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Proteoglycans consist of a protein core with one or
more covalently attached glycosaminoglycan (GAG)
side chains and have multiple roles in the initiation
and progression of atherosclerosis. Here we dis-
cuss the potential and known functions of a group
of small leucine-rich repeat proteoglycans (SLRPs)
in atherosclerosis. We focus on five SLRPs, decorin,
biglycan, lumican, fibromodulin and PRELP,
because these have been detected in atheroscle-
rotic plaques or demonstrated to have a role in
animal models of atherosclerosis. Decorin and
biglycan are modified post-translationally by sub-
stitution with chondroitin/dermatan sulphate
GAGs, whereas lumican, fibromodulin and PRELP
have keratan sulphate side chains, and the core
proteins have leucine-rich repeat (LRR) motifs that

are characteristic of the LRR superfamily. The
chondroitin/dermatan sulphate GAG side chains
have been implicated in lipid retention in
atherosclerosis. The core proteins are discussed
here in the context of (i) interactions with collagens
and their implications in tissue integrity, fibrosis
and wound repair and (ii) interactions with growth
factors, cytokines, pathogen-associated molecular
patterns and cell surface receptors that impact
normal physiology and disease processes such as
inflammation, innate immune responses and
wound healing (i.e. processes that are all important
in plaque development and progression). Thus,
studies of these SLRPs in the context of wound
healing are providing clues about their functions in
early stages of atherosclerosis to plaque vulnera-
bility and cardiovascular disease at later stages.
Understanding of signal transduction pathways
regulated by the core protein interactions is leading
to novel roles and therapeutic potential for these
proteins in wound repair and atherosclerosis.

Keywords: atherosclerosis, biglycan, decorin, fibro-
modulin, lumican, small Ileucine-rich repeat
proteoglycan.

Introduction

The small leucine-rich repeat proteoglycans
(SLRPs) are integral components of the collagenous
extracellular matrix (ECM) that regulate a range of
cellular functions important in innate immune
responses and wound healing. Recent findings
suggest involvement of many of the SLRPs in
the development of atherosclerotic plaques.
Atherosclerosis is a luminal narrowing of blood
vessels caused by plaque formation that reduces

blood flow to the heart, brain or peripheral organs,
leading to coronary heart disease, stroke or periph-
eral vascular disease, respectively [1, 2]. The pro-
teoglycans discussed in this review have distinct
roles in the early steps of plaque formation, whilst
the progressive changes in plaques in turn shape
proteoglycan and ECM homeostasis, which further
contribute to disease pathogenesis. Thus, plaques
are initiated by localized changes in endothelial
gene expression and accumulation of low-density
lipoproteins (LDLs), mediated by the ECM (mainly
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proteoglycans) and lipolytic enzymes such as
lipoprotein lipase [3] and sphingomyelinase [4-6].
The interaction between LDL and proteoglycans
promotes modification and aggregation of LDL [4],
and uptake by macrophages leading to foam cell
formation. The conversion of macrophages to foam
cells stimulates the release of potentially athero-
genic factors that further alter proteoglycan meta-
bolism. Retained and altered lipoproteins, together
with neighbouring macrophages, stimulate chemo-
taxis and transformation of smooth muscle cells
(SMCs) from the contractile to the proliferative
state, which causes increased synthesis of proteo-
glycans [4].

In this review, we present the current understand-
ing of SLRPs in the context of injury and wound
healing in general and, where possible, in relation

to specific changes in atherosclerosis. We focus on
five SLRPs that have either been detected in
atherosclerotic plaques or for which links to
atherosclerosis have been demonstrated in animal
models: decorin, biglycan, proline-/arginine-rich
end leucine-rich repeat protein (PRELP), fibromod-
ulin and lumican. The role of collagens and colla-
gen-binding  proteins in the  developing
atherosclerotic lesions [7], as well as the structure
and functions of the SLRPs [8-13], has been
reviewed recently. The functions of the SLRPs
reviewed here and their associations with human
disease are summarized in Table 1.

SLRP classification and evolutionary relationships

The SLRPs are a subfamily of the large (>300
members) leucine-rich repeat (LRR) superfamily

Table 1 Cellular functions, gene-targeted mice and human disease associations of SLRPs

Gene Gene-targeted null
Proteoglycan symbol Cellular functions mice and references® Human disease association and references?
Lumican LUM Proliferation¥ aLum'™1Chak (58] Cancer [12, 86]
Class II SLRP Apoptosis?t aLum™Wvk [60] Systemic lupus erythematosus [88]
Migration? Myopia [90]
Differentiation’
TLR4 signals’
Fibromodulin FMOD Complement Fmodt™14! [63] Chronic lymphocytic leukaemia Mantle cell
Class II SLRP functions? lymphoma [83]
PRELP PRELP Complement Ppre]ptm!(KOMP)Vicg Progeroid symptoms [107]
Class II SLRP functions!
Decorin DCN TLR2, 4 signals! Dcn™1°% [61] Congenital stromal corneal dystrophy
Class I Proliferation} [153, 154, 156]
Apoptosis? Marfan syndrome [155]
Autophagy! Progeroid symptoms [107]
Differentiation’ Cancer [12]
Fibrosis?
AngiogenesisTV
Tumorigenesis!
Biglycan BGN TLR2, 4 signals’ aBgn'™ MY [57] Lupus nephritis [12, 164, 165]
Class I Inflammasome 1 Turner syndrome

lipid retention

Up and down arrows indicate activation or inhibition of a biological process.

Mouse strains donated to The Jackson Laboratory (http://jaxmice.jax.org).

PTargeted ES cell line available through VelociGene (http://www.regeneron.com/velocigene).

“Key references describing the gene-targeted mice are included, additional information available through the Mouse
Genome Informatics (http://www.informatics.iax.org).
dAdditional information on disease association available through OMIM (http://omim.org) and GeneCards (http://

www.genecards.org).
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that includes the toll-like receptors (TLRs) and
NOD-like receptors [14]. The LRR superfamily is
characterized by tandem repeats of leucine-rich
motifs of 21, 24 or 26 amino acids, classified into
seven different types based on conserved amino
acids. The N-terminal and C-terminal ends of the
SLRPs form disulphide-bonded caps as deduced
from the crystal structures of decorin and biglycan
[13, 15-17]. The last two LRR motifs in SLRPs are
characteristically longer than the other LRRs, and
the penultimate motif forms an extended loop
(often referred to as an ear extension, or the LRRCE
motif [18]), which is specific to chordates. Insights
into the evolution of the SLRP subfamily came from
multiple sequence alignment studies of the LRRCE
motif. This subfamily appears to have evolved from
an ancestral SLRP through large-scale gene and
genome duplication and loss of genes, and the
modern SLRPs retain clustered syntenic localiza-
tion on specific chromosomes [18, 19]. The func-
tional implications of these conserved structures in
health and disease remain to be elucidated.

The SLRPs are subdivided into five classes based
on sequence alignment and the spacing of four
cysteine residues at the N-terminus [13, 20]. The
Class I SLRPs includes biglycan and decorin, and
the Class II comprises fibromodulin, lumican and
PRELP. The core proteins of these five SLRPs are
small, ranging in size from 40 to 60 kDa, and
contain 11-12 LRR motifs. The crystal structure of
decorin (at a resolution of 2.7 A) indicates an
antiparallel dimer structure of two curved solenoid
monomers [15], but biochemical approaches sug-
gest that the biologically active form is a monomer
in solution [16]. The crystal structure of biglycan
(at a resolution of 3.4 A) also indicates dimerization
of curved solenoid monomers [17].

Interactions between glycosaminoglycans and LDLs in
atherogenesis

Decorin and biglycan are post-translationally
modified with either one or two chondroitin/
dermatan sulphate side chains, respectively [21].
Lumican and fibromodulin are modified by the
addition of keratan sulphate side chains [22-26].
The numbers of keratan sulphate side chains can
vary, or these proteoglycans can be present as
glycoproteins either permanently in some tissues
or transiently in newly synthesized or remodelled
ECM [27, 28]. The involvement of the gly-
cosaminoglycan (GAG) components of proteogly-
cans in atherosclerosis was recognized even

before the functions of the individual core pro-
teins were understood. Thus, according to the
lipid retention hypothesis, the GAGs in the
subendothelial matrix promote localized retention
of LDL in the vessel wall [4, 29-33]. In
atherosclerotic plaques, LDL colocalizes mainly
with chondroitin sulphate and dermatan sulphate
associated with the biglycan core protein [34], as
decorin does not generally colocalize with
retained lipoproteins even though it can interact
with lipoproteins in vitro [34, 35].

The direct interaction between LDL and negatively
charged GAG chains on the proteoglycans involves
positively charged amino acids in apolipoprotein
(apo) B, the main protein moiety on LDL [4, 36].
ApoB is a large protein (4536 amino acids) that
wraps around the LDL particle and, unlike other
apolipoproteins, is not exchangeable [37, 38]. In
studies of delipidated apoB100, eight clusters of
positively charged residues were identified that
interact with proteoglycans [39-43]. Subsequent
studies of transgenic mice expressing human
recombinant LDL with specific mutations in those
sites identified residues 3359-3369 (Site B) as the
functional proteoglycan-binding site in native LDL.
The other binding sites are probably buried in the
surface lipid layer and are therefore nonfunctional
[3, 29, 43]. Subendothelial retention of LDL can be
enhanced by sphingomyelinases (SMases) [5] and
the SMase activator apo CIII [6]. Furthermore,
subendothelial retention of atherogenic lipopro-
teins to GAGs can also be facilitated by lipoprotein
lipase (LPL) [3, 44]. The binding between LPL and
LDL is mediated through an interaction between
LDL lipids and LPL [45]. LPL facilitates the inter-
action between GAG chains and extensively oxi-
dized LDL (which cannot bind directly to GAG
because of the reduced number of positive charges)
(46, 47].

The importance of Site B in the retention of
atherogenic lipoproteins has been tested in vivo
[32]. Mice expressing human recombinant control
LDL or LDL with defective proteoglycan binding
(i.e. LDL with a Site B mutation that abolishes
the binding to proteoglycans) were fed a choles-
terol-rich diet for 20 weeks [32]. The results
showed that the vessel wall area covered by
atherosclerotic lesions correlated with the plasma
cholesterol level in both groups of transgenic
mice. However, the extent of atherosclerosis dif-
fered dramatically. Transgenic mice expressing a
form of LDL that is defective in binding proteo-
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glycans had a considerably milder degree of
atherosclerosis than mice expressing the wild-
type recombinant LDL form [32]. These findings
show that LDL with decreased proteoglycan bind-
ing has a markedly reduced atherogenic poten-
tial, and provide direct experimental evidence
that binding of LDL to artery wall proteoglycans
is an early step in atherogenesis.

Interactions of SLRP core proteins with collagens

The core proteins of SLRPs have two main func-
tions. First, they regulate collagen fibril architec-
ture and assembly to control tissue strength and
biomechanics [9]. Secondly, studies show that
these proteins can regulate cellular properties such
as proliferation, migration, phagocytosis and innate
immune responses through specific interactions
with cytokines, chemokines, ligands and receptors
[9, 13, 48-52] as discussed in the next section.

To determine the impact of SLRP-collagen interac-
tions in atherosclerosis, it is important to under-
stand functions of collagens in healthy vascular
tissues and how these functions can potentially
shape plaque properties. The fibrillar collagen
types I and III, the fibril regulatory collagen type
V, basement membrane collagen type IV and
filament-forming collagen type VI are all abundant
in plaques. Collagens regulate the structural
integrity of vessel walls, influence lipid retention
and regulate proliferation and migration of SMCs
(for recent review, see [7]).

The five SLRPs considered here can affect the
structural integrity of plaques by modulating col-
lagen fibril assembly and interactions of lipids with
bioactive sites on collagens and SMCs. There are
multiple lines of evidence to suggest that these
SLRPs interact with collagens. First, early electron
microscopy analyses showed an association
between dermatan sulphate and keratan sulphate
proteoglycans on specific collagen fibril bands [53,
54]. Secondly, in in vitro fibrillogenesis assays,
inclusion of lumican or decorin core proteins
modified the kinetics of fibril formation and
reduced the diameter of assembled fibril [55, 56].
Thirdly, in vivo experiments using gene-targeted
mice deficient in lumican, decorin, biglycan and/or
fibromodulin demonstrated collagen fibrils with
irregular contours and diameter, and impaired
biomechanical strength of multiple connective tis-
sues, confirming the role of these SLRPs in collagen
fibril structure and function [57-63].
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Lumican and fibromodulin bind collagen type I
in vitro; a stronger binding site unique to fibro-
modulin resides in LRR11, whilst both SLRPs show
weaker binding at LRR7 [64]. This indicates that
fibromodulin competes with lumican for collagen
binding during collagen fibrillogenesis and
replaces collagen-bound lumican as fibril growth
progresses [64]. In the developing mouse tendon,
peaks in SLRP expressions suggest that lumican is
mainly active during early fibrillogenesis and that
fibromodulin, although active throughout fibrillo-
genesis, contributes most significantly during the
later stages [65]. Atherosclerotic plaques are
dynamic structures, as are the collagen fibrils in
the plaques. The fibrils are remodelled continu-
ously by synthesis of the constituent collagen
proteins and their degradation. Thus, atheroscle-
rotic plaques contain collagen fibrils at different
stages of maturation, some at the early lumican-
driven and others at the late fibromodulin-driven
stages, and fibromodulin and lumican are found in
overlapping areas within human carotid
atherosclerotic plaques (Hultgardh-Nilsson A,
unpublished data). In addition, lumican and fibro-
modulin are likely to affect collagen turnover and
synthesis through their role in transforming
growth factor (TGF)B signal regulation [66-68].
Fibromodulin is negatively correlated with the
degree of fibrosis; it is downregulated in hyper-
trophic scars, and in fibromodulin-deficient mice,
wound healing is impaired with increased fibrosis
and altered ECM collagen composition [69-71].
Moreover, fibromodulin can directly reprogram
human fibroblasts to a multipotent quiescent stem
cell-like state [72].

SLRPs and their interactions with ligands, growth factors, and cell
surface receptors: potential therapeutic targets in the developing
atherosclerotic lesion

Lumican (LUM) and fibromodulin (FMOD)

Using in situ hybridization and immunohistochem-
istry, Onda and co-workers detected lumican tran-
script and protein, respectively, in normal arterial
tissue and four categories of atherosclerotic pla-
ques (diffuse intimal thickening, fatty streak, com-
plete atheroma with fibrous plaques and
complicated lesions) [73]. The authors detected
positive immunostaining for lumican in the adven-
titia of the normal coronary artery. In thickened
intima, immunohistochemical staining of lumican
was weak in the medial and thickened intima, and
it was associated with the matrix surrounding the
SMCs. In fibrolipid lesions, lumican staining was
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associated with the matrix around foamy macro-
phages, and in atherosclerotic plaques, it was
found in the thickened intima, but not in choles-
terol-rich or calcifying areas. In the same study,
the lumican transcript was detected in intimal
SMCs of atherosclerotic plaques indicating that
these cells are the major source of lumican in
plaques. Mouse model studies have primarily been
used to investigate the expression of lumican
under healthy conditions. In developing mouse
embryos (E9.5), we have shown that the lumican
transcript is detectable in the head and lateral
mesenchyme; at a later stage, lumican is expressed
in the heart, pulmonary and aortic valves, and
arterial walls [58, 74]. Arterial lumican is present
in its lactosaminoglycan-modified form [28].
Accordingly, lumican from arterial extracts and
cultured vascular endothelial cells in immunoblots
appears as a 50 kDa band and not a GAG-con-
taining diffuse 50-90 kDa band as seen in corneal
extracts [28, 49], implying that the lumican core
proteins may be more important than the GAG-
containing proteoglycan form in atherosclerosis.

Lumican and fibromodulin proteins are detectable
in human arteries as reported by Talusan et al.
[75]. The intima of the atherosclerosis-prone inter-
nal carotid artery showed increased deposits of
lumican compared to the more resistant internal
thoracic artery. However, fibromodulin levels were
similar in the two types of arteries [75]. On the
other hand, LUM gene expression was elevated in
arteries from patients with coronary artery disease
compared to healthy control subjects [76], as well
as in femoral arteries with atherosclerotic plaques
from patients with peripheral occlusive arterial
disease [77] and in aortic valves from patients with
degenerative aortic stenosis [78]. In addition,
lumican and fibromodulin was detected in carotid
atherosclerotic plaques from symptomatic and
asymptomatic patients (A Hultgardh-Nilsson A,
unpublished data). In this unpublished study,
fibromodulin was significantly higher in plaques
obtained from patients with diabetes and in those
with an increased incidence of post-operative
neurological events. In addition, there was a
positive correlation with fibromodulin and plaque
lipids, proinflammatory cytokines, low SMC con-
tent and the anti-inflammatory cytokine inter-
leukin (IL)-10.

In accordance with the studies of fibromodulin in
human atherosclerotic plaques, ApoEx Ldlr knock-
out mice accumulate fibromodulin in macrophage-

rich areas [79, 80]. Moreover, Shami et al. showed
that the extent of atherosclerosis generated by a
shear stress-modifying carotid artery cast is
reduced in ApoExFmod double-null mice, with
reduced lipid retention, smaller plaques and
decreased plaque burden [79]. In the same study,
the authors showed that ECM extracts from SMCs
of wild type compared to fibromodulin-null mice
promoted increased production of cytokines and
uptake of lipids in a cultured macrophage cell line,
suggesting a role for fibromodulin in lipid uptake
[79]. Fibromodulin has also been shown to activate
the classical and alternative complement pathways
through interactions with the first subcomponent
of the C1 complex (Clq) and the soluble inhibitor
C4b-binding protein (C4BP) [51, 81, 82]. It is
possible that complement activation mediated by
fibromodulin and may influence functions of
macrophages, such as adhesion and uptake of cell
debris, lipids and other factors to ultimately influ-
ence plaque formation or progression. It is likely
that fibromodulin, at sites of fibrolipid lesions,
could affect the innate immune response, produc-
tion of proinflammatory cytokines, accumulation
and activation of macrophages and subsequent
plaque formation. Fibromodulin has been associ-
ated with chronic lymphocytic leukaemia, and
Fmod ™/~ mice (Table 1) show phenotypic features
of osteoarthritis [83, 84].

To date, lumican has not been investigated in
mouse models of atherosclerosis. However, studies
of lumican in the context of immune, inflammatory
and fibrotic responses provide key insights into its
potential role in atherosclerosis and tissue repair
as discussed below. Lumican expression is
induced in fibroblast cultures by proinflammatory
signals such as lipopolysaccharides or IL-1§ and
suppressed by immunosuppressive TGF [52, 85].
Polymorphisms in LUM, and changes in its expres-
sion levels have been associated with multiple
diseases, ranging from cancer to systemic lupus
erythematosus and myopia [86-90]. Table 1 shows
the key cellular functions associated with each of
the five SLRPs, as well as the available gene-
targeted mouse models and key associations with
some human disease (this is not a complete list of
all disease associations).

Interactions between lumican and the cell surface
influence cellular migration, proliferation and
apoptosis, which are all important to wound heal-
ing and immune responses and should be consid-
ered in atherosclerosis plaque biology [49, 52,
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91-93]. Chemotactic migration of neutrophils and
macrophages is aided by the interaction of lumican
with B2 integrin receptors [49], whereas lumican-
B1 integrin receptor interactions may be important
for epithelial cell migration [94]. Lumican’s role in
epithelial cell migration is further supported by the
finding of delayed healing of corneal and dermal
epithelial wounds in lumican-deficient mice [60,
91] and of expedited wound healing by adminis-
tration of soluble lumican glycoprotein [95]. With
respect to functions in leucocytes, lumican inter-
acts with CD14 [52, 96, 97], a glycosylphosphatidyl
inositol-linked cell surface LRR adaptor protein
that promotes TLR4-mediated innate immune and
inflammatory responses to bacterial lipopolysac-
charides. This lumican-CD14 interaction
enhances phagocytosis of nonopsonized bacteria
by macrophages, which may facilitate clearance of
complement-resistant bacteria and possibly dead
and damaged cells. Thus, lumican-null mice show
poor clearance of Pseudomonas aeruginosa infec-
tions and inefficient resolution of inflammation
[85, 93, 98]. Lumican in the ECM has also been
reported to bind the proinflammatory cytokine
CXCL1, providing a chemokine gradient for migra-
tion of leucocytes in the wound bed [48]. Similarly,
lumican binds to Fas ligand (FasL), a member of
the tumour necrosis factor family [91], and may
help to retain soluble FasL in the ECM and
enhance its proinflammatory functions [99]. In
addition, lumican-null mouse fibroblasts have
marked reductions in Fas protein levels, and Fas—
FasL mediated cellular apoptosis [91, 92]. These
properties are important in cancer but may also
affect leucocyte recruitment, amplification and
clearance in atherosclerosis.

Intraplaque angiogenesis is another important
phenomenon that is associated with atherosclero-
sis plaque vulnerability [100]. Gene expression
analysis of endothelial cells grown on Matrigel
matrices shows that lumican can regulate angio-
genesis by inhibiting endothelial cell activation
through p38 MAPK, as well as invasion, sprouting
and vessel formation in mice [101]. It has been
suggested that these effects involve interference
with integrin o2f1 receptor activity as well as
downregulation of matrix metalloprotease (MMP)-
14 expression [102, 103]. Jian et al. have shown
that fibromodulin enhances human endothelial
cell adhesion, spreading, actin stress fibers and
formation of tube-like structures in vitro [104].
These results are supported by observations that
fibromodulin is a key regulator of angiogenesis in
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multiple in vivo systems [104, 105]. The specific
roles of lumican and fibromodulin in intraplaque
angiogenesis remain unclear.

PRELP

Bengtsson et al. isolated the 58 kDa PRELP pro-
tein from bovine articular cartilage and cloned the
human PRELP cDNA from an articular chondrocyte
cDNA library [106]. The PRELP gene encodes a 382
amino acid polypeptide with a calculated molecular
mass of 42 kDa. Similar to other SLRPs, the core
protein contains 10-11 LRR motifs, ranging in
length from 20 to 26 residues, and that carry
several N-linked oligosaccharides. The N-terminal
region is unusually rich in arginine and proline
residues. PRELP shares the highest sequence
identity with fibromodulin (36%) and lumican
(33%). There have been no reported studies using
Prelp-null mice, but gene-targeted Prelp-null
mouse embryonic stem cell lines are available
(Table 1). PRELP may have a role in Hutchinson-—
Gilford progeria, a disease characterized by pre-
mature ageing [107].

PRELP is normally expressed in the ECM of colla-
gen-rich tissues such as the skin, sclera, tendon,
lung and heart [108, 109]. The N-terminal domain
of PRELP, which is unusual in that it is basic and
rich in arginine and proline [106], has been shown
to bind both heparin and heparan sulphate pro-
teoglycans [110]. This may indicate that PRELP
anchors basement membranes to connective tis-
sues [111]. The N-terminal domain has also been
implicated in bone metabolism [112]; after uptake
of a synthetic peptide representing the N-terminal
domain of PRELP by osteoclast precursors through
an annexin [I- and chondroitin sulphate-depen-
dent mechanism, the peptide translocates to the
nucleus where it prevents transcription of osteo-
clast-specific genes [112]. This group subsequently
showed that the N-terminal peptide of PRELP could
ameliorate osteolytic changes in a mouse model of
bone loss [113].

Although PRELP, like fibromodulin, interacts with
Clq and C4BP [51], its mechanism of biological
activity is through complement inhibition [114].
Thus, PRELP may hinder the formation of comple-
ment attack complex on cell membranes in dam-
aged cartilage and therefore limit pathological
complement activation in inflammatory diseases
such as rheumatoid arthritis and in age-related
macular degeneration [115].
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Decorin (DCN)

Decorin, one of the most well characterized SLRPs,
contains a protein core with 12 LRRs and one
tissue-specific chondroitin sulphate or dermatan
sulphate GAG chain, covalently bound to its N-
terminus. The protein is a stromal proteoglycan
synthesized chiefly by fibroblasts, stressed vascu-
lar endothelial cells and SMCs. Its name is derived
from the fact that it ‘decorates’ collagen, and it was
initially characterized by its high-affinity interac-
tions with collagen fibres [116] and its role in the
regulation of collagen fibrillogenesis [61, 117-119].

Decorin was the earliest collagen regulatory SLRP
to be recognized as a modulator of cell proliferation
[120]. Based on its structural and signal trans-
duction functions, decorin is described as a bi-
functional proteoglycan [121, 122], acting both as
a signalling molecule and a structural ECM com-
ponent [50, 123-125]. The LRR motifs are gener-
ally considered to be sites of protein—protein
interactions; in the decorin core protein, these
sites interact with several receptor tyrosine
kinases, including the epidermal growth factor
receptor (EGFR), the insulin-like growth factor 1
receptor (IGF-1R), MET (proto-oncogene) and the
vascular endothelial growth factor receptor 2
(VEGFR2), as well as the low-density lipoprotein
receptor-related protein 1 (LRP1) and innate
immunity receptors (see [125, 126] for review), as
discussed below.

Early studies of decorin were focused primarily on
its antiproliferative and antifibrogenic/antiscar-
ring functions (reviewed in [125, 126]). In the
1990s, decorin was shown to interact with TGFf
[127, 128], and its antifibrotic functions were
investigated in a number of biological systems
[50, 129-135]. The last LRR motif of decorin also
interacts with connective tissue growth factor and
this interaction was shown to restrict production of
fibronectin and collagen type III, thus influencing
turnover and production of the ECM [136]. The
antiproliferative, antitumorigenic and pro-apoptotic
functions were attributed to decorin core protein-
EGFR interactions and downregulation of EGFR
signal transductions [137]. Studies using exoge-
nous decorin and gene-targeted mice deficient in
decorin further indicated the modulation of cyclin-
dependent kinase inhibitor-1 (p21/CIP) signalling
pathways and suppression of proliferation by
decorin [138-140].

Decorin, in addition to biglycan and lumican, has
roles in the innate immune response and inflam-
mation. Circulating decorin levels increase during
inflammation in patients with sepsis as well as in
a septic mouse model and, as shown in pull-down
assays in cell culture-based expression systems,
decorin interacts with both TLR2 and TLR4 [141].
The results indicate that decorin promotes TLR2-
and TLR4-mediated downstream induction of the
proinflammatory cytokines tumour necrosis fac-
tor-o and IL-12 at the protein level [141]. An
intermediary in this pathway appears to be
decorin-driven upregulation of the proinflamma-
tory programmed cell death 4 (PDCD4) protein,
which is a translational repressor of IL-10. In
addition, the lowering of IL-10 was suggested to
be due to a decorin-associated decrease in TGFf3
and the resultant reduction in the microRNA miR-
21, which itself contributes to elevating IL-10.
Additional inflammation-related functions of dec-
orin include its role in downregulating the expres-
sion levels of intercellular adhesion molecule
(ICAM)-1 and syndecan-1 and inhibition of poly-
morphonuclear leucocyte adhesion to the
endothelial layer of blood vessels [142]. Decorin
has also been reported to drive autophagy in
endothelial cells through its interactions with
VEGFR2 [143]. The proinflammatory functions of
decorin, together with its role in attenuating
immunosuppressive TGFf and autophagy, may
be particularly relevant to the development of an
inflammatory environment during the formation of
atherosclerotic plaques.

Early studies examined proteoglycan distribution
in normal and atherosclerotic coronary arteries
and identified low levels of decorin in the intima of
normal coronary arteries and high levels in the
fibrous caps of atherosclerotic lesions and in native
and restenotic atherosclerotic segments [144-147].
Decorin colocalized with profibrotic TGFB and
platelet-derived growth factor (PDGF) and macro-
phages in a diet-induced atherosclerosis model in
primates [147] and in fibrous caps of atheroscle-
rotic lesions in an ApoexLdlr knockout mouse
model of accelerated atherosclerosis [80]. In a
recent mass spectrometric analysis of proteins
extracted from the aortic valve and renal arteries,
decorin and biglycan were amongst the group of
proteins retained in a LDL-affinity column [148].
The enhanced presence of decorin and biglycan
was also confirmed in lesion-prone areas of the
subendothelial intimal ECM [148].

© 2015 The Association for the Publication of the Journal of Internal Medicine 453
Journal of Internal Medicine, 2015, 278; 447-461

95U8917 SUOLUWOD SAIIa1D 3|l [dde au) Aq peusenob ae safole YO ‘8sn J0 Sejnu Joj AkeiqiauluQ AS|IA UO (SUO 1 IPUOI-PUe-SLLS) L0 A3 | I Alelg| 1 BU1|UO//:SANIL) SUONIPUOD pue SWis 1 8y} 8eS *[9202/T0/0€] Uo AlqiaulluO A8|IM ‘00F2T WIOI/TTTT OT/I0p/W0d A3 1M ARelq 1 |BU1|UO//SA1Y WOJ) pepeojuMod ‘S ‘STOZ ‘96.259ET



A. Hultgardh-Nilsson et al. Review Symposium: The small leucine-rich repeat proteoglycans

Based on what is known of the molecular interac-
tions of decorin and its presence in atherosclerotic
lesions, an obvious question is: Does decorin have
a beneficial or a detrimental role in atherosclero-
sis? However, the answer is not simple and may
depend on the inflammatory milieu, cell type and
disease stage [149]. Thus, decorin may promote
differentiation and survival in endothelial cells,
whereas it may increase inflammatory responses in
leucocytes (Table 1). In arterial SMC cultures,
decorin induces calcification and colocalizes with
mineral deposition in human atherosclerotic pla-
ques, suggesting that decorin functions as a pro-
moter of intimal calcification [150]. It seems that
the GAG chains are essential for the procalcifica-
tion role of decorin: in Extl2 knockout mice that
overexpress GAGs, aortic calcification was more
pronounced compared to wild-type mice after
experimental induction of chronic kidney disease
[151]. In agreement with this, Yan et al. demon-
strated that oxidative stress-mediated mineraliza-
tion of vascular SMCs in vitro involves the
production of glycosaminoglycanated decorin and
activation of TGFf1 signalling [152]. Identifying the
molecular mechanisms by which vascular calcifi-
cation occurs has important clinical implications,
as therapies can then be tailored to target those
patients at most risk.

Mutations in DCN have been identified in families
with congenital corneal stromal dystrophy (CCSD)
[153, 154] and a decrease in the DCN encoded
transcript has been reported in Marfan syndrome
[155]. However, there are no clear associations
between these DCN mutations and cardiovascular
diseases. In CCSD, the DCN mutations yield trun-
cated core proteins that disrupt the organization of
collagen fibrils in the cornea and result in a loss of
corneal transparency. Mouse models expressing
truncated decorin transgenes in the cornea show
similar disruptions of collagen fibril assembly
[156]. Whether such dominant-negative DCN
mutations contribute to dysregulated collagen fib-
rils in atherosclerotic plaques and their stabilities
are unknown.

Biglycan (BGN)

In humans, biglycan is encoded by the BGN gene
(Xg28) and expression of BGN is reduced in
patients with Turner syndrome who are missing
all or part of an X chromosome [157]. In addition,
patients with an extra Y chromosome also show
elevated BGN expression, even though BGN is

454 © 2015 The Association for the Publication of the Journal of Internal Medicine
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X-linked, and there are no active Y chromosomal
BGN. This is because gene(s) that regulate the
transcription of BGN escape X inactivation under
these conditions. Biglycan is synthesized as a
precursor from which a 37 amino acid N-terminal
peptide is cleaved off by bone morphogenetic
protein (BMP) 1 to yield a 331 amino acid core
protein with 12 tandem LRR motifs of 24 residues,
and two chondroitin sulphate or dermatan sul-
phate GAG side chains attached at amino acids 5
and 10 in human biglycan [158, 159]. In contrast
to decorin, which is a major collagen-interacting
connective tissue component, biglycan was recog-
nized as long ago as the late 1980s to have a strong
pericellular localization [22, 158-160].

Individuals with Turner syndrome have low bone
mineral density [161] and, similarly, mice deficient
in Bgn display an osteoporosis-like phenotype
[162]; these findings led to further studies of the
role of biglycan in osteogenic stem cell fate [163].
Studies have shown that secreted and pericellular
matrix biglycan is a modulator of multiple sig-
nalling centres that regulate innate immunity and
inflammation. Thus, mouse macrophages stimu-
lated with LPS, IL-6 or IL-1p upregulate expression
of biglycan, whilst biglycan itself promotes innate
immune responses and increases production of
proinflammatory cytokines in a TLR4- and TLR2-
dependent manner [164]. Tissue injury leads to the
release of endogenous molecules acting as dam-
age-associated molecular patterns (DAMPs). Bigly-
can appears to behave as a DAMP; its expression
and both circulating and renal tissue levels
increase in mouse models of lupus and in patients
with lupus nephritis [165]. Additionally, biglycan
enhances NOD-like receptor family, pyrin domain
containing protein (NLRP)-3 inflammasome-medi-
ated maturation of pro-IL-1f to IL-1f, and this is
dependent on intact TLR2 /4 and purinergic recep-
tor P2X7 signalling [166].

Biglycan is present in the intima of normal human
blood vessels, including coronary and other mus-
cular arteries [145, 167]. Furthermore, of all the
vascular proteoglycans tested, biglycan shows the
best colocalization with apoB in experimental
mouse models and human atherosclerosis [34,
168-170]. Biglycan and perlecan [171], a heparan
sulphate proteoglycan (not discussed in this
review), are the main proteoglycans synthesized
by human arterial SMCs and both have been
shown to bind apoB-containing lipoproteins
in vitro [172]. The overlapping areas of biglycan
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and lipid deposition in the intima have been
reviewed by Nakashima et al. [173]. Further,
Tannock and co-workers showed increased lipid
retention and atherosclerotic lesions in biglycan-
overexpressing transgenic mice that were main-
tained on an atherogenic diet [174]. The authors
also showed a strong correlation between severity
of atherosclerotic lesions and vascular biglycan
content [174], indicating that vascular biglycan
contributes directly to increased lipid retention and
increased atherosclerosis development. However,
biglycan deficiency alone is not atheroprotective,
and it is possible that upregulated perlecan in
these mice could compensate and maintain lipid
retention properties [175]. Importantly, in the
context of atherosclerosis, the biglycan-deficient
mice demonstrated a reduction in dense collagen
fibrils and increased aortic aneurysm formation
[175].

Concluding remarks

There is accumulating evidence to support signif-
icant and diverse functions of SLRPs in the devel-
oping atherosclerotic lesion (see Fig. 1). These
studies demonstrate that specific SLRPs can influ-
ence SMC and macrophage functions in vitro and,
more importantly, that silencing or overexpressing

+ vs - presence facilitates/promotes vs reduces/inhbits

genes encoding these SLRPs can greatly affect the
atherosclerotic lesion. These findings are likely to
stimulate new and exciting research in atheroscle-
rosis leading to novel therapeutic strategies in
humans. The proteoglycans discussed in this
review have both demonstrated and proposed roles
in atherosclerosis and are clearly emerging as key
modulators of plaque formation and resolution.
The GAG side chains have a major role in lipid
retention at the early stages of atherosclerosis. The
core proteins, on the other hand, may have inde-
pendent and distinctive functions in plaque pro-
gression, through modulating immune responses,
collagen turnover and tissue repair. Further molec-
ular studies of the core proteins are likely to lead to
the elucidation of their functions in plaques and
help to develop targets for localized treatments in
the future. In addition, increased awareness of the
SLRPs will lead to their inclusion as significant
candidate genes in genetic studies of atherosclero-
sis susceptibility. It is hoped that future studies of
SLRPs will contribute to a better understanding of
the mechanisms involved in atherosclerotic lesion
development and stability.
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