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Summary

Research over the past few years has provided fascinating results indicating that biglycan, besides being a ubiquitous structural
component of the extracellular matrix (ECM), may act as a signaling molecule. Proteolytically released from the ECM,
biglycan acts as a danger signal signifying tissue stress or injury.As a ligand of innate immunity receptors and activator of
the inflammasome, biglycan stimulates multifunctional proinflammatory signaling linking the innate to the adaptive immune
response. By clustering several types of receptors on the cell surface and orchestrating their downstream signaling events,
biglycan is capable to autonomously trigger sterile inflammation and to potentiate the inflammatory response to microbial
invasion. Besides operating in a broad biological context, biglycan also displays tissue-specific affinities to certain receptors
and structural components, thereby playing a crucial role in bone formation, muscle integrity, and synapse stability at the
neuromuscular junction.This review attempts to provide a concise summary of recent data regarding the involvement of
biglycan in the regulation of inflammation and the musculoskeletal system, pointing out both a signaling and a structural role
for this proteoglycan. The potential of biglycan as a novel therapeutic target or agent for the treatment of inflammatory
diseases and skeletal muscular dystrophies is also addressed. (] Histochem Cytochem 60:963-975,2012)

Keywords

extracellular matrix, proteoglycan, Toll-like receptor, inflammasome, TGFp, inflammation, bone, skeletal muscle, Duchenne’s
muscular dystrophy, sepsis,Wnt

Biglycan is a member of the class I family of small leucine-
rich proteoglycans (SLRPs) (Schaefer and Iozzo 2008).
The biglycan gene has been mapped to the X chromosome
(McBride et al. 1990). It encodes for a 42-kDa protein
core (Bianco et al. 1990) containing leucine-rich repeats
(LRRs), to which one or two glycosaminoglycan (GAQG)
sidechainsarecovalentlybound. Thetissue-specificchondroitin-
or dermatan-sulfate GAG chains of biglycan are attached
to amino acid residues at the N-terminus of the core
protein (Choi et al. 1989; Roughley and White 1989).
There are some indications that biglycan might be a “part-
time” proteoglycan as its non-glycated form has been
found in aging articular cartilage and intervertebral discs
(Johnstone et al. 1993; Roughley et al. 1993). Detailed
structural characteristics of biglycan have been provided
in recent reviews (Schaefer and lozzo 2008; Schaefer and
Schaefer 2010).

Biglycan, which is expressed ubiquitously (Bianco et al.
1990; Ungefroren et al. 1998), is synthesized as a precursor
from which an N-terminal propeptide is cleaved off by bone
morphogenetic protein (BMP) 1 to yield the mature form
(Scott et al. 2000). Secreted biglycan interacts via its core
protein or GAG chains with numerous components of the
extracellular matrix (ECM)—for example, type I, II, III,
and VI collagen and elastin (Schonherr et al. 1995;
Hunzelmann et al. 1996; Reinboth et al. 2002; Douglas
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Table . Involvement of Biglycan in Selected Experimental and Human Diseases

Disease

Species

References

Alzheimer disease
Aortic dissection
Asthma

Atherosclerosis
Cancer

Diabetes
Duchenne muscular dystrophy

Intervertebral disc disorders
Fibrotic liver disease

Myocardial infarction
Multiple sclerosis
Osteoarthritis
Osteoporosis
Perimyocarditis
Fibrotic kidney disease

Rheumatic arthritis
Sepsis
Systemic lupus erythematosus

Mouse
Mouse, human
Mouse, rat, human

Mouse, rat, human
Human

Mouse, rat, human
Mouse, human

Human
Rat, human

Mouse, human
Human

Mouse

Mouse

Mouse

Mouse, rat, human

Human
Mouse
Mouse, human

Lam et al. 201 |

Bellucci et al. 2007; Heegaard et al. 2007

Pini et al. 2007; Pinelli et al. 2009; NihIberg et al. 2010;Venkatesan
etal.2012

Skalen et al. 2002; Nakashima et al. 2007

Mintz et al. 2005; Coulson-Thomas et al. 201 |; Gu et al. 2012;Wang
Betal.2011

Schaefer et al. 2001;Thompson et al. 201 I; Bolton et al. 2012

Fadic et al. 2006; Mercado et al. 2006; Brandan et al. 2008; Amenta
etal.2011

Brown et al.2012

Meyer et al. 1992; Krull et al. 1993; Gressner 1994; Hogemann et al.
1997

Campbell et al. 2008; Westermann et al. 2008

Mohan et al. 2010

Wadhwa et al. 2005; Embree et al. 2010

Xu et al. 1998

Popovic et al. 201 |

Schaefer et al. 1998; Schaefer et al. 2000; Kuroda et al. 2004;
Schaefer 201 |

Polgar et al. 2003; Sokolove et al. 2012; Antipova and Orgel 2012

Schaefer et al. 2005; Babelova et al. 2009

Moreth et al. 2010

et al. 2006; Hwang et al. 2008)—thereby becoming seques-
tered in the ECM of most organs.

Since the discovery of biglycan in developing bone
almost 30 years ago (Fisher et al. 1983), a multitude of stud-
ies have tried to elucidate the biological role of this proteo-
glycan. Initially, biglycan was considered to be merely a
static structural component of the ECM. Osteoporosis-like
phenotype and abnormalities of collagen fibrils observed in
biglycan-deficient mice initiated a number of investigations
addressing the mechanisms of biglycan-dependent regula-
tion of bone formation and collagen fiber assembly (Xu
et al. 1998; Ameye et al. 2002; Corsi et al. 2002; Bi et al.
2005; Bi et al. 2007; Zhang et al. 2009; Embree et al. 2010).
Its ability to interact with transforming growth factor (TGF)
B (Hildebrand et al. 1994); tumor necrosis factor (TNF)-a
(Tufvesson and Westergren-Thorsson 2002); BMP2, -4, and
-6 (Chen XD et al. 2004; Mochida et al. 2006); and Wnt-1-
induced secreted protein 1 (WISP1) (Desnoyers et al. 2001)
established this small leucine-rich proteoglycan (SLRP) as a
modulator of growth factors and cytokine functions. Recent
studies discovering biglycan as a signaling molecule
(Schaefer et al. 2005; Babelova et al. 2009; Moreth et al.
2010; Berendsen et al. 2011) and a ligand of Toll-like recep-
tors (TLRs)-2 and -4 (Schaefer et al. 2005), P2X7/P2X4
purinergic receptors (Babelova et al. 2009), low-density
lipoprotein receptor-related protein 6 (LRP6) (Berendsen
etal. 2011), or receptor tyrosine kinase MuSK (Amenta et al.

2012) gave rise to a new paradigm of how this proteoglycan
regulates a host of biological processes. It firmly established
biglycan as a part of the innate immune system (Schaefer
et al. 2005) and a regulator of osteogenesis (Berendsen et al.
2011; Moreth et al. 2012), synaptic stability (Amenta et al.
2012), and muscle integrity (Mercado et al. 2006; Rafii
etal. 2006; Amenta et al. 2011). The observation that biglycan
is capable of clustering several types of receptors and orches-
trating their signaling (Babelova et al. 2009) further under-
lines the complexity of the biglycan signaling networks.

Reflecting its widespread expression and complex func-
tion, involvement of biglycan in numerous experimental and
human diseases has been reported (Table 1). Details have
been summarized in recent reviews on the SLRP family
(Merline et al. 2009; Iozzo and Schaefer 2010; Kalamajski
and Oldberg 2010; Schaefer and Schaefer 2010; Theocharis
et al. 2010; Schaefer 2011; Moreth et al. 2012; Schaefer and
lozzo 2012). However, one has to be aware that some of the
conclusions on the importance of biglycan in certain dis-
eases are exclusively based on histological findings. New
findings indicate that only unsequestered biglycan is capable
of acting as a signaling molecule at least in inflammation
(Schaefer et al. 2005; Babelova et al. 2009). Therefore, the
amount of biglycan in tissue sections does not necessarily
reflect its biological effect as it represents mainly biglycan
that has been sequestered in the ECM, for example, as part
of the fibrotic scar (Schaefer 2011).
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Recent data provide evidence for a crucial role of bigly-
can in the regulation of inflammation, bone growth, and
muscle development and regeneration. This brief review
aims to focus on the mechanisms and consequences of big-
lycan interaction with cell surface molecules/receptors in
those processes to underline the role of biglycan as a multi-
valent, matrix-derived signaling molecule.

Biglycan Signaling in Inflammation

Research over the past few years has provided strong evi-
dence that biglycan in its soluble form acts as danger signal
bridging the innate and adaptive immune systems (Schaefer
et al. 2005; Babelova et al. 2009; Moreth et al. 2010;
Popovic et al. 2011; Schaefer and lozzo 2012). Following
tissue stress and injury, biglycan is proteolytically released
from the extracellular matrix and turns into a host-derived
non-microbial danger signal (damage-associated molecular
patterns, DAMPs), which is recognized by innate immunity
receptors in a manner similar to the function of pathogen-
associated molecular patterns (PAMPs) (Chen GY and
Nunez 2010). Biglycan core protein can be cleaved by sev-
eral proteolytic enzymes, such as BMP1, matrix metallopro-
teinase (MMP)-2, MMP-3, MMP-13, and Granzyme B
(Scott et al. 2000; Monfort et al. 2006; Boukpessi et al.
2008; Calabrese et al. 2011; Boivin et al. 2012). The concept
that components released from the matrix act as DAMPs,
activating the immune system during pathogen-mediated
and sterile inflammation, has been presented in more detail
in a recent review from our group (Moreth et al. 2012).

Early hints regarding the involvement of biglycan in the
modulation of the inflammatory process were provided in sev-
eral reports. The expression of biglycan was shown to be ele-
vated in human fibroblasts from granulation tissue, suggesting
its role in the development of chronic inflammatory lesions
(Hakkinen et al. 1996). Biglycan levels were also increased in
experimental pulmonary inflammation (Westergren-Thorsson
et al. 1993) and bronchial mucosa of asthmatic patients (de
Kluijver et al. 2005). In a murine model of unilateral ureteral
obstruction (UUO), the upregulation of biglycan in the renal
interstitium was followed by macrophage infiltration, indicat-
ing that biglycan might influence the initiation of renal inflam-
mation (Schaefer et al. 2002). In mesangial cells from the renal
glomerulus, biglycan expression is regulated by nitric oxide
(NO) (Schaefer et al. 2003). As NO is a crucial proinflamma-
tory mediator in glomerular kidney disease (Pfeilschifter
2002), involvement of biglycan in inflammatory processes is
most likely.

Biglycan: An Endogenous Ligand of Innate
Immunity Receptors

The very first indication that biglycan directly acts as a pro-
inflammatory stimulus came from a study performed in

murine primary peritoneal macrophages (Schaefer et al.
2005). This study provided evidence for biglycan-dependent
signaling, describing the receptors involved, the down-
stream signaling events, and the inflammatory mediators
subsequently generated (Schaefer et al. 2005). In its soluble
form, biglycan is able to bind to both TLR2 and -4, trigger-
ing rapid activation of the mitogen-activated protein kinase
p38, extracellular signal-regulated kinase (Erk), and nuclear
factor kappa—light-chain enhancer of activated B cells (NF-
kB) and consequently secretion of TNF-a. These signaling
events were dependent on the MyD88 (myeloid differentia-
tion primary response 88) gene (Fig. 1). Via TLR2/4-
dependent signaling, biglycan triggers the synthesis of
various chemoattractants for neutrophils and macrophages,
such as MIP-la (macrophage inflammatory protein—1a),
MIP-2, MCP-1 (monocyte chemoattractant protein—1), and
RANTES (regulated upon activation, normal T cell
expressed and secreted) (Schaefer et al. 2005; Moreth et al.
2010) (Fig. 1). Subsequently, the newly attracted macro-
phages, being stimulated by proinflammatory cytokines,
will in turn start to synthesize biglycan de novo, thereby
enhancing the inflammatory response (Schaefer et al. 2005;
Tozzo and Schaefer 2010; Schaefer 2010, 2011; Moreth et al.
2012). The role of biglycan in inflammation was also
emphasized in vivo in biglycan-deficient mice, which
showed longer survival correlated with a lower plasma level
of TNF-a in lipopolysaccharide (LPS)-induced sepsis com-
pared with wild-type animals (Schaefer et al. 2005).

Besides identifying biglycan as an ECM-derived DAMP,
these studies have led to new concepts. First, biglycan has to
be present in its soluble form, because when bound to the
ECM, biglycan cannot act as a DAMP. Second, the magnitude
of the biglycan signal can be ramped up rapidly by proteolytic
liberation from ECM stores without the need for de novo syn-
thesis. Third, both infiltrating macrophages, stimulated by
proinflammatory cytokines and, at later time points, resident
cells start to de novo synthesize biglycan at sites of injury or
damage, in order to drive and shape the inflammatory response
reaction over time. Fourth, by activating both the receptor for
the Gram-negative (TLR4) and the Gram-positive (TLR2)
bacterial response, biglycan, as a signal of tissue damage, acts
as an amplifier for TLR-induced inflammation.

These initial findings were confirmed by several reports
describing the coincidence of biglycan overexpression with
enhanced inflammation and severe tissue injury (Wu et al.
2007; Leemans et al. 2009; Wang S et al. 2010; Schaefer
2011) in a TLR-dependent manner (Derbali et al. 2010;
Moreth et al. 2010; Popovic et al. 2011). Furthermore, a
number of other ECM components, such as decorin (Merline
et al. 2011), hyaluronan (Termeer et al. 2002), versican
(Kim et al. 2009), tenascin-C (Midwood et al. 2009), fibrin-
ogen, and heparan sulfate fragments (Johnson et al. 2002),
were identified as DAMPs alerting the innate immune sys-
tem to the impending tissue damage. For further details,
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Figure |. Biglycan-mediated proinflammatory signaling involves multireceptor crosstalk in macrophages. In macrophages (®), soluble
biglycan interacts with TLR2 and TLR4 and triggers (via MyD88, NF-xB, Erk, and p38) the synthesis of proinflammatory cytokines, such
as TNF-o. and pro—IL-1f3 as well as various chemoattractants for macrophages and T and B lymphocytes, such as MIP-2, MIP-10, MCP-I,
CXCLI3, and RANTES. By clustering TLR2/4 with the P2X7 purinergic receptor, biglycan induces the NLRP3/ASC inflammasome and
caspase-| activation with subsequent cleavage of pro—IL-1[3 and release of mature IL-1[3.Abbreviations used in the figure:ASC, apoptosis-
associated speck-like protein containing carboxy-terminal CARD; CXCL, C-X-C motif chemokine; Erk, extracellular signal-regulated
kinase; IL, interleukin; MCP, monocyte chemoattractant protein; MIP, macrophage inflammatory protein; MyD88, myeloid differentiation
primary response 88; NF-xB, nuclear factor kappa—light-chain enhancer of activated B cells; NLRP3, NLR family, pyrin domain containing;
p38, mitogen-activated protein kinase p38; RANTES, regulated upon activation, normal T cell expressed and secreted; TNF, tumor necrosis

factor; TLR, Toll-like receptor.

please refer to the review on the role of SLRPs in inflamma-
tion (Moreth et al. 2012).

Biglycan: An Autonomous Trigger of the
NLRP3 Inflammasome and IL-1[3

Further studies indicated that proinflammatory effects of
biglycan are mediated not only by its interaction with
TLR2/4 but also by signaling through the NLR family, pyrin
domain—containing 3 (NLRP3) inflammasome (Babelova et al.
2009). The NLRP3-inflammasome is a cytoplasmic protein
complex, containing a Nod-like receptor (NLR), procaspase-1,
and the adaptor molecule ASC (apoptosis-associated speck-
like protein containing carboxy-terminal CARD). Activation
of the inflammasome results in the maturation of caspase-1
with subsequent processing of pro—interleukin-1§ (IL-1pB)
into mature IL-1p (Chen GY and Nunez 2010; Tschopp and

Schroder 2010; Rathinam et al. 2012). Biglycan induces
secretion of mature IL-1B, a proinflammatory cytokine
important both in acute and chronic inflammation (Dinarello
2011), without any need for other costimulatory factors
(Babelova et al. 2009). The NLRP3-dependent secretion of
mature IL-1p usually requires two signals. The first signal,
provided by ligands of TLRs or NOD2, activates NF-kB to
synthesize pro—IL-1B and NLRP3. The second signal acti-
vates NLRP3/ASC and caspase-1 and leads to cleavage of
pro—IL-1B (Chen GY and Nunez 2010; Tschopp and Schroder
2010). Surprisingly, biglycan alone is able to trigger both
signals autonomously. By binding to and activating TLR2/4
signaling, biglycan induces the synthesis of pro—IL-1B and
NLRP3. Based on co-immunoprecipitation data indicating
the presence of the P2X7 purinergic receptor in the complex
with TLR2/4, it is tempting to speculate that biglycan
induces cooperativity between these receptors, thereby
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inducing NLRP3/ASC assembly, which finally leads to the
activation of caspase-1 and release of mature IL-1p (Babelova
etal. 2009) (Fig. 1). Both reactive oxygen species (ROS) and
heat shock protein (HSP) 90 are involved in this process
(Babelova et al. 2009). Further studies are needed to prove
this concept and to exclude the independent engagement of
individual receptors.

All studies so far showed that only intact biglycan is
capable of triggering proinflammatory signaling both in
macrophages and in dendritic cells (Schaefer et al. 2005;
Babelova et al. 2009; Moreth et al. 2010; Popovic et al.
2011). Therefore, it appears that the combined ability of
tandem LRRs and GAG side chains allows biglycan to
interact with different cell surface receptors and their adap-
tor molecules, in order to cluster several types of receptors
and orchestrate their signaling.

The biglycan-induced inflammasome activation was
found to be of considerable relevance in vivo in two mouse
models of sterile renal inflammation (UUO and Murphy
Roths Large [MRL]/Ipr lupus nephritis) and in the proto-
typic pathogen-mediated systemic inflammation of LPS-
induced sepsis (Babelova et al. 2009; Moreth et al. 2010). It
is conceivable that in sterile inflammatory diseases, soluble
biglycan acts as an autonomous trigger of inflammation
using receptor cooperativity between TLR2/TLR4 and the
P2X7 receptor. In pathogen-mediated inflammation, bigly-
can appears to potentiate the inflammatory response via a
second TLR, which is not involved in pathogen sensing
(e.g., via a TLR2 in Gram-negative pathogen response).

In fact, recent reports indicated that biglycan and decorin
are present in their soluble form in the extracellular space
under sterile and pathogen-mediated inflammatory condi-
tions (Moreth et al. 2010; Merline et al. 2011). The source
of circulating biglycan still remains a matter of speculation.
Probably both de novo synthesized and matrix-derived big-
lycan contribute to the circulating pool of this proteoglycan.
De novo synthesis of biglycan can be triggered in various
cell types by TGFB (Border et al. 1990; Ungefroren and
Krull 1996; Mozes et al. 1999). In macrophages, IL-6 and
IL-1pB have been shown to stimulate the synthesis of bigly-
can (Schaefer et al. 2002; Schaefer et al. 2005). It is con-
ceivable that rapid generation of biglycan may exceed the
capacity of the ECM to sequester this proteoglycan, causing
some spillover of biglycan into the circulation. Furthermore,
sequestered biglycan might be liberated from the ECM by
proteolytic enzymes secreted from infiltrating or resident
cells in response to tissue stress or damage.

Biglycan Signaling: A Link between Innate
and Adaptive Immunity
Recent studies established biglycan signaling as an impor-

tant link between the innate and adaptive immune systems
(Moreth et al. 2010; Popovic et al. 2011). In macrophages

and dendritic cells, soluble biglycan induces the expression
of CXCL13 (C-X-C motif chemokine 13) by signaling
through TLR2/4 (Moreth et al. 2010). CXCL13 is the major
chemoattractant for B cells and an important biomarker for
disease activity of systemic lupus erythematosus (Fig. 1). In
patients with lupus nephritis (LN) and in lupus-prone mice,
enhanced plasma levels of biglycan correlate with the abun-
dance of circulating CXCL13 and the extent of albumin-
uria. In lupus-prone mice, the knockout or overexpression
of the biglycan gene was clearly associated with CXCL13
expression, number of B cells in the kidney, and organ
damage and albuminuria (Moreth et al. 2010). It is conceiv-
able that biglycan, by attracting B cells to non-lymphoid
organs, promotes the development of tertiary lymphoid
tissue and aggravation of the disease. Moreover, by overex-
pressing soluble biglycan in mice lacking TLR2 and TLR4,
the first direct proof for the in vivo involvement of both
TLRs in biglycan-mediated signaling was provided.
Interestingly, soluble biglycan particularly facilitated the
recruitment of B1 lymphocytes, which are involved in the
early, T-cell-independent immune response (Moreth et al.
2010). Thus, these findings underline the role of biglycan
as a potent inducer of inflammation, which can rapidly trig-
ger autoantibody production without T-cell involvement.

However, biglycan-dependent regulation of adaptive
immunity is not limited to the regulation of B lymphocytes.
By signaling via TLR2/4, soluble biglycan also regulates
the behavior of T lymphocytes. It induces the synthesis of
RANTES, thereby recruiting T lymphocytes into the kidney
(Moreth et al. 2010) (Fig. 1). In addition, by signaling
through both TLRs and their adaptor molecules MyD88 and
TRIF (TIR-domain-containing adaptor-inducing interferon
), biglycan plays a crucial role in MHC I- and MHC II-
restricted T-cell cross-priming. Biglycan-mediated stimula-
tion of TLR4 signaling is particularly important for MHC
II-dependent, antigen-specific T-cell activation (Popovic
et al. 2011). Accordingly, in a model of experimental auto-
immune perimyocarditis (EAP), TLR4-dependent biglycan
signaling amplified cardiomyocyte antigen presentation to
prime T cells (Popovic et al. 2011). Beside the above-
mentioned direct evidence for the impact of biglycan on
bridging the innate and adaptive immune response, several
further implications suggest an even wider impact of bigly-
can on both immune systems (Kikuchi et al. 2000; Kitaya
and Yasuo 2009; Sjoberg et al. 2009). Details are summa-
rized in a recent review (Moreth et al. 2012).

Taking all these findings into consideration, the afore-
mentioned studies emphasize the prospect of biglycan as a
therapeutic target for intervention in sterile and pathogen-
mediated inflammation. Thus, further studies concerning
the intricate interactions between biglycan and innate
immune receptors would most likely reveal significant
insights for the development of new drugs for the treatment
of biglycan-mediated inflammatory diseases.
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Figure 2. Network of biglycan signaling in osteoblast differentiation and stabilizing role of biglycan in skeletal muscle. In bone, biglycan
stimulates the BMP/TGFf pathways, leading to the transcription of osteoblast-related genes and osteoblast differentiation. By binding
to the Whnt3a ligand and its receptor LRP6, biglycan potentiates the Wnt/f-catenin signaling pathway, thereby further contributing to
osteoblast differentiation. In skeletal muscle, biglycan associates with the dystrophin-glycoprotein complex and contributes to its stability
and to muscular integrity. For further details, refer to the text.Abbreviations used in the figure: BMP, bone morphogenic protein; BMP-R,
bone morphogenic protein receptor; Cbfal, core binding factor o.l; FZ, Frizzled receptor; LRP, low-density lipoprotein receptor—related
protein; nNOS, neuronal nitric oxide synthase; TCF, lymphoid enhancer binding factor/T-cell-specific factor; TGFf, transforming growth
factor B; TGFB-R, transforming growth factor 3 receptor;Wnt,Wingless and Int.

Biglycan Signaling in Bone
Formation

A role for biglycan in the growth of bone was suspected
based on the observation that female patients with Turner
syndrome, lacking the second X chromosome, have a
shorter stature and abnormally low expression of biglycan,
contrary to patients with supernumerary X chromosomes
(Ameye and Young 2002). By the observation that biglycan-
deficient mice display an osteoporosis-like phenotype,
biglycan was discovered to be the first non-collageneous
matrix component found in bone, being a regulator of bone
formation and mass (Xu et al. 1998; Young et al. 2002).
Identification of the underlying molecular mechanisms for
developing this phenotype in biglycan-deficient mice has
been of particular interest in the past years (Wadhwa et al.
2004; Young et al. 2006; Bi et al. 2007, Wadhwa et al.
2007; Embree et al. 2010; Berendsen et al. 2011).

It was shown that with increasing age, biglycan-deficient
mice produce lower numbers of bone marrow-derived stro-
mal cells (BMSC-osteogenic precursors). In addition, the
response of BMSCs to TGFp also becomes impaired, sug-
gesting a possible role of BMP signaling in the develop-
ment of this phenotype (Ameye and Young 2002; Chen XD
etal. 2002). Indeed, biglycan was shown to modulate BMP4
(bone morphogenetic protein 4)-mediated osteoblast differ-
entiation in murine calvarial cells by controlling Smadl
phosphorylation and Cbfal (core binding factor al) expres-
sion (Chen XD et al. 2004) (Fig. 2). Another study also con-
firmed the role of biglycan in osteoblast differentiation and
subsequent matrix mineralization through the BMP4 signal-
ing pathway (Parisuthiman et al. 2005). An opposite effect
of biglycan in BMP4 signaling was shown in the context of
embryonic development. Microinjection of biglycan mRNA
into Xenopus embryos inhibits BMP4 activity and affects
embryonic development. At the molecular level, biglycan
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binds to BMP4 and chordin, a negative regulator of BMP4,
increasing the binding efficiency between the aforemen-
tioned proteins, thereby blocking BMP4 activity (Moreno
et al. 2005). Besides BMP4, in vitro binding assays showed
that biglycan interacts with other BMPs, such as BMP2 and
6. Biglycan is able to directly bind BMP2 and its receptor,
ALK6 (also known as BMP-RIB), to stimulate BMP2-
dependent osteoblast differentiation (Moreno et al. 2005).
Moreover, de-glycanation of biglycan increases its positive
effect on BMP2 signaling and function (Miguez et al. 2011).

However, the signaling role of biglycan in bone is not
restricted to interactions with BMPs. Biglycan is also able
to activate the canonical Wnt/B-catenin signaling (Fig. 2).
The activation of the Wnt/B-catenin pathway involves the
binding of Wnt ligand to the Frizzled receptor (FZ) and its
coreceptor, LRP6, increasing the stability of B-catenin in
the cytosol and promoting its translocation into the nucleus.
Consequently, B-catenin activates LEF1/TCF (lymphoid
enhancer-binding factor/T-cell-specific factor)-related gene
transcription (Berendsen et al. 2011) (Fig. 2). Biglycan
directly binds to the Wnt ligand and LRP6 through its pro-
tein core. The lack of biglycan led to impaired Wnt-induced
LRP6 phosphorylation and LEF1/TCF-mediated transcrip-
tional activity in calvarial cells. The same study showed that
in vivo, biglycan regulates WISP1 expression during bone
formation in a fracture-healing model (Berendsen et al.
2011). Nevertheless, further studies are needed to elucidate
the molecular mechanism, through which biglycan regu-
lates the Wnt pathway in more detail.

Based on findings that biglycan directly binds to WISP1
protein (Desnoyers et al. 2001) and that WISP1 mRNA colo-
calizes with biglycan during mineralization in vivo (French
et al. 2004; Inkson et al. 2009), it has been suggested that this
interaction plays a role in the differentiation and proliferation
of osteogenic cells. Briefly, the matrix component biglycan
stimulates the bone formation process through a dual-signal-
ing mechanism: BMP/TGFf signaling and the canonical
Wnt/B—catenin-induced pathway (Fig. 2). Therefore, bigly-
can might be a promising drug target in bone-related diseases
caused by defects in these signaling pathways.

Muscular Dystrophies: Regulatory
Mechanisms of Biglycan and Novel
Therapeutic Options

In early studies, biglycan was shown to be expressed in
muscle tissue (Bianco et al. 1990; Bosse et al. 1993), but it
took almost a decade until a study was published on the role
of biglycan in muscle, which demonstrated that biglycan
binds to dystroglycan and that its expression level is
increased in the muscle of mdx mice, a model of Duchenne
muscular dystrophy (DMD) (Bowe et al. 2000). Later,
increased levels of biglycan were also found in skeletal

muscle of DMD patients (Zanotti et al. 2005; Fadic et al.
2000).

DMD is a lethal X-linked recessive disorder caused by
mutations in the dystrophin gene that lead to a shift in the
reading frame and an early stop codon, causing the loss or
reduction in the synthesis of the dystrophin protein, which
finally prevents the assembly of the dystrophin-glycopro-
tein complex (DGC) (Ameen and Robson 2010). The DGC
is a large protein complex including both cytoplasmic com-
ponents (dystrophin, syntrophins, dystrobrevins, and neuro-
nal nitric synthase [nNOS]) and transmembrane components
(dystroglycan and sarcoglycans) (Brandan et al. 2008).
Lack of this complex renders the muscle fibers extremely
vulnerable to damage, which occurs during muscle contrac-
tion. This gives rise to repeated cycles of muscle damage
and regeneration as the organism tries to cope with this con-
dition but finally results in depletion of regenerative myo-
genic cells and loss of regenerative ability (Brussee et al.
1997; Luz et al. 2002). The most commonly used model of
DMD is the mdx mouse, which has a nonsense mutation in
exon 23 of the dystrophin gene (Zhou and Lu 2010).

Biglycan has been shown to bind to several components
of the DGC: a-dystroglycan (Bowe et al. 2000) as well as a-
and y-sarcoglycan (Rafii et al. 2006). Although O-linked gly-
cosylation of a-dystroglycan is needed for its interaction with
other proteoglycans (agrin, laminin, perlecan), the interac-
tion with biglycan occurs between the GAG chains of big-
lycan and the carboxy-terminal one-third of a-dystroglycan,
indicating that a-dystroglycan is able to bind two molecules
of biglycan simultaneously (Bowe et al. 2000). By contrast,
biglycan interacts with a- and y-sarcoglycan but not with
f- or 6-sarcoglycan through distinct parts of its protein core
(Rafii et al. 2006).

These interactions with three distinct components of the
DGC (Fig. 2) led to the idea that biglycan is associated with
this complex. As proof of this concept, biglycan was shown
to co-immunoprecipitate with a-, -, y-sarcoglycan as well as
with dystrophin, even though it did not directly bind to dys-
trophin or B-sarcoglycan. Therefore, co-immunoprecipitation
with these two proteins was concluded to be a result of
biglycan association to the assembled DGC. Moreover,
biglycan selectively regulates the expression of o- and
y-sarcoglycan, with expression of these two proteins being
reduced in muscle from young biglycan-null mice but not
adults (Rafii et al. 20006).

In addition, a further study on biglycan-null mice showed
that biglycan also regulates the expression and sarcolemmal
localization of other DGC components: dystrobrevin, syn-
throphin, and nNOS. Biglycan-null mice have a mildly dys-
trophic phenotype and present several defects in the
localization of DGC components. a-Dystrobrevin-1 and -2
have a selective reduction in their localization at the sarco-
lemma. On the other hand, nNOS is also decreased tran-
scriptionally in null mice. Different types of synthrophins
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are affected differently by a lack of biglycan, with the larg-
est effect on Pl-syntrophin. Remarkably, sarcolemmal
localization of these components in biglycan-null mice can
be restored by the injection of purified biglycan core protein
into muscle (Mercado et al. 2006). Thus, biglycan seems to
be capable of regulating multiple components of the DGC
(Fig. 2) and shows some potential as a therapeutic agent in
the treatment of muscle dystrophy.

In a study performed in mdx mice, a therapeutic role for
biglycan has indeed been proven (Amenta et al. 2011).
Absence of biglycan was shown to decrease the sarcolem-
mal expression of utrophin, the autosomal homologue of
dystrophin, whereas injection of recombinant human bigly-
can in biglycan-null mice increased the expression of utro-
phin. A similar effect was shown in mdx mice, where
injection of biglycan could increase the expression of utro-
phin in muscle 2.5-fold, associated with an increase in
y-sarcoglycan, B2-syntrophin, and nNOS levels at the sar-
colemma. Furthermore, injection of biglycan in mdx mice
ameliorated dystrophic symptoms, depending on the pres-
ence of utrophin (Amenta et al. 2011). Importantly, the
therapeutic effects of biglycan in an experimental model of
DMD are mediated by the protein core. Therefore, proin-
flammatory effects of biglycan are not to be expected, as
intact biglycan encompassing the GAG side chains is
needed for signaling through TLR2 and TLRA4.

Besides its role in the assembly of the DGC, biglycan
has also been shown to be upregulated in regenerating skel-
etal muscle, although the presence of biglycan is not essen-
tial for muscle regeneration and is possibly compensated
for by decorin in biglycan-null mice (Casar et al. 2004).
Through its binding to TGFp, biglycan could also poten-
tially modulate processes such as proliferation, migration,
and differentiation (Brandan et al. 2008). In addition, bigly-
can expression was recently localized to the neuromuscular
junction, whereas mature biglycan-null mice have abnor-
mal neuromuscular synapses and have a reduced synaptic
expression of the receptor tyrosine kinase MuSK.
Consequently, it was shown that biglycan serves as a ligand
for MuSK, regulates agrin-induced MuSK phosphorylation,
and is necessary for stabilizing agrin-induced acetylcholine
receptor clusters. Taken together, these results suggest that
biglycan also plays an important role in the stability of neu-
romuscular synapses (Amenta et al. 2012).

Future Perspectives

Research over the past few years has resulted in consider-
able progress in our understanding of the biology of bigly-
can. Particular attention was focused on the interaction
between biglycan and various cell surface binding partners,
some of them being signaling receptors. The initial concept
that soluble biglycan acts a signaling molecule became
much more complex when new data showed that biglycan

is capable of clustering different types of receptors on the
cell surface, thereby orchestrating their downstream signal-
ing events.

Current knowledge on biglycan in inflammation, bone
development, and muscular dystrophy summarized in this
review suggests that besides general effects of this proteo-
glycan acting as a danger signal in matrix stress or injury,
other effects are strongly tissue specific. There is good evi-
dence demonstrating the tissue-specific effects of biglycan
in muscular dystrophy and in bone formation. However, it
is conceivable that in contrast to muscle-specific associa-
tion of biglycan with the dystrophin-glycoprotein complex,
its interactions with BMP/TGF and Wnt/B-catenin path-
ways may play an important role not only in bone formation
but also in fibrotic disorders. Thus, new studies in various
tissues under physiological and pathological conditions
should expand the current knowledge.

The challenges ahead lie in transferring basic research on
biglycan into the clinic. Both in sterile and pathogen-induced
inflammatory conditions, the interaction of biglycan with
innate immunity receptors might represent a promising tar-
get for the development of new anti-inflammatory therapies.
Possible strategies for neutralizing the proinflammatory
effects of biglycan might include neutralizing antibodies,
truncated molecules, or chemically synthesized small mole-
cules. On the other hand, biglycan by itself could serve as a
promising treatment in some skeletal muscular dystrophies.
A more detailed understanding of the physicochemical and
structural properties of the binding sites through which big-
lycan interacts with its various binding partners will be a
critical component of this effort.

Acknowledgements

We apologize to those researchers whose work could not be cited
due to space limitations.

Declaration of Conflicting Interests

The authors declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

The authors disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article:
Research in the authors’ laboratory regarding the subject area
covered by this review was supported by the German Research
Council: SFB 815, project A5, SCHA 1082/2-1, Excellence
Cluster ECCPS to LS and GRK1172 to MVN and LS and in part
by the Division of Intramural Research, NIDCR of the Intramural
Program NIH, Department of Health and Human Services.

References

Ameen V, Robson LG. 2010. Experimental models of Duchenne
muscular dystrophy: relationship with cardiovascular disease.
Open Cardiovasc Med J. 4:265-277.



Biglycan: A Multivalent Proteoglycan

971

Amenta AR, Creely HE, Mercado ML, Hagiwara H, Mckechnie
BA, Lechner BE, Rossi SG, Wang Q, Owens RT, Marrero E,
et al. 2012. Biglycan is an extracellular MuSK binding protein
important for synapse stability. J Neurosci. 32:2324-2334.

Amenta AR, Yilmaz A, Bogdanovich S, Mckechnie BA, Abedi M,
Khurana TS, Fallon JR. 2011. Biglycan recruits utrophin to the
sarcolemma and counters dystrophic pathology in mdx mice.
Proc Natl Acad Sci U S A. 108:762-767.

Ameye L, Aria D, Jepsen K, Oldberg A, Xu T, Young MF. 2002.
Abnormal collagen fibrils in tendons of biglycan/fibromodulin-
deficient mice lead to gait impairment, ectopic ossification,
and osteoarthritis. FASEB J. 16:673-680.

Ameye L, Young MF. 2002. Mice deficient in small leucine-rich
proteoglycans: novel in vivo models for osteoporosis, osteo-
arthritis, Ehlers-Danlos syndrome, muscular dystrophy, and
corneal diseases. Glycobiology. 12:107R—1016R.

Antipova O, Orgel JP. 2012. Non-enzymatic decomposition of col-
lagen fibers by a biglycan antibody and a plausible mechanism
for theumatoid arthritis. PLoS One. 7:¢32241.

Babelova A, Moreth K, Tsalastra-Greul W, Zeng-Brouwers J,
Eickelberg O, Young MF, Bruckner P, Pfeilschifter J, Schaefer
RM, Grone HJ, et al. 2009. Biglycan, a danger signal that acti-
vates the NLRP3 inflammasome via toll-like and P2X recep-
tors. J Biol Chem. 284:24035-24048.

Bellucci C, Lilli C, Baroni T, Parnetti L, Sorbi S, Emiliani C,
Lumare E, Calabresi P, Balloni S, Bodo M. 2007. Differences
in extracellular matrix production and basic fibroblast growth
factor response in skin fibroblasts from sporadic and familial
Alzheimer’s disease. Mol Med. 13:542-550.

Berendsen AD, Fisher LW, Kilts TM, Owens RT, Robey PG, Gut-
kind JS, Young MF. 2011. Modulation of canonical Wnt sig-
naling by the extracellular matrix component biglycan. Proc
Natl Acad Sci U S A. 108:17022-17027.

BiY, Ehirchiou D, Kilts TM, Inkson CA, Embree MC, Sonoyama
W, Li L, Leet Al, Seo BM, Zhang L, et al. 2007. Identification
of tendon stem/progenitor cells and the role of the extracellu-
lar matrix in their niche. Nat Med. 13:1219-1227.

BiY, Stuelten CH, Kilts T, Wadhwa S, lozzo RV, Robey PG, Chen
XD, Young MF. 2005. Extracellular matrix proteoglycans
control the fate of bone marrow stromal cells. J Biol Chem.
280:30481-30489.

Bianco P, Fisher LW, Young MF, Termine JD, Robey PG. 1990.
Expression and localization of the two small proteoglycans
biglycan and decorin in developing human skeletal and non-
skeletal tissues. J Histochem Cytochem. 38:1549-1563.

Boivin WA, Shackleford M, Vanden Hoek A, Zhao H, Hackett TL,
Knight DA, Granville DJ. 2012. Granzyme B cleaves decorin,
biglycan and soluble betaglycan, releasing active transforming
growth factor-betal. PLoS ONE. 7:e33163.

Bolton K, Segal D, Walder K. 2012. The small leucine-rich pro-
teoglycan, biglycan, is highly expressed in adipose tissue of
Psammomys obesus and is associated with obesity and type 2
diabetes. Biologics. 6:67—-72.

Border WA, Okuda S, Languino LR, Ruoslahti E. 1990. Trans-
forming growth factor—beta regulates production of proteogly-
cans by mesangial cells. Kidney Int. 37:689-695.

Bosse A, Schwarz K, Vollmer E, Kresse H. 1993. Divergent and
co-localization of the two small proteoglycans decorin and
proteoglycan-100 in human skeletal tissues and tumors. J His-
tochem Cytochem. 41:13-19.

Boukpessi T, Menashi S, Camoin L, Tencate JM, Goldberg M,
Chaussain-Miller C. 2008. The effect of stromelysin-1 (MMP-
3) on non-collagenous extracellular matrix proteins of demin-
eralized dentin and the adhesive properties of restorative
resins. Biomaterials. 29:4367—4373.

Bowe MA, Mendis DB, Fallon JR. 2000. The small leucine-rich
repeat proteoglycan biglycan binds to alpha-dystroglycan and
is upregulated in dystrophic muscle. J Cell Biol. 148:801-810.

Brandan E, Cabello-Verrugio C, Vial C. 2008. Novel regulatory
mechanisms for the proteoglycans decorin and biglycan dur-
ing muscle formation and muscular dystrophy. Matrix Biol.
27:700-708.

Brown S, Melrose J, Caterson B, Roughley P, Eisenstein SM, Rob-
erts S. 2012. A comparative evaluation of the small leucine-
rich proteoglycans of pathological human intervertebral discs.
Eur Spine J. 21(Suppl 2):S154-S159.

Brussee V, Tardif F, Tremblay JP. 1997. Muscle fibers of mdx mice
are more vulnerable to exercise than those of normal mice.
Neuromuscul Disord. 7:487-492.

Calabrese GC, Gazzaniga S, Oberkersch R, Wainstok R. 2011.
Decorin and biglycan expression: its relation with endothelial
heterogeneity. Histol Histopathol. 26:481-490.

Campbell PH, Hunt DL, Jones Y, Harwood F, Amiel D, Omens JH,
Mcculloch AD. 2008. Effects of biglycan deficiency on myo-
cardial infarct structure and mechanics. Mol Cell Biomech.
5:27-35.

Casar JC, Mckechnie BA, Fallon JR, Young MF, Brandan E.
2004. Transient up-regulation of biglycan during skeletal
muscle regeneration: delayed fiber growth along with decorin
increase in biglycan-deficient mice. Dev Biol. 268:358-371.

Chen GY, Nunez G. 2010. Sterile inflammation: sensing and react-
ing to damage. Nat Rev Immunol. 10:826-837.

Chen XD, Fisher LW, Robey PG, Young MF. 2004. The small
leucine-rich proteoglycan biglycan modulates BMP-4-induced
osteoblast differentiation. FASEB J. 18:948-958.

Chen XD, Shi S, Xu T, Robey PG, Young MF. 2002. Age-related
osteoporosis in biglycan-deficient mice is related to defects in
bone marrow stromal cells. J Bone Miner Res. 17:331-340.

Choi HU, Johnson TL, Pal S, Tang LH, Rosenberg L, Neame PJ.
1989. Characterization of the dermatan sulfate proteoglycans,
DS-PGI and DS-PGII, from bovine articular cartilage and skin
isolated by octyl-sepharose chromatography. J Biol Chem.
264:2876-2884.

Corsi A, Xu T, Chen XD, Boyde A, Liang J, Mankani M, Som-
mer B, Tozzo RV, Eichstetter I, Robey PG, et al. 2002. Phe-
notypic effects of biglycan deficiency are linked to collagen



972

Nastase et al.

fibril abnormalities, are synergized by decorin deficiency, and
mimic Ehlers-Danlos-like changes in bone and other connec-
tive tissues. J Bone Miner Res. 17:1180-1189.

Coulson-Thomas VJ, Coulson-Thomas YM, Gesteira TF, De
Paula CA, Mader AM, Waisberg J, Pinhal MA, Friedl A, Toma
L, Nader HB. 2011. Colorectal cancer desmoplastic reaction
up-regulates collagen synthesis and restricts cancer cell inva-
sion. Cell Tissue Res. 346:223-236.

de Kluijver J, Schrumpf JA, Evertse CE, Sont JK, Roughley PJ,
Rabe KF, Hiemstra PS, Mauad T, Sterk PJ. 2005. Bronchial
matrix and inflammation respond to inhaled steroids despite
ongoing allergen exposure in asthma. Clin Exp Allergy.
35:1361-1369.

Derbali H, Bosse Y, Cote N, Pibarot P, Audet A, Pepin A, Arse-
nault B, Couture C, Despres JP, Mathieu P. 2010. Increased
biglycan in aortic valve stenosis leads to the overexpression
of phospholipid transfer protein via Toll-like receptor 2. Am J
Pathol. 176:2638-2645.

Desnoyers L, Arnott D, Pennica D. 2001. WISP-1 binds to decorin
and biglycan. J Biol Chem. 276:47599-47607.

Dinarello CA. 2011. Interleukin-1 in the pathogenesis and treat-
ment of inflammatory diseases. Blood. 117:3720-3732.

Douglas T, Heinemann S, Bierbaum S, Scharnweber D, Worch H.
2006. Fibrillogenesis of collagen types I, II, and III with small
leucine-rich proteoglycans decorin and biglycan. Biomacro-
molecules. 7:2388-2393.

Embree MC, Kilts TM, Ono M, Inkson CA, Syed-Picard F, Kars-
dal MA, Oldberg A, Bi Y, Young MF. 2010. Biglycan and
fibromodulin have essential roles in regulating chondrogen-
esis and extracellular matrix turnover in temporomandibular
joint osteoarthritis. Am J Pathol. 176:812-826.

Fadic R, Mezzano V, Alvarez K, Cabrera D, Holmgren J, Bran-
dan E. 2006. Increase in decorin and biglycan in Duchenne
muscular dystrophy: role of fibroblasts as cell source of these
proteoglycans in the disease. J Cell Mol Med. 10:758-769.

Fisher LW, Termine JD, Dejter SW Jr, Whitson SW, Yanagishita
M, Kimura JH, Hascall VC, Kleinman HK, Hassell JR, Nils-
son B. 1983. Proteoglycans of developing bone. J Biol Chem.
258:6588-6594.

French DM, Kaul RJ, D’souza AL, Crowley CW, Bao M, Frantz
GD, Filvaroff EH, Desnoyers L. 2004. WISP-1 is an osteo-
blastic regulator expressed during skeletal development and
fracture repair. Am J Pathol. 165:855-867.

Gressner AM. 1994. Activation of proteoglycan synthesis in
injured liver—a brief review of molecular and cellular aspects.
Eur J Clin Chem Clin Biochem. 32:225-237.

Gu X, MaY, Xiao J, Zheng H, Song C, Gong Y, Xing X. 2012. Up-
regulated biglycan expression correlates with the malignancy
in human colorectal cancers. Clin Exp Med. 12:195-199.

Hakkinen L, Westermarck J, Kahari VM, Larjava H. 1996. Human
granulation-tissue fibroblasts show enhanced proteoglycan
gene expression and altered response to TGF-beta 1. J Dent
Res. 75:1767-1778.

Heegaard AM, Corsi A, Danielsen CC, Nielsen KL, Jorgensen HL,
Riminucci M, Young MF, Bianco P. 2007. Biglycan deficiency
causes spontaneous aortic dissection and rupture in mice. Cir-
culation. 115:2731-2738.

Hildebrand A, Romaris M, Rasmussen LM, Heinegard D,
Twardzik DR, Border WA, Ruoslahti E. 1994. Interaction
of the small interstitial proteoglycans biglycan, decorin and
fibromodulin with transforming growth factor beta. Biochem
J. 302(Pt 2):527-534.

Hogemann B, Edel G, Schwarz K, Krech R, Kresse H. 1997. Expres-
sion of biglycan, decorin and proteoglycan-100/CSF-1 in nor-
mal and fibrotic human liver. Pathol Res Pract. 193:747-751.

Hunzelmann N, Anders S, Sollberg S, Schonherr E, Krieg T. 1996.
Co-ordinate induction of collagen type I and biglycan expres-
sion in keloids. Br J Dermatol. 135:394-399.

Hwang JY, Johnson PY, Braun KR, Hinek A, Fischer JW, O’Brien
KD, Starcher B, Clowes AW, Merrilees MJ, Wight TN. 2008.
Retrovirally mediated overexpression of glycosaminoglycan-
deficient biglycan in arterial smooth muscle cells induces tro-
poelastin synthesis and elastic fiber formation in vitro and in
neointimae after vascular injury. Am J Pathol. 173:1919-1928.

Inkson CA, Ono M, Bi Y, Kuznetsov SA, Fisher LW, Young MF.
2009. The potential functional interaction of biglycan and
WISP-1 in controlling differentiation and proliferation of
osteogenic cells. Cells Tissues Organs. 189:153—157.

Tozzo RV, Schaefer L. 2010. Proteoglycans in health and disease:
novel regulatory signaling mechanisms evoked by the small
leucine-rich proteoglycans. FEBS J. 277:3864-3875.

Johnson GB, Brunn GJ, Kodaira Y, Platt JL. 2002. Receptor-
mediated monitoring of tissue well-being via detection of
soluble heparan sulfate by Toll-like receptor 4. J Immunol.
168:5233-5239.

Johnstone B, Markopoulos M, Neame P, Caterson B. 1993. Identi-
fication and characterization of glycanated and non-glycanated
forms of biglycan and decorin in the human intervertebral
disc. Biochem J. 292(Pt 3):661-666.

Kalamajski S, Oldberg A. 2010. The role of small leucine-
rich proteoglycans in collagen fibrillogenesis. Matrix Biol.
29:248-253.

Kikuchi A, Tomoyasu H, Kido I, Takahashi K, Tanaka A, Nonaka
I, Iwakami N, Kamo 1. 2000. Haemopoietic biglycan produced
by brain cells stimulates growth of microglial cells. J Neuro-
immunol. 106:78-86.

Kim S, Takahashi H, Lin WW, Descargues P, Grivennikov S,
Kim Y, Luo JL, Karin M. 2009. Carcinoma-produced factors
activate myeloid cells through TLR2 to stimulate metastasis.
Nature. 457:102—-106.

Kitaya K, Yasuo T. 2009. Dermatan sulfate proteoglycan bigly-
can as a potential selectin L/CD44 ligand involved in selective
recruitment of peripheral blood CD16(—) natural killer cells
into human endometrium. J Leukoc Biol. 85:391-400.

Krull NB, Zimmermann T, Gressner AM. 1993. Spatial and
temporal patterns of gene expression for the proteoglycans



Biglycan: A Multivalent Proteoglycan

973

biglycan and decorin and for transforming growth factor—
beta 1 revealed by in situ hybridization during experimentally
induced liver fibrosis in the rat. Hepatology. 18:581-589.

Kuroda M, Sasamura H, Kobayashi E, Shimizu-Hirota R, Naka-
zato Y, Hayashi M, Saruta T. 2004. Glomerular expression of
biglycan and decorin and urinary levels of decorin in primary
glomerular disease. Clin Nephrol. 61:7-16.

Lam V, Takechi R, Pallebage-Gamarallage MM, Galloway S,
Mamo JC. 2011. Colocalisation of plasma derived apo B lipo-
proteins with cerebral proteoglycans in a transgenic-amyloid
model of Alzheimer’s disease. Neurosci Lett. 492:160—164.

Leemans JC, Butter LM, Pulskens WP, Teske GJ, Claessen N, Van
Der Poll T, Florquin S. 2009. The role of Toll-like receptor 2
in inflammation and fibrosis during progressive renal injury.
PLoS One. 4:e5704.

Luz MA, Marques MJ, Santo Neto H. 2002. Impaired regeneration
of dystrophin-deficient muscle fibers is caused by exhaustion
of myogenic cells. Braz ] Med Biol Res. 35:691-695.

McBride OW, Fisher LW, Young MF. 1990. Localization of PGI
(biglycan, BGN) and PGII (decorin, DCN, PG-40) genes
on human chromosomes Xql3-qter and 12q, respectively.
Genomics. 6:219-225.

Mercado ML, Amenta AR, Hagiwara H, Rafii MS, Lechner BE,
Owens RT, Mcquillan DJ, Froehner SC, Fallon JR. 2006. Big-
lycan regulates the expression and sarcolemmal localization
of dystrobrevin, syntrophin, and nNOS. FASEB J. 20:1724—
1726.

Merline R, Moreth K, Beckmann J, Nastase MV, Zeng-Brouwers
J, Tralhao JG, Lemarchand P, Pfeilschifter J, Schaefer RM,
lozzo RV, et al. 2011. Signaling by the matrix proteoglycan
decorin controls inflammation and cancer through PDCD4
and MicroRNA-21. Sci Signal. 4:ra75.

Merline R, Schaefer RM, Schaefer L. 2009. The matricellular
functions of small leucine-rich proteoglycans (SLRPs). J Cell
Commun Signal. 3:323-335.

Meyer DH, Krull N, Dreher KL, Gressner AM. 1992. Biglycan
and decorin gene expression in normal and fibrotic rat liver:
cellular localization and regulatory factors. Hepatology.
16:204-216.

Midwood K, Sacre S, Piccinini AM, Inglis J, Trebaul A, Chan
E, Drexler S, Sofat N, Kashiwagi M, Orend G, et al. 2009.
Tenascin-C is an endogenous activator of Toll-like receptor 4
that is essential for maintaining inflammation in arthritic joint
disease. Nat Med. 15:774-780.

Miguez PA, Terajima M, Nagaoka H, Mochida Y, Yamauchi M.
2011. Role of glycosaminoglycans of biglycan in BMP-2 sig-
naling. Biochem Biophys Res Commun. 405:262-266.

Mintz MB, Sowers R, Brown KM, Hilmer SC, Mazza B, Huvos
AG, Meyers PA, Lafleur B, Mcdonough WS, Henry MM,
et al. 2005. An expression signature classifies chemotherapy-
resistant pediatric osteosarcoma. Cancer Res. 65:1748—-1754.

Mochida Y, Parisuthiman D, Yamauchi M. 2006. Biglycan is a
positive modulator of BMP-2 induced osteoblast differentia-
tion. Adv Exp Med Biol. 585:101-113.

Mohan H, Krumbholz M, Sharma R, Eisele S, Junker A, Sixt M,
Newcombe J, Wekerle H, Hohlfeld R, Lassmann H, et al.
2010. Extracellular matrix in multiple sclerosis lesions: fibril-
lar collagens, biglycan and decorin are upregulated and associ-
ated with infiltrating immune cells. Brain Pathol. 20:966-975.

Monfort J, Tardif G, Reboul P, Mineau F, Roughley P, Pelletier
JP, Martel-Pelletier J. 2006. Degradation of small leucine-rich
repeat proteoglycans by matrix metalloprotease-13: identifica-
tion of a new biglycan cleavage site. Arthritis Res Ther. 8:R26.

Moreno M, Munoz R, Aroca F, Labarca M, Brandan E, Larrain
J. 2005. Biglycan is a new extracellular component of the
Chordin-BMP4 signaling pathway. EMBO J. 24:1397-1405.

Moreth K, Brodbeck R, Babelova A, Gretz N, Spieker T, Zeng-
Brouwers J, Pfeilschifter J, Young MF, Schaefer RM, Schaefer
L. 2010. The proteoglycan biglycan regulates expression of
the B cell chemoattractant CXCL13 and aggravates murine
lupus nephritis. J Clin Invest. 120:4251-4272.

Moreth K, Iozzo RV, Schaefer L. 2012. Small leucine-rich pro-
teoglycans orchestrate receptor crosstalk during inflammation.
Cell Cycle. 11:2084-2091.

Mozes MM, Bottinger EP, Jacot TA, Kopp JB. 1999. Renal expres-
sion of fibrotic matrix proteins and of transforming growth
factor—beta (TGF-beta) isoforms in TGF-beta transgenic mice.
J Am Soc Nephrol. 10:271-280.

Nakashima Y, Fujii H, Sumiyoshi S, Wight TN, Sueishi K. 2007.
Early human atherosclerosis: accumulation of lipid and pro-
teoglycans in intimal thickenings followed by macrophage
infiltration. Arterioscler Thromb Vasc Biol. 27:1159-1165.

Nihlberg K, Andersson-Sjoland A, Tufvesson E, Erjefalt JS,
Bjermer L, Westergren-Thorsson G. 2010. Altered matrix
production in the distal airways of individuals with asthma.
Thorax. 65:670-676.

Parisuthiman D, Mochida Y, Duarte WR, Yamauchi M. 2005. Big-
lycan modulates osteoblast differentiation and matrix mineral-
ization. J Bone Miner Res. 20:1878-1886.

Pfeilschifter J. 2002. Nitric oxide triggers the expression of pro-
inflammatory and protective gene products in mesangial
cells and the inflamed glomerulus. Nephrol Dial Transplant.
17:347-348.

Pinelli V, Marchica CL, Ludwig MS. 2009. Allergen-induced
asthma in C57B1/6 mice: hyper-responsiveness, inflammation
and remodelling. Respir Physiol Neurobiol. 169:36-43.

Pini L, Hamid Q, Shannon J, Lemelin L, Olivenstein R, Ernst P,
Lemiere C, Martin JG, Ludwig MS. 2007. Differences in pro-
teoglycan deposition in the airways of moderate and severe
asthmatics. Eur Respir J. 29:71-77.

Polgar A, Falus A, Koo E, Ujfalussy I, Sesztak M, Szuts I, Kon-
rad K, Hodinka L, Bene E, Meszaros G, et al. 2003. Elevated
levels of synovial fluid antibodies reactive with the small
proteoglycans biglycan and decorin in patients with rheuma-
toid arthritis or other joint diseases. Rheumatology (Oxford).
42:522-527.

Popovic ZV, Wang S, Papatriantafyllou M, Kaya Z, Porubsky S,
Meisner M, Bonrouhi M, Burgdorf S, Young MF, Schaefer



974

Nastase et al.

L, et al. 2011. The proteoglycan biglycan enhances antigen-
specific T cell activation potentially via MyD88 and TRIF
pathways and triggers autoimmune perimyocarditis. J Immu-
nol. 187:6217-6226.

Rafii MS, Hagiwara H, Mercado ML, Seo NS, Xu T, Dugan T,
Owens RT, Hook M, Mcquillan DJ, Young MF, et al. 2006.
Biglycan binds to alpha- and gamma-sarcoglycan and regu-
lates their expression during development. J Cell Physiol.
209:439-447.

Rathinam VA, Vanaja SK, Fitzgerald KA. 2012. Regulation of
inflammasome signaling. Nat Immunol. 13:333-342.

Reinboth B, Hanssen E, Cleary EG, Gibson MA. 2002. Molecular
interactions of biglycan and decorin with elastic fiber com-
ponents: biglycan forms a ternary complex with tropoelas-
tin and microfibril-associated glycoprotein 1. J Biol Chem.
277:3950-3957.

Roughley PJ, White RJ. 1989. Dermatan sulphate proteoglycans
of human articular cartilage: the properties of dermatan sul-
phate proteoglycans I and II. Biochem J. 262:823-827.

Roughley PJ, White RJ, Magny MC, Liu J, Pearce RH, Mort JS.
1993. Non-proteoglycan forms of biglycan increase with age
in human articular cartilage. Biochem J. 295(Pt 2):421-426.

Schaefer L. 2010. Extracellular matrix molecules: endogenous
danger signals as new drug targets in kidney diseases. Curr
Opin Pharmacol. 10:185-190.

Schaefer L. 2011. Small leucine-rich proteoglycans in kidney dis-
ease. J Am Soc Nephrol. 22:1200-1207.

Schaefer L, Babelova A, Kiss E, Hausser HJ, Baliova M, Krzy-
zankova M, Marsche G, Young MF, Mihalik D, Gotte M, et al.
2005. The matrix component biglycan is proinflammatory and
signals through Toll-like receptors 4 and 2 in macrophages. J
Clin Invest. 115:2223-2233.

Schaefer L, Grone HJ, Raslik I, Robenek H, Ugorcakova J, Budny
S, Schaefer RM, Kresse H. 2000. Small proteoglycans of
normal adult human kidney: distinct expression patterns of
decorin, biglycan, fibromodulin, and lumican. Kidney Int.
58:1557-1568.

Schaefer L, Hausser H, Altenburger M, Ugorcakova J, August C,
Fisher LW, Schaefer RM, Kresse H. 1998. Decorin, biglycan
and their endocytosis receptor in rat renal cortex. Kidney Int.
54:1529-1541.

Schaefer L, Macakova K, Raslik I, Micegova M, Grone HJ,
Schonherr E, Robenek H, Echtermeyer FG, Grassel S, Bruck-
ner P, et al. 2002. Absence of decorin adversely influences
tubulointerstitial fibrosis of the obstructed kidney by enhanced
apoptosis and increased inflammatory reaction. Am J Pathol.
160:1181-1191.

Schaefer L, Raslik I, Grone HJ, Schonherr E, Macakova K, Ugor-
cakova J, Budny S, Schaefer RM, Kresse H. 2001. Small
proteoglycans in human diabetic nephropathy: discrepancy
between glomerular expression and protein accumulation
of decorin, biglycan, lumican, and fibromodulin. FASEB J.
15:559-561.

Schaefer L, lozzo RV. 2008. Biological functions of the small
leucine-rich proteoglycans: from genetics to signal transduc-
tion. J Biol Chem. 283:21305-21309.

Schaefer L, lozzo RV. 2012. Small leucine-rich proteoglycans, at
the crossroad of cancer growth and inflammation. Curr Opin
Genet Dev. 22:56-57.

Schaefer L, Schaefer RM. 2010. Proteoglycans: from structural com-
pounds to signaling molecules. Cell Tissue Res. 339:237-246.

Schonherr E, Witsch-Prehm P, Harrach B, Robenek H, Rauterberg
J, Kresse H. 1995. Interaction of biglycan with type I collagen.
J Biol Chem. 270:2776-2783.

Scott IC, Imamura Y, Pappano WN, Troedel JM, Recklies AD,
Roughley PJ, Greenspan DS. 2000. Bone morphogenetic pro-
tein-1 processes probiglycan. J Biol Chem. 275:30504-30511.

Sjoberg AP, Manderson GA, Morgelin M, Day AJ, Heinegard D,
Blom AM. 2009. Short leucine-rich glycoproteins of the extra-
cellular matrix display diverse patterns of complement inter-
action and activation. Mol Immunol. 46:830-839.

Skalen K, Gustafsson M, Rydberg EK, Hulten LM, Wiklund O,
Innerarity TL, Boren J. 2002. Subendothelial retention of athero-
genic lipoproteins in early atherosclerosis. Nature. 417:750-754.

Sokolove J, Bromberg R, Deane KD, Lahey LJ, Derber LA, Chan-
dra PE, Edison JD, Gilliland WR, Tibshirani RJ, Norris JM,
et al. 2012. Autoantibody epitope spreading in the pre-clinical
phase predicts progression to rheumatoid arthritis. PLoS One.
7:€35296.

Termeer C, Benedix F, Sleeman J, Fieber C, Voith U, Ahrens T,
Miyake K, Freudenberg M, Galanos C, Simon JC. 2002. Oli-
gosaccharides of hyaluronan activate dendritic cells via toll-
like receptor 4. J Exp Med. 195:99-111.

Theocharis AD, Skandalis SS, Tzanakakis GN, Karamanos NK.
2010. Proteoglycans in health and disease: novel roles for pro-
teoglycans in malignancy and their pharmacological targeting.
FEBS J. 277:3904-3923.

Thompson J, Wilson P, Brandewie K, Taneja D, Schaefer L,
Mitchell B, Tannock LR. 2011. Renal accumulation of bigly-
can and lipid retention accelerates diabetic nephropathy. Am J
Pathol. 179:1179-1187.

Tschopp J, Schroder K. 2010. NLRP3 inflammasome activation:
the convergence of multiple signalling pathways on ROS pro-
duction? Nat Rev Immunol. 10:210-215.

Tufvesson E, Westergren-Thorsson G. 2002. Tumour necrosis
factor-alpha interacts with biglycan and decorin. FEBS Lett.
530:124-128.

Ungefroren H, Gellersen B, Krull NB, Kalthoff H. 1998. Bigly-
can gene expression in the human leiomyosarcoma cell line
SK-UT-1: basal and protein kinase A-induced transcription
involves binding of Sp1-like/Sp3 proteins in the proximal pro-
moter region. J Biol Chem. 273:29230-29240.

Ungefroren H, Krull NB. 1996. Transcriptional regulation of the
human biglycan gene. J Biol Chem. 271:15787-15795.

Venkatesan N, Siddiqui S, Jo T, Martin JG, Ludwig MS. 2012.
Allergen-induced airway remodeling in brown Norway rats:



Biglycan: A Multivalent Proteoglycan

975

structural and metabolic changes in glycosaminoglycans. Am
J Respir Cell Mol Biol. 46:96-105.

Wadhwa S, BiY, Ortiz AT, Embree MC, Kilts T, Iozzo R, Opper-
man LA, Young MF. 2007. Impaired posterior frontal sutural
fusion in the biglycan/decorin double deficient mice. Bone.
40:861-866.

Wadhwa S, Embree M, Ameye L, Young MF. 2005. Mice deficient
in biglycan and fibromodulin as a model for temporomandibu-
lar joint osteoarthritis. Cells Tissues Organs. 181:136—143.

Wadhwa S, Embree MC, Bi Y, Young MF. 2004. Regulation, regu-
latory activities, and function of biglycan. Crit Rev Eukaryot
Gene Expr. 14:301-315.

Wang B, Li GX, Zhang SG, Wang Q, Wen YG, Tang HM, Zhou
CZ, Xing AY, Fan JW, Yan DW, et al. 2011. Biglycan expres-
sion correlates with aggressiveness and poor prognosis of gas-
tric cancer. Exp Biol Med (Maywood). 236:1247-1253.

Wang S, Schmaderer C, Kiss E, Schmidt C, Bonrouhi M, Porub-
sky S, Gretz N, Schaefer L, Kirschning CJ, Popovic ZV, et al.
2010. Recipient Toll-like receptors contribute to chronic graft
dysfunction by both MyD88- and TRIF-dependent signaling.
Dis Model Mech. 3:92-103.

Westergren-Thorsson G, Hernnas J, Sarnstrand B, Oldberg A,
Heinegard D, Malmstrom A. 1993. Altered expression of small
proteoglycans, collagen, and transforming growth factor—beta
1 in developing bleomycin-induced pulmonary fibrosis in rats.
J Clin Invest. 92:632-637.

Westermann D, Mersmann J, Melchior A, Freudenberger T,
Petrik C, Schaefer L, Lullmann-Rauch R, Lettau O, Jacoby

C, Schrader J, et al. 2008. Biglycan is required for adap-
tive remodeling after myocardial infarction. Circulation.
117:1269-1276.

Wu H, Chen G, Wyburn KR, Yin J, Bertolino P, Eris JM, Alex-
ander SI, Sharland AF, Chadban SJ. 2007. TLR4 activation
mediates kidney ischemia/reperfusion injury. J Clin Invest.
117:2847-2859.

Xu T, Bianco P, Fisher LW, Longenecker G, Smith E, Goldstein S,
Bonadio J, Boskey A, Heegaard AM, Sommer B, et al. 1998.
Targeted disruption of the biglycan gene leads to an osteoporosis-
like phenotype in mice. Nat Genet. 20:78-82.

Young MF, Bi Y, Ameye L, Chen XD. 2002. Biglycan knockout
mice: new models for musculoskeletal diseases. Glycoconj J.
19:257-262.

Young MF, Bi Y, Ameye L, Xu T, Wadhwa S, Heegaard A, Kilts T,
Chen XD. 2006. Small leucine-rich proteoglycans in the aging
skeleton. ] Musculoskelet Neuronal Interact. 6:364-365.

Zanotti S, Negri T, Cappelletti C, Bernasconi P, Canioni E, Di
Blasi C, Pegoraro E, Angelini C, Ciscato P, Prelle A, et al.
2005. Decorin and biglycan expression is differentially altered
in several muscular dystrophies. Brain. 128:2546-2555.

Zhang G, Chen S, Goldoni S, Calder BW, Simpson HC, Owens
RT, Mcquillan DJ, Young MF, lozzo RV, Birk DE. 2009.
Genetic evidence for the coordinated regulation of collagen
fibrillogenesis in the cornea by decorin and biglycan. J Biol
Chem. 284:8888-8897.

Zhou L, Lu H. 2010. Targeting fibrosis in Duchenne muscular dys-
trophy. J Neuropathol Exp Neurol. 69:771-776.



