS-1 and enhancing IGF-I-mediated IRS-1
degradation. Importantly decorin functions similarly to insulin insofar as that upon binding
to IGF-IR, IRS-1 stability is adversely affected, but not IRS-2. Furthermore, decorin also
shares functional similarity to IGF-II by not inducing a physical internalization of the
receptor, in contrast to insulin. Endocytosis seems to be crucial in regulating downstream
signaling events upon ligand binding [77]. Therefore, it is possible that decorin is able to
delay IGF-IR kinetics in a similar fashion to IGF-II but still trigger IRS-1 degradation. This
might be a function of differences in the topology of the ubiquitin attachments by Grb10/
Nedd4 [90] and/or differential phosphorylation patterns. Tandem mass spectrometry
analyzing post-translational modifications of the IGF-IR should aid in this determination and
could be correlated with ubiquitin attachment and the determined ligand affinity constants.

Once established that decorin negatively regulates ligand-induced IGF-IR activation
concurrent with enhanced IRS-1 degradation, we then demonstrated that decorin severely
inhibits IGF-I-stimulated activation of Akt and MAPK [64], the two major pathways critical
for IGF-IR-dependent motility and invasion in urothelial cancer cells [86]. Notably, decorin
alone has no effect on the activation of these signaling proteins. Finally, we showed that by
negatively regulating IGF-IR signaling, decorin severely decreases the ability of urothelial
carcinoma-derived cells to migrate and invade in response to IGF-I stimulation.

Collectively, these results suggest that decorin action on IGF-IR activation strongly affects
downstream signaling, thereby negatively regulating IGF-I-dependent biological events in
bladder cancer cells and potentially other types of cancer cell types. Furthermore, emerging
evidence indicates that over-activation of the IGF-IR is able to directly regulate resistance to
inhibitors of EGFR signaling as well [67]. Therefore, utilization of decorin to quell IGF-IR
activation should preclude gained EGFR resistance, further strengthening the role of decorin
as a true pan-RTK inhibitor to stunt cancer growth.
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Concluding remarks
Altogether, the data available in the literature point out a unique dichotomy in the
mechanisms of decorin action on the IGF-IR system. In normal cells, decorin likely works
as an IGF-IR agonist, thereby positively regulating IGF-IR activation and IGF-IR-dependent
signaling [88]. On the contrary, in IGF-IR-addicted tumors, decorin functions as a natural
IGF-IR antagonist attenuating IGF-IR action. Decorin loss may therefore contribute to IGF-
IR-dependent tumor progression. Although there is no literature on the role of other SLRPs
in modulating the IGF-I system, the possibility of functional redundancy does exists,
especially within class I SLRPs.

The IGF-IR has become an attractive target for cancer therapy and results from early phase
clinical trials using anti-IGF-IR antibodies reported encouraging results, although initial
results from Phase III clinical trials with anti-IGF-IR antibodies have been so far
disappointing [65]. The gap between the promising in vitro results and the unsatisfactory
clinical results might be explained by several factors including tumor heterogeneity,
resistance mechanisms and ligand/receptor switches. For example, in Ewing’s sarcomas a
key resistance mechanism to inhibitors of the IGF-IR is mediated by enhanced
homodimerization of the IR-A and concurrent with increased IGF-II production. Resistant
cells can convert from IGF-I/IGF-IR to IGF-II/IR-A dependency thereby maintaining
sustained activation of Akt and ERK1/2 signaling [71].

The concept that decorin is able to inactivate IGF-IR signaling and destabilize downstream
effectors without compromising the stability of the receptor itself should prevent some of the
resistance gained (as discussed above) from previous treatment regimens and clinical trials.
Furthermore, strong autocrine loops exist between ligand production and receptor activation.
Therefore, decorin binding to and potentially sequestering IGF-I (in a manner reminiscent of
indirectly attenuating TGF-β signaling via sequestration) may pitch decorin into the
therapeutic arena as a viable option to combat bladder cancers overexpressing IGF-IR/IGF-I.
In the context of IGF-I sequestration, several articles [91,92] have demonstrated that the
composition of the glycosaminoglycan chain, particularly that of dermatan sulfate, is
instrumental in the dissociation of IGF-I from IGFBPs, such as the IGF-I-IGFBP-5 complex.
As decorin harbors a dermatan sulfate GAG chain, it currently remains unknown whether
decorin proteoglycan can influence IGFBPs binding IGF-I. In a more general fashion, this is
underscored by the lack of any known cytotoxicity or systemic toxicity of decorin on normal
cells would thus strongly support the use of decorin-derived peptides as therapeutic
approach to target malignant cell in tumors where the IGF-IR may play a critical role.
Interestingly, a recent report has linked heparanase activity to augment IGF-IR via ERK1/2
signaling [93]. As decorin is able to attenuate downstream effectors, the possibility does
exist that decorin might be able to impair the function and/or expression of heparanase, a
potential target for various forms of tumors [94]. This implication would extend far beyond
the mitigation of IGF-IR in neoplasia, but also serves as a much broader inhibitory activity
insofar as to prevent liberation of heparan sulfate-bound growth factors.

This becomes increasingly more pertinent for the treatment of the IGF-IR signaling axis as
this pathway gains resistance by enhanced IR-A signaling. A study has emerged [95] that
has dissected and identified specific genetic signatures associated with treatment-sensitive
and treatment-resistant in IGF-IR/IGF-I dominant Ewing’s sarcomas. This will potentially
aid in further stratification of patients receiving therapies and / or for future decorin-based
modalities.

In preliminary experiments, we have found that IGF-IR levels decrease in metastatic bladder
cancer cells, which instead overexpress the IR-A isoform. As urothelial carcinoma cells
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produce IGF-II [96], which also binds to and activates IR-A, it is possible that this growth
factor may also activate the IR-A in an autocrine fashion thereby driving tumor progression
and metastasis. Whether decorin binds IGF-II and/or the IR-A has not yet been established.
Experiments are currently under way to determine decorin activity on IGF-II and IR-A and
test the hypothesis that decorin loss in high-grade bladder cancer could contribute to
increased IR-A activity especially in the metastatic cells.

In conclusion, decorin regulation of a wide network of RTK signaling plays a critical role in
the regulation of many aspects of mammalian biology, in both physiology and disease states.
Further understanding the mechanisms of decorin action in cancer cells may open novel
therapeutic approaches in malignancies where RTKs activation plays an essential role.
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Fig. 1.
Schematic representation of the IGF-I system. The IGF-I system includes 6 binding proteins,
three ligands and three major receptors. The IGF-IIR has no kinase activity and functions as
a cellular “sink” to titrate IGF-II levels in the plasma. The alternatively-spliced IR genes,
which gives rise to IR-B and IR-A, is critical for tissue glucose homeostasis while the IGF-
IR is essential for cell proliferation. In neoplastic conditions, decorin binds IGF-I and IGF-
IR to indirectly or directly, respectively, inhibit downstream signaling to IRS-1 and
therefore stifle MAPK and PI3K coordinated pathways.
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Fig. 2.
The dichotomy of decorin action on the IGF-I system. In normal cells decorin promotes
IGF-IR phosphorylation and activation of downstream signaling, which is followed by
receptor degradation. In cancer cells instead decorin inhibits ligand-induced IGF-IR
activation and negatively regulates IGFIR-downstream signaling but do not affect receptor
stability.
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Fig. 3.
IGF-IR and decorin show a differential expression in bladder cancer. (A-D) Gallery of
immunohistochemical images of low- and high-grade bladder cancer samples stained with
antibodies specific for IGF-IR (A,B) or decorin (C,D). Notice that the IGF-IR is specifically
expressed by the basal urothelium (arrows, A), but is markedly increased and extended to
the full-thickness of the tumor in high-grade bladder cancer (B), with no stromal (St)
expression. In contrast decorin is expressed primarily in the submucosal stroma of the
urinary bladder (C) and its expression is markedly reduced in the stroma of high-grade
bladder cancers. Bar = 200 μm.
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