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Abstract

Decorin, a prototype small leucine-rich proteoglycan, regulates a vast array of cellular processes
including collagen fibrillogenesis, wound repair, angiostasis, tumor growth, and autophagy. This
functional versatility arises from a wide array of decorin/protein interactions also including
interactions with its single glycosaminoglycan side chain. The decorin-binding partners
encompass humerous categories ranging from extracellular matrix molecules to cell surface
receptors to growth factors and enzymes. Despite the diversity of the decorin interacting network,
two main roles emerge as prominent themes in decorin function: maintenance of cellular structure
and outside-in signaling, culminating in anti-tumorigenic effects. Here we present contemporary
knowledge regarding the decorin interacting network and discuss in detail the biological relevance
of these pleiotropic interactions, some of which could be targeted by therapeutic interventions.
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Introduction

The extracellular matrix (ECM) is renowned for its collection of molecules that governs both
structural integrity and function of the cell [1-4]. An extensively studied member of the
ECM is the canonical class | small, leucine-rich proteoglycan (SLRP) [5], decorin, whose
complex gene is located on chromosome 12 [6]. Though famously studied in the context of
collagen fibrillogenesis [7-12], decorin is not merely a structural entity. In fact, it is one of
the most versatile proteoglycans regulating a range of cellular processes [13-18] including
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but not limited to angiogenesis [19,20], myocardial infarct [21], innate immunity [22],
inflammation [23,24], diabetic nephropathy [25], fibrosis [26], wound healing [27] and
autophagy [28-32]. In order to facilitate signaling through these and other pathways, decorin
must interact with a variety of different classes of ligands encompassing ECM constituents,
cellular receptors, growth factors, proteases, and other signaling molecules. The interactions
between decorin and its ligands involve its glycosaminoglycan (GAG) chain as well as
specific binding motifs in its protein core. The diversity of this binding repertoire permits
decorin to partake in a multitude of functions through its ability to activate or inhibit
receptor signaling [33-37], sequester growth factors [26,38-42,42,43], and, either directly or
indirectly, alter the processing of key matrix components [44]. Here we provide a
representation of the current decorin interactome in order to more completely define the
functional role of decorin in outside-in signaling in the cell. In addition, this compendium of
decorin interactions may allow for the identification of novel decorin-binding partners,
which can further illuminate the role of this SLRP in normal and pathological processes as
well as initiate new therapeutic approaches to combat disease.

Structure and ligand-binding regions of decorin

Structurally, decorin is highly conserved across multiple species where it possesses a central
domain harboring 12 leucine rich repeats (LRR) and an N-terminal attachment site for a
single GAG chain of chondroitin or dermatan sulfate [12] (Fig. 1). Its shape has been
described as either a horseshoe or banana [45,46], where the inner concave surface
comprises 14 curved pB-sheets and the outer convex surface includes multiplea-helices [12].
Though the GAG chain has been shown to be important for some decorin/ligand
interactions, most decorin-binding partners share an interface with decorin at its core
protein. Indeed, LRR 4-6 act as high-affinity binding sites for collagen I, the most well-
known binding partner of decorin [47] (Fig. 1A). In addition, these same leucine-rich
regions bear the responsibility for the binding of decorin to receptor tyrosine kinases
(RTKSs), such as the vascular endothelial growth factor receptor 2 (VEGFR2) [48] and the
epidermal growth factor receptor (EGFR) [49] (Fig. 1A).

Furthermore, and unsurprisingly given the aforementioned information, it appears that
monomeric decorin accounts for most, if not all of its interactions, as dimerization of
decorin [46,50,51] renders its core region unavailable for binding other substrates. In fact,
recent binding studies demonstrate the reversibility of decorin dimerization as well as
highlight the ability of decorin to alternate between forming homodimers or interacting with
collagen as a monomer [50]. Additionally, in response to earlier controversy regarding the
stability of decorin as a monomer in solution, these same studies illustrate that dimerization
is not necessary for decorin stabilization [50]. Therefore, decorin functions as a monomer
where it can act as a soluble paracrine factor to regulate a variety of downstream signaling
pathways by binding to its respective partners via the concave surface of its core.

We must also emphasize the importance of the penultimate and longest LRR of decorin
known as the ear repeat, a feature shared by several other SLRPs (Fig. 1B). The first mouse
model developed for congenital stromal corneal dystrophy (CSCD), the only documented
human disease associated with mutations in decorin [52-54], contains a C-terminal
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truncation of decorin protein core resulting in a shorter core lacking the C-terminal 33 amino
acid residues (Fig. 1B). This deletion faithfully replicates the corneal opacification and
severe visual impairment [55] seen in these patients. Mechanistically, truncated decorin
(952delT) lacking the ear repeat results in a misfolded SLRP, leading to intracellular
accumulation of mutated decorin and consequently activation of the ER stress response [55].
Interestingly, mice with global deletion of decorin do not exhibit this phenotype [56],
suggesting that this disease is solely due to an unfolded protein response stemming from
impaired secretion and, thus, intracellular accumulation of decorin. However, further study
on this topic has illustrated that the 952delT mutation in the original disease model may not
be consistent with human pathology as human CSCD (harboring the 967delT mutation)
depends on extracellular accumulation of the truncated version of decorin [57], where this
mutant decorin may act in a dominant negative fashion to obstruct normal signaling
pathways. The end product is an abnormal corneal stroma where collagen fibrils lack the
precise interfibrillar spacing of normal transparent cornea [58].

It is also important to note that, though the crystal structure of decorin has been elucidated
and some ligand-binding sites identified at its concave surface (Fig. 1), many of the decorin/
ligand interfaces remain uncharacterized.

Contemporary data regarding the decorin interacting network

Decorin embraces numerous interacting partners of different categories (Fig. 2). Here we
will describe, in detail, these interactions and their physiological relevance. Though
originally christened as PG40 [59], the proteoglycan we now know as decorin gained its
name from the observation that it bound to and “decorated” collagen fibrils [60]. Via its core
protein, decorin binds at the D period of collagen type | approximately every 67 nm [61-63].
Importantly, the N-terminal GAG chain of decorin also plays a role in arranging adjacent
collagen fibrils. Specifically, the dermatan sulfate chain simultaneously binds to a separate
collagen molecule in the vicinity of the collagen fiber interfacing with the decorin protein
core [9]. Functionally, this interaction between decorin and collagen is crucial for proper
fibril formation and fibrillar spacing as Dcn—/-mice exhibit increased fibril diameter as well
as increased diameter variability, resulting in a skin fragility phenotype [64]. In addition,
though the interaction between decorin and collagen type | is the best studied, decorin also
binds collagens II, 111, 1V, V, VI, XII, and XIV [65-71] (Fig. 3), where the interaction with
collagen type VI is of particularly high affinity [65,66].

Related to collagen structure is the complex formed between decorin and matrilin-1 [72], a
protein involved in matrix assembly whose relative, matrilin-3, has been associated with
certain chondrodysplasias [73]. The decorin/matrilin-1 complex functions as a linkage
between collagen V1 and either aggrecan or collagen type Il [72] (Fig. 3). Similarly, decorin
interacts with dermatopontin, a low molecular weight extracellular matrix constituent
involved in fibroblast adhesion and migration [74] (Fig. 3). This interaction accelerates the
process of collagen fibrillogenesis as well as alters the collagen diameter [75].

Although most ligands of decorin bind to its core, an example of an unusual decorin-binding
partner that does not rely on the protein core is tenascin X (Fig. 3), an extracellular
glycoprotein expressed in connective tissues that modulates matrix maturation and is
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implicated in the pathogenesis of Ehlers-Danlos syndrome and glaucoma [76,77]. In this
particular case, the GAG chain of decorin is solely responsible for its binding to tenascin X
as treatment of decorin with chondroitinase ABC abrogates this interaction [78].
Interestingly, as tenascin X surrounds collagen fibrils, it is plausible that its partnership with
decorin helps to preserve mechanical strength of connective tissues. Taken together, the
presence of decorin /n vivo is exceptionally important for proper collagen formation and
matrix integrity.

Along with collagen and related matrix proteins, decorin interacts with other structural ECM
components, such as microfibril-associated glycoprotein-1 (MFAP-2) [79] and fibrillin 1
[79] (Fig. 3). The microfibril-associated glycoproteins and fibrillins interact with each other
and form a niche for growth factors and mechanosensation [80,81]. Notably, ADAMTS can
regulate microfibril assembly [82] and latent TGFB-binding proteins interact with
microfibrils [83]. Any alterations of these fine-tuned complexes could lead to activation of
TGFp and ultimately to fibrosis [84,85].

Though these microfibril-associated proteins form a complex with decorin [79], the role of
this interaction remains unknown. However, given the previously-mentioned role of decorin
in the assembly and spacing of collagen fibrils, its interactions with MFAP-2 and fibrillin 1
suggest that it may be similarly involved in the organization of elastic microfibrils.
Intriguingly, decorin can also interact with elastin itself via its protein core [86] (Fig. 3)
where this interaction is stronger in normal ligaments vis-a-vis ossified ligaments. However,
despite these interactions, Dcn—/—-mice appear to have structurally and functionally normal
elastic tissues [79], signifying there must be compensation by other factors for proper elastic
fibril formation in the absence of decorin.

Decorin interacts with fibronectin, a protein responsible for cell adhesion, migration, and
differentiation [87] (Fig. 3). As with collagen, both decorin proteoglycan and its protein core
are able to interact with fibronectin [87]. In particular, amino acids 85-89 of the core
protein, which harbor the NKISK sequence, seem to be especially important for this
interaction [87]. However, they are not the only protein core sites responsible for this
interface as competitive binding with a pentapeptide inhibitor of identical amino acid
composition cannot completely prevent the interaction between decorin core and fibronectin
[87]. From a functional viewpoint, as decorin treatment inhibits fibroblast adhesion to a
fibronectin substrate, this interaction between decorin and fibronectin /7 vivo may result in
impaired cell adhesion to the extracellular matrix [88].

Though its association with structural ECM members is important for matrix integrity,
decorin correspondingly interacts with matrix components involved in cellular signaling.
One example is thrombospondin-1 [89], a secreted protein that functions to inhibit
angiogenesis and endothelial cell motility [90], as well as many other biological functions
[91-97] (Fig. 3). Interestingly, in addition to acting as a ligand for this SLRP,
thrombospondin-1 is also induced by decorin in MDA-231 triple-negative breast carcinoma
cells via activation of the EGFR signaling axis [20]. Thus, these data suggest a complex
functional role for decorin both by directly interacting with thrombospondin-1, perhaps to
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bring it into close proximity with its signaling receptors, as well as by regulating its
expression to help thwart tumorigenesis.

Though technically a growth factor involved in WNT-signaling, we are including the
decorin/WNT-inducible signaling pathway protein 1 (WISP-1) interaction in this ECM
section (Fig. 3) as WISP-1 is secreted by fibroblasts where it binds to cell surface receptors
to initiate signaling cascades related to proliferation and migration [98]. As it does with
other growth factors, decorin binds WISP-1 via its dermatan sulfate GAG chain [99]. This
interaction may contribute to the progression of tumorigenesis as the WISP-1/decorin
complex likely prevents decorin from acting in an inhibitory fashion in the tumor
microenvironment [99].

Also of note is the observation that, in the bovine ovarian follicle, decorin co-localizes with
versican and perlecan [100] (Fig. 3), two large proteoglycans expressed in many different
tissues and implicated in various signaling pathways including angiogenesis, development,
and cell migration and proliferation [101-107] (Fig. 3). Hence, this information illustrates
that proteoglycans, including decorin itself, comprise yet another important class of matrix
constituents that are part of this wide-ranging interacting network.

We must also recognize two non-eukaryotic proteins that interact with decorin in the
extracellular matrix. These spirochete-derived proteins, decorin-binding proteins A and B
(Fig. 3), are vital for virulence of Borrelia burgdorferi, the pathogen responsible for Lyme
disease [108-110]. Loss of both binding proteins significantly reduces the bacterial load in
skin and heart [110], thereby designating an important role for decorin as a host-ligand for
bacterial infection.

Overall, the class of ECM molecules as binding partners for decorin is quite extensive
illustrating the propensity for decorin to support both structural integrity of the cell and
cellular function. This list may not be exhaustive. Therefore, it is possible that emerging
techniques with increased sensitivity will promote new discoveries that will broaden our
knowledge of the decorin/ECM interactome.

A ligand for multiple receptor tyrosine kinases and membrane proteins

For many years, decorin has been recognized as a “guardian from the matrix” as much of its
anti-tumorigenic activity results from its pan-inhibition of numerous pathways emanating
from receptor tyrosine kinase signaling (Fig. 4). As such, a prominent class of decorin-
binding partners resides in these cell surface receptors. The first notable decorin/RTK
interaction was discovered between decorin and the epidermal growth factor receptor
(EGFR) in A431 squamous carcinoma cells [37,49,111]. Indeed, decorin binds EGFR via its
central leucine-rich domain leading to dimerization, phosphorylation, and ultimately
caveolin-mediated degradation of the receptor, resulting in diminished activity of this
signaling pathway [112] (Fig. 4). Deletion mutants of decorin demonstrate that binding to
EGFR is dependent specifically upon LRR6 [49]. This interaction is particularly interesting,
as decorin shares no homology with epidermal growth factor (EGF) or other related
compounds despite the fact that its binding region slightly overlaps with that of the
endogenous ligand [49]. Ultimately, by binding to and quelling signaling through EGFR,
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decorin is able to suppress the cell cycle through induction of p21WA#Z which accounts for
some of decorin’s ability to curb tumorigenesis [111] (Fig. 4).

Furthermore, as EGFR is a member of the ErbB family, it comes as no surprise that decorin
also interacts with other ErbB members, specifically ErbB2 and ErbB4 [113,114] (Fig. 3).
By binding to ErbB4, decorin prevents dimerization with ErbB2, causing growth arrest and
differentiation of breast carcinoma cells [114], again culminating in decreased tumor growth.

Another significant decorin/RTK interaction in tumor cells is that between decorin and Met,
also known as hepatocyte growth factor or scatter factor receptor [36] (Fig. 3). As in the case
with EGFR, decorin binding to Met results in rapid receptor phosphorylation and eventual
degradation in caveolin-mediated endosomes [36]. Functionally, this interaction silences
downstream Met mediators, such as B-catenin and Myc resulting in decreased tumor burden
[34]. Furthermore, decorin-dependent inhibition of Met signaling also induces TIMP3, a
potent anti-angiogenic protein [20]. Even more striking is that this interaction concurrently
decreases HIF-1a and VEGFA, both of which are strongly pro-angiogenic [20]. Thus, the
decorin/Met interaction not only decreases tumor growth due to actions of decorin directly at
the tumor cell surface, but also from inhibition of blood supply to tumor cells due to
alteration of the tumor secretome. Of note is the requirement of Met signaling for decorin-
induced mitochondrial autophagy in cancer cells [115]. In this situation, decorin acts as a
partial agonist of Met in order to induce mitostatin, an oncostatic mitochondrial protein that
is required for tumor cell mitophagy [115]. Thus, a single interaction between a SLRP and
an RTK leads to numerous changes in cell signaling, with the cumulative effect being
diminished tumorigenesis (Fig. 4).

Unlike in cancer cells where decorin functions primarily to inhibit RTK activity, normal
cells can utilize decorin as an agonist for these same signaling pathways. A classic example
of this paradigm can be found in the interaction between decorin and IGF1R (Fig. 3). As a
ligand for this receptor in urothelial tumor cells, decorin antagonizes IGF1R and its
subsequent downstream signaling cascades resulting in decreased cell motility [116].
Conversely, in normal endothelial cells and renal fibroblasts, decorin stimulates IGF1R
[117], activating the Akt pathway [117]. On a related note, decorin also binds to insulin
receptor A isoform [117] resulting in inhibition of IGF-I1-mediated proliferation without
affecting insulin-dependent activation of mitosis [117] (Fig. 3). These findings illustrate the
complexity of the decorin/receptor interactome where context-dependent interactions result
in different cellular consequences contingent upon unique cellular milieux [118].

Finally, the most recent development regarding decorin/RTK interactions occurs with
VEGFR2. VEGFR?2 is the fundamental receptor for endothelial cell signaling where it
regulates angiogenesis and other cellular processes critical for cell viability [48]. Though
decorin can compete with the endogenous ligand of VEGFR2, VEGFA, to inhibit VEGFR2
signaling [119], decorin also binds VEGFR2 with high affinity and acts as a partial agonist
causing an induction of autophagy in these cells [29,30] (Fig. 3). Thus, the role of the
interaction between decorin and VEGFR?2 is two-fold: 1. To reduce angiogenesis by
inhibiting VEGFA-dependent signaling through this receptor and 2. To induce endothelial
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cell autophagy, which may directly inhibit angiogenesis, although the intricate details of this
mechanism remain mostly uncharacterized (Fig. 4).

Though we have discussed mainly the interface between decorin and RTKSs, decorin
similarly interacts with the Toll-like receptors (Fig. 3). These receptors are involved in the
regulation of inflammation [22], thereby adding versatility for decorin as a soluble ligand in
the ECM. In particular, decorin binds TLR2/4 with high affinity [22] resulting in a pro-
inflammatory response leading to the synthesis and secretion of cytokines, including TNF-a.
This ability for decorin to regulate inflammation is important for understanding its potency
in tumor biology, as a pro-inflammatory tumor microenvironment results in diminished
tumor growth [120,121].

Related to immune responses, a receptor specifically expressed on the surface of
macrophages is the Class A scavenger receptor [122]. This receptor has been implicated in
the uptake and modification of lipoproteins and cholesterol [123] and its interaction with
decorin results in adhesion of macrophages to the cell matrix [122] (Fig. 3). Interestingly,
decorin appears to have a lower affinity for this receptor than biglycan, another class | SLRP
that is structurally decorin’s closest family member [122,124]. This interaction, as well as
binding of this receptor with other proteoglycans such as versican, mechanistically
implicates matrix proteoglycans in the retention of macrophages in atherosclerotic lesions
[122].

Moreover, decorin can interact with LDL-receptor related protein 1 (LRP-1) via LRR 5 and
6 [125-127] (Fig. 3). Specifically, LRP-1 serves as an endocytic receptor for decorin and is
fundamentally involved in mediating TGF-p-dependent signaling in the setting of fibrosis,
particularly in musculoskeletal diseases [128]. Given this information, decorin may be useful
as a novel therapeutic intervention for dystrophic muscle disorders, many of which are
characterized by excessive fibrosis, by targeting this pathway.

Furthermore, via its GAG chain, decorin interacts with a2p1 integrin (Fig. 3), though not in
the canonical binding region in the A-domain of the a2 subunit [129]. This interaction may
act in concert with binding of decorin to collagen type | and IGF-1R [118], resulting in
crosstalk among several receptors leading to downstream consequences specifically in the
context of endothelial cell signaling.

As in the previous section, there are non-eukaryotic membrane proteins that interact with
decorin. A particular example is found in the heparin-binding mycobacterial surface protein
(HBHA) [130] (Fig. 3). Like the previously described interface with spirochete-specific
proteins, this finding demonstrates that decorin acts as a receptor for mycobacterial
infection, once again implicating decorin in the facilitation of pathogen/host interactions.

Consequently, the ability to act as a ligand for a diverse array of receptors and membrane-
associated proteins permits decorin to profoundly affect cell signaling. Importantly, there are
likely many other membrane-associated proteins that, in the future, could be identified as
members of the decorin interactome. For example, decorin is predicted to associate with
Kelch-like protein 17, a membrane protein that functions as a substrate adaptor for E3
ubiquitin ligases. Thus, the current knowledge of decorin’s signaling capacity, both by its
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direct communication with receptors at the tumor cell surface as well as by its capability to
initiate signaling cascades in crucial stromal cells, can be improved with future discovery of
unique decorin ligands.

A reservoir for growth factors

Several matrix proteoglycans are important hubs for growth factors due to their ability to
sequester these signaling molecules via their GAG chains. Decorin is no exception where it
sequesters several different growth factors in the extracellular matrix, both by its GAG chain
and also by regions in its core. Most famously, decorin harbors two binding sites of varying
affinity in its core protein for TGF-B [131] (Fig. 3). Importantly, this interaction between
TGF-p and decorin can occur while decorin is bound to collagen [40], suggesting a
mechanism for decorin to keep TGF-p isolated in the matrix and unable to bind to its
receptors to initiate growth factor-dependent signaling. Indeed, high concentrations of
decorin /n vitro inhibit TGF-B signaling [132,133]. In functional studies /7 vivo, decorin’s
aptitude for binding to TGF-p decreases fibrosis [26]. Interestingly, a complex relationship
between decorin and TGF-p exists in that TGF-p is able to reciprocally inhibit decorin gene
expression in fibroblasts [134] suggesting an intricate feedback loop between these two
factors as a potential means of maintaining cellular homeostasis.

Myostatin, another TGF-f superfamily member that negatively regulates muscle mass [135],
binds the protein core of decorin in a zinc-dependent manner [136] (Fig. 3). This interaction
results in its sequestration, preventing myostatin-dependent inhibition of myoblast
proliferation [136]. Furthermore, connective tissue growth factor (CTGF) is a TGF-p-
inducible factor involved in the onset and progression of fibrosis [137]. Interestingly, Dcn—/
—myoblasts respond more acutely to CTGF than their wild-type counterparts, suggesting an
inhibitory role for decorin in this growth factor-mediated pathway [41]. Indeed, LRR 10-12
of the core protein of decorin bind CTGF, which negatively regulates the activity of this
important cytokine [41] (Fig. 3). Moreover, CTGF also stimulates decorin expression [41],
suggesting, as in the case of TGF-p, a complex feedback mechanism for this biological
pathway. In addition, decorin binds activin C, another TGF-p relative [138] (Fig. 3). This
interaction prevents proliferation and migration of colorectal cancer cells by promoting
caveolin-mediated degradation of this growth factor [138].

TNF-a, a cytokine known to be involved in the inflammatory response, is another factor that
shares an interface with decorin [139] (Fig. 3). Like TGF-B, TNF-a is sequestered away
from its receptors by decorin in order to dampen the inflammatory response under normal
conditions. This hypothesis is curious as decorin itself induces a pro-inflammatory
environment via its direct interaction with TLR2/4 [22]. Thus, the overall function of
decorin in inflammation appears to be quite sophisticated and may depend on other
inflammatory mediators as well as the setting of inflammation (i.e. whether it is due to
microbial pathogenesis or cancer). Furthermore, in analogy to TGF-p, TNF-a is also
capable of downregulating decorin expression in fibroblasts, further suggesting an elaborate
regulatory network for these signaling molecules [134].

Though decorin typically interferes with RTK signaling by interacting with the receptor as
described in the section above, its attenuation of the platelet-derived growth factor receptor
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(PDGFR) pathway is unique and occurs through a direct interaction between decorin and the
ligand, platelet-derived growth factor (PDGF) [42] (Fig. 3). Functionally, this interaction
prevents hepatic fibrosis [140] as well as intimal hyperplasia through obstruction of this
signaling pathway [140]. Therefore, this interaction exemplifies the multi-faceted ability of
decorin to alter RTK signaling.

As mentioned in a previous section, decorin plays an important role in the regulation of the
insulin signaling pathway via its direct interaction with IGF1R and the insulin receptor A
isoform [117]. Decorin also binds IGF-1, although with a much lower affinity than the
typical binding partners of this growth factor [118] (Fig. 3). It is likely that this interaction
does not occur much endogenously, but rather only when decorin concentrations greatly
exceed normal levels, as would be utilized in a therapeutic context, since it can then compete
with endogenous IGF-I binding proteins. Furthermore, decorin binds IGF-11 and insulin
[141] (Fig. 3), illustrating that the function of decorin in this signaling pathway is quite
sophisticated.

Finally, another important group of growth factors that interacts with decorin is the
fibroblast growth factor (FGF) family. Specifically, FGF 1, 2, 7, and 8 bind the dermatan
sulfate chain of decorin [142] (Fig. 3). In the context of wound healing [27], these
interactions suggest a potential mechanism for decorin to localize these factors near their
cognate receptors.

In summary, the capacity for decorin to bind growth factors is crucial for the understanding
of how decorin modifies signaling pathways in concert with its ability to directly interact
with cell surface receptors. This current knowledge may prompt future studies to find novel
small, molecule drugs that can be used as analogs of decorin in the treatment of diseases
such as cancer or fibrosis.

At the interface with proteases and other enzymes

Though not a ligand in the traditional sense, proteases are notable players in the decorin
interacting network. These proteases primarily include the matrix metalloproteinases 2, 3,
and 7 [143-146] (Fig. 3), all of which are involved in turnover of the extracellular matrix
and possess the capacity to digest decorin. MMP2 (gelatinase A), MMP3 (stromelysin) and
MMP7 (matrilysin) cleave decorin into fragments via interactions with its protein core
where MMP7 demonstrates the highest efficiency for this degradation [147]. Since the
MMPs digest decorin at its core protein, it is possible that this enzymatic action may hinder
the ability of decorin to bind collagen, thereby disrupting matrix stability. Furthermore, as
TGF-p and TNF-a also bind to the protein core of decorin, the activity of these MMPs
toward decorin can correspondingly allow for the release of these growth factors, further
perturbing normal signaling in the context of fibrosis and inflammation [148]. Likewise,
BMP-1, a peptidase involved in bone and cartilage development, also processes decorin in a
manner similar to the MMPs [149,150] (Fig. 3).

Additionally, as decorin has been implicated in atherosclerosis, it comes as no surprise that
phospholipase A(2) group A is a member of the decorin interactome [151] (Fig. 3).
Functionally, this enzyme is involved in collagen assembly in the extracellular matrix of
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atherosclerotic plaques [152]. This interaction with decorin serves to activate this enzyme
resulting in the pathogenesis of atherosclerosis by mediating the release of inflammatory
lipids and modifying lipoproteins retained in the arterial subendothelium [152].

Lastly, other enzymes such as chondroitin synthase I, lon protease homolog 2 (peroxisomal),
and breast cancer susceptibility protein have been suggested as potential members of the
decorin interactome (Fig. 3). However, specific data are limited regarding the exact nature of
these interactions. Overall, it is noteworthy to comment on the extensive range of different
known and predicted decorin ligands in order to underscore the importance of decorin in cell
signaling.

Other decorin/ligand interactions

Though the main binding partners of decorin have been discussed extensively in the previous
sections, there exist other proteins that do not fit neatly into the aforementioned categories
that interact with this SLRP. One prominent protein is Von Willebrand factor (VWF), a
glycoprotein involved in the adhesion of platelets to the endothelial matrix [153]. Following
endothelial injury, VWF binds to platelets to promote rolling and tethering of these cells at
the site of injury to allow for clot formation [154]. The binding between decorin and VWF is
saturable and dose-dependent and, like the case of tenascin X, involves the GAG chain of
decorin [155] (Fig. 3). However, the interaction between decorin and tenascin X relies on the
dermatan sulfate side chain of decorin whereas the composition of GAG chain does not
seem to matter appreciably in the interaction between decorin and VWF [155].

Decorin also interacts with other members related to the coagulation cascade including
fibrinogen [156] and tissue plasminogen activator [157] (Fig. 3). The decorin/fibrinogen
interaction is zinc-dependent and functionally results in the ability of decorin to modulate
clot formation [156]. Decorin concurrently causes increased tissue-type plasminogen
activator-dependent fibrinolysis [157], validating the importance of ECM proteoglycans in
the regulation of wound repair, clotting, and thrombus formation and breakdown.

Another example of an uncategorized decorin-binding partner is the apolipoprotein portion
of lipoprotein(a). Lipoprotein(a) is a lipoprotein particle containing apolipoprotein(a)
[apo(a)], which varies in size based on different isoforms [158]. This apo(a) protein binds
via its kringle domain to decorin’s protein core, but not to its GAG chain [159] (Fig. 3). As
apo(a) is involved in the inflammatory response of the arterial wall in atherosclerosis, it is
possible that this connection between apo(a) and decorin may be linked to cardiovascular
disease by causing retention of the pro-atherogenic lipoprotein(a) in atherosclerotic lesions
[159]. Moreover, LDL itself is a known decorin ligand [160] as it binds the negatively
charged GAG chains of this SLRP [160,161] (Fig. 3). This interaction serves to enhance the
association between collagen and LDL subsequently resulting in increased retention of LDL
in blood vessels [160].

Though decorin primarily interacts with ECM and cell surface-associated proteins, it also
peculiarly binds filamin A (Fig. 3), a cytoskeletal protein [162]. Interestingly, this interaction
occurs only between the de-glycosylated form of decorin suggesting that decorin potentially
interacts with filamin A prior to its GAG modification and secretion. However, studies in
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neuroblastoma cells suggest that the C-terminus of filamin A may be accessible to the ECM,
allowing for this interaction [163].

Other unclassified decorin-binding ligands include resistin [164], an adipokine implicated in
hypercholesterolemia and insulin resistance; pulmonary surfactant-associated protein D
[165], a surfactant protein involved in immunity, alveolar-wall remodeling, and lipid
homeostasis; complement component C1q, a crucial member of the classical complement
cascade [166]; and a2 HS glycoprotein, a serum protein involved in bone resorption and
lymphocyte reactivity [167] (Fig. 3). These examples further emphasize the promiscuity of
decorin in terms of binding partners, which allows it to possess a breadth of functions
ranging from proliferation to inflammation. These functions support the importance of
decorin /n vivoand truly accentuate its designation as “guardian from the matrix.”

Overarching themes in decorin signaling

As its interactome suggests, decorin is unmistakably versatile. Though it is associated with
other ancillary roles, the web of cellular processes linked to decorin consists of two main
categories: cellular infrastructure and tumor stasis. Structurally, decorin maintains
extracellular matrix form, which in turn supports matrix function. As mentioned above, an
example of this tenet is seen in Dcn—/-mice, which exhibit skin fragility [64], illuminating
the necessity for this small, leucine-rich proteoglycan in the maintenance of proper collagen
assembly to yield a normal phenotype.

The function of decorin in tumor stasis is much more complicated as it involves a variety of
processes that interconnect to yield a cumulative anti-tumorigenic effect. First, through its
interaction with RTKSs, decorin can directly alter the tumor parenchyma to inhibit cell
growth and migration [34,115,168-173] (Fig. 4). Additionally, decorin modifies the
secretome of tumor cells as evidenced by its ability to reduce the efflux of pro-angiogenic
signaling factors, like VEGFA, while simultaneously promoting the secretion of anti-
angiogenic proteins, like thrombospondin-1 [20,170]. Moreover, the concurrent deletion of
decorin and p53 in mice results in more aggressive tumorigenesis than in mice harboring
only a deletion of p53 [174], and mice deficient in decorin, when challenged with a
hypercaloric diet, develop intestinal tumors [175,176]. All these studies emphasize the
importance of decorin as a potent tumor repressor.

Complementing these mechanisms is the capability of decorin to interact in a straight-
forward manner with the tumor microenvironment. For example, a recent microarray screen
capable of detecting differences in gene expression in the tumor proper versus the stroma of
xenografts derived from MDA-231 triple-negative breast carcinoma cells, illustrates that
decorin-dependent genetic alterations occur predominantly in the stroma [177]. These
findings and follow-up analyses point to an elaborate signaling nexus for decorin in
supporting cells that, with future inquiry, may provide more detailed answers for the
mechanisms by which decorin curtails tumor growth. Specifically, decorin induces
autophagy in endothelial cells via a Peg3-dependent mechanism stemming from its
interaction with VEGFR2 [29,30]. These findings link a soluble matrix proteoglycan to the
induction of a pro-autophagic complex consisting of Beclin 1 and LC3 (Fig. 4). As several
studies posit a role for decorin in diminishing angiogenesis and, as we have shown that
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decorin induces autophagy exclusively in endothelial cells, it is possible that the two
processes are linked. Interestingly, thrombospondin-1, both a ligand and downstream
effector of decorin, can induce autophagy in RAS-positive cancer cells [178]. This
autophagic induction inhibits tumor growth, and thus, may be another mechanism by which
decorin-mediated thrombospondin-1 secretion is necessary to combat tumorigenesis. As we
continue to study the impact of decorin on endothelial cell signaling, we hope to pinpoint the
exact responsibility decorin holds in the regulation of these key pathways.

The story becomes even more complex as decorin gene expression is induced itself by pro-
autophagic stimuli such as starvation (in mice) and serum deprivation (in cells). Specifically,
decorin is an autophagy-inducible proteoglycan where inhibition of canonical mMTOR
signaling is capable of stimulating decorin gene and protein expression both in fibroblasts
and /n vivoin cardiac tissue [28,31]. As fibroblasts are one of the few cell types that
endogenously express and secrete decorin, it is possible that pro-autophagic stimuli may
evoke decorin secretion from fibroblast cells, leading to increased levels of autophagy in
surrounding stromal cells by soluble decorin. In turn, this may lead to decreased
tumorigenesis. Taken together, the ability to stimulate endogenous decorin levels proposes
an inviting non-toxic and efficacious therapeutic option for quelling tumor growth. In
addition, the decorin interactome itself may change in a pro-autophagic environment. The
comparison of decorin-binding partners under normal conditions versus conditions
following stimulation by pro-autophagic compounds may be a worthwhile endeavor to
undertake in the matrix biology field in the future.

Overall, a predominant theme that emerges from studying the decorin interacting network
appears to be related to reducing tumorigenesis by several different mechanisms. These
mechanisms include altering signaling pathways in tumor cells themselves as well as by
reducing tumor angiogenesis, partly through modification of the tumor secretome and
possibly also through the induction of autophagy in vascular cells (Fig. 4). Additionally, the
secondary, but imperative, theme of maintaining extracellular matrix structure by decorin
cannot be pushed to the wayside, as this subject is where the significance of decorin /n vivo
began. Accordingly, a greater comprehension of the decorin interactome is quite important
as the knowledge gained from these and prospective studies should allow for a better
understanding of how decorin functions both in standard as well as in aberrant cell signaling.

Final considerations and future directions

We have just hit the tip of the iceberg regarding understanding the vast signaling capabilities
of decorin. To add to the current awareness of the many functions of this SLRP, it is essential
that we parse out additional details regarding the decorin interactome as so many of its
abilities rely on its interaction with different signaling molecules. For example, future work
in this field may identify novel decorin-binding partners, which can provide supplementary
data about the intricacies of current signaling pathways as well as link previously unrelated
cellular processes. Additionally, as decorin is one of many proteoglycans in the family of
SLRPs, it is feasible to assume that other homologous SLRPs may share partners in this
interactome, resulting in a sophisticated signaling network that can be altered under diverse
cellular conditions. Therefore, we hope that this review provides a cohesive compilation of
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the current understanding of the decorin interacting network as well as sparks innovative
research to decipher more of the mysteries surrounding extracellular matrix signaling

complexes.
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. Decorin embraces a variety of binding partners branding it as a multi-purpose

. Structural integrity and cellular signaling are two prominent themes found in

. Decorin anti-tumorigenic effects result from multiple concurrent interactions

. Emerging functions include angiostasis and autophagic induction

Highlights

small, leucine-rich proteoglycan

the decorin interactome

with receptor tyrosine kinases
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Deletion of C-terminal
33 residues (967delT)

Graphical representation of the crystal structure of monomeric bovine decorin created via
Pymol v1.7 (PDB accession number 1XKU) depicting its curved appearance and leucine
rich repeats. (A) LRR 4-6 are important for binding of decorin to collagen and receptor
tyrosine kinases, including VEGFR2 and EGFR. (B) The penultimate ear repeat of decorin
is important for proper folding of this SLRP. Mutations of decorin resulting in loss of this
ear repeat cause congenital stromal corneal dystrophy, a disease characterized by corneal
opacity and visual disturbances. The red box indicates the region of decorin that is lost with

the most commonly observed mutation, 967delT.
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Fig. 2.
Pie chart rendition of the various categories of decorin-binding partners. Note that the most

prominent types of ligands are members of the extracellular matrix, cell surface receptors,
and growth factors.
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Fig. 3.

Cgmpilation of known decorin-binding ligands depicted by their gene or the name of the
multimeric protein and identified in the literature and in interaction databases of the
International Molecular Exchange consortium including MatrixDB (http://matrixdb.univ-
lyon1.fr) [179], No color: extracellular matrix proteins, proteoglycans, and matricellular
proteins; turquoise: growth factors; orange: membrane proteins; green: enzymes; purple:
hormones, (anti)-coagulation factors, immune-related and carrier proteins; yellow:
intracellular proteins.
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Decorin-induced signaling is centralized on its ability to bind RTKs including EGFR, Met,
and VEGFR2. These signaling cascades result in numerous downstream effects including
cell cycle arrest, angiostasis, and autophagic induction ultimately converging on reduced

tumorigenesis.
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