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The small leucine-rich proteoglycan (SLRP) family has signif-
icantly expanded in the past decade to now encompass five dis-
crete classes, grouped by common structural and functional
properties. Some of these gene products are not classical proteo-
glycans, whereas others have new and unique features. In addi-
tion to being structural proteins, SLRPs constitute a network of
signal regulation: being mostly extracellular, they are upstream
of multiple signaling cascades. They affect intracellular phos-
phorylation, a major conduit of information for cellular
responses, and modulate distinct pathways, including those
driven by bone morphogenetic protein/transforming growth
factor 3 superfamily members, receptor tyrosine kinases such as
ErbB family members and the insulin-like growth factor I recep-
tor, and Toll-like receptors. The wealth of mechanistic insights
into the molecular and cellular functions of SLRPs has revealed
both the sophistication of this family of regulatory proteins and
the challenges that remain in uncovering the totality of their
functions. This review is focused on novel biological functions of
SLRPs with special emphasis on their protein cores, newly
described genetic diseases, and signaling events in which SLRPs
play key functions.

General Structural Features and New Small Leucine-rich
Proteoglycan Families

The SLRP? gene family (1-3) has expanded in the past decade
to encompass 17 genes. Although some of these gene products
are not true proteoglycans, classically defined as harboring at
least one glycosaminoglycan side chain, we have listed those as
members of the SLRP family based primarily on functional
commonality. We now classify the SLRPs into five distinct fam-
ilies based on several parameters, including conservation and
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homology at the protein and genomic levels, the presence of
characteristic N-terminal Cys-rich clusters with defined spac-
ing, and chromosomal organization (Fig. 1). The first three
canonical classes of SLRPs have been amply covered previously
(1-7).

In addition to the well described LRRs (1), typical SLRP fea-
tures include the presence of N-terminal Cys clusters, usually
four cysteine residues with finite intervening amino acid
sequences that define the various classes. Another typical fea-
ture of SLRPs is the presence of the recently described “ear
repeat” (5). In the case of decorin, LRR , contains one of the two
C-terminal Cys residues that form a disulfide bond with the
other Cys in LRR,,. Classes I-III and ECM2 contain the ear
repeat, whereas the other two classes do not. On this basis, it
has been proposed that the ear repeat is the hallmark of the true
SLRP family (5). Although this might be true on a structural
basis, it is apparently different on a functional level. For
instance, tsukushi (class IV) is a potent modulator of BMP (8), a
role shared by biglycan (class I) (9, 10). Podocan (class V) binds
collagen I and inhibits cell growth (11), two biological activities
shared by class I-III SLRPs.

Class I—In this class, we include decorin, biglycan, and
asporin. The N termini have a typical cluster of Cys residues
that form two disulfide bonds (Fig. 1). Although decorin and
biglycan can be substituted with either one or two chondroitin/
dermatan sulfate side chains, asporin lacks the typical Ser-Gly
dipeptide and flanking amino acids required for glycanation.
Thus, asporin is likely not a classical proteoglycan. However,
asporin contains a stretch of Asp residues, an acidic domain
also found in class II (osteoadherin), class III (epiphycan), and
class V (podocan) members, located in either the N- or C-ter-
minal region. All class I SLRPs have a similar exonic organiza-
tion (eight exons), with highly conserved intron/exon junc-
tions. We have tentatively included ECM2 in this class.
Although ECM2 is much larger and structurally different from
conventional SLRPs, its LRRs are 35% identical to the corre-
sponding domains of decorin, and the ECM2 gene is physically
linked to asporin on chromosome 9.

Class II—This class can be subdivided into three subgroups
based on protein homology (Fig. 1). Notably, class II SLRPs
contain clusters of Tyr sulfate residues at their N termini that
could contribute to the polyanionic nature of SLRPs. Class II
members contain primarily keratan sulfate and polylac-
tosamine, an unsulfated form of keratan sulfate, and their
respective genes have a similar exonic organization (three
exons), with a large central exon encoding most of LRRs.

Class III—This class contains three members characterized
by a relatively low number of LRRs (seven LRRs) and a genomic
organization comprising seven exons. Again, albeit most of
these SLRPs have a consensus sequence for glycanation, some
of them exist as glycoproteins in tissues.

Class IV—We propose a new non-canonical class of SLRPs,
class IV, composed of related chondroadherin and nyctalopin
(12, 13) and of a new member called tsukushi because its
expression pattern is similar to the shape of the Japanese horse-
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FIGURE 1. Phylogenetic analysis and chromosomal organization of various human SLRP classes. The
color-coded dendrogram (left) shows the presence of five distinct families of SLRP and related LRR proteins. The
consensus for the N-terminal Cys-rich cluster is also shown. The chromosomal arrangement of the various SLRP
genes is shown in a telomeric orientation (right). Transcriptional direction is shown by the arrows above the
color-coded boxes. The horizontal distance between genes is not to scale. This figure was modified after Henry
etal. (7). Sequences were retrieved from Swiss-Prot and inserted into Jalview 2.3, and the rooted dendrogram
was generated with the ClustalW2 algorithm and plotted with Biology Workbench 3.2 DRAWGRAM.

tail plant tsukushi (8). Nyctalopin is very interesting, being the
first described glycosylphosphatidylinositol-anchored member
(see below) and the second linked to the X chromosome. Both
tsukushi and nyctalopin have 11 homologous LRRs flanked by
an N-terminal Cys-rich region. Tsukushi shares functional
properties with class I SLRPs (9, 10) insofar as it is a BMP inhib-
itor that forms a ternary complex with BMP and chordin (8, 14).

Class V—This is a new non-canonical class of SLRPs and
contains two genes, podocan located on chromosome 1 (15)
and a highly homologous podocan-like protein 1 (NCBI acces-
sion number 079101) located on chromosome 19. Podocan was
originally cloned from a library derived from human immuno-
deficiency virus transgenic podocytes and hence its eponym
(15). Although these proteins have a different C-terminal Cys-
rich cluster, they have 20 LRRs with homology to class I and II
molecules. Moreover, podocan binds collagen I and inhibits cell
growth via induction of p21 (11), both functional properties
shared by other SLRP members.

Chromosomal Clusters—Chromosomal clustering of SLRP
genes suggests that they arose by duplication of chromosomal
segments. For instance, chromosomes 9 and 12 contain four
SLRP genes, with class I genes being centromeric to class II and
III genes (Fig. 1). Likewise class III members always lie telo-
meric to class Il members. Classes IV and V appear not to clus-
ter with other SLRPs with the exception of podocan and nycta-
lopin, which are on chromosomes 1 and X, respectively, where
other SLRP members are situated. The significance of the SLRP
clusters is unclear. Because several of the SLRP genes have been
retained in the clusters during evolution, it is likely that a degree
of functional redundancy has also been maintained (7).

Dimerization: Dimer-Monomer Transition—Some SLRPs
have been shown to dimerize with high affinity (5, 16).
Although this may be true in vitro, in vivo they likely function as
monomers (17). The sequence in decorin that binds collagen I is
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/  boring the first five LRRs bind and
activate the IGF-IR (20): both
mutants likely will not be able to
form dimers. Thus, it is difficult to
envisage the binding and blocking of
TGEB or BMP by dimeric decorin or
biglycan. A plausible scenario is that
SLRPs undergo a dimer-monomer
transition that would expose key sites involved in specific bind-
ings. Thus, their functional activity in vivo would be regulated
by the intrinsic affinity of each SLRP for its cognate receptor.
We favor this possibility insofar as it would contribute to spe-
cialization and functional differentiation (5).

Diseases Genetically Linked to SLRP Mutations

In the past decade, several SLRP-linked genetic diseases have
been reported, and curiously, all the inherited disorders cause
ocular abnormalities (Table 1). Truncated forms of decorin
lacking the C-terminal 33 amino acids comprising the ear
repeat cause congenital stromal dystrophy, an autosomal dom-
inant disorder characterized by opacities in the corneal stroma
(21). Interestingly, heterozygotes containing both a normal and
a truncated decorin have corneal clouding. Thus, the truncated
form of decorin may act in a dominant-negative fashion by
altering the orthogonal arrangement of corneal collagen fibrils
required for transparency. Regulation of collagen fibrillogen-
esis is an important function shared by several SLRPs, and null
mutations of lumican and fibromodulin also lead to abnormal
collagen architecture (22, 23). However, a critical concept is the
compensation of one SLRP function over another. For example,
in the absence of fibromodulin, lumican accumulates (22),
whereas in the absence of biglycan, decorin is up-regulated in
repairing muscle, diseased kidney, and bone cells (24). Consid-
ering tissue context, the same SLRP could have distinct roles in
different organs or even species.

High myopia is caused by loss-of-function mutations involv-
ing several SLRPs, including lumican, fibromodulin, PRELP,
and opticin (25, 26). Notably, gene targeting studies on lumi-
can-null (27) and lumican-fibromodulin-double-null mice (28)
have shown analogous ocular abnormalities that can be par-
tially rescued by re-expression of lumican in the cornea (29).
Missense and frameshift mutations generating a C-terminal
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TABLE 1
Human ocular diseases linked to mutations in SLRP-encoding genes
SNPs, single-nucleotide polymorphisms.
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Gene Mutation Inheritance Chromosome Phenotype

Decorin Frameshift mutation generating a Autosomal dominant 12 Congenital stromal dystrophy of the
C-terminally truncated decorin cornea: corneal opacities caused by
protein core deposition of white fluffy material in the

corneal stroma (21)
Lumican, fibromodulin, Intronic variations, non- Autosomal dominant land 12 High myopia: a common cause of
PRELP, and opticin synonymous and synonymous blindness secondary to corneal
changes, SNPs in promoter detachment and choroidal
neovascularization (25, 26)

Keratocan Missense and frameshift Autosomal recessive 12 Cornea plana (CNA2): corneal radius of
mutations generating a single curvature larger than normal, producing
amino acid substitution or a C- high hypermetropia with astigmatism and
terminally truncated keratocan poor acuity (30)

Nyctalopin Intragenic deletions, missense X-linked X Congenital stationary night blindness with

mutations, nonsense mutations,
and in-frame insertions

associated myopia, hyperopia, nystagmus,
and reduced visual acuity (12, 13)

truncated keratocan cause cornea plana (30), an autosomal
recessive disease in which the corneal radius of curvature is
larger than normal, producing high hypermetropia with astig-
matism and poor acuity.

A number of mutations in the nyctalopin gene cause
X-linked congenital stationary night blindness, a group of sta-
ble retinal disorders that are characterized by abnormal noctur-
nal vision (12, 13). Often these disorders are associated with
myopia, hyperopia, nystagmus, and reduced visual acuity. The
proposed pathogenetic mechanism of action is that the disrup-
tion of the glycosylphosphatidylinositol-anchored nyctalopin
causes a concurrent alteration of developing retinal intercon-
nections involving the ON bipolar cells, leading to loss of noc-
turnal vision.

Gene targeting in mice has revealed widespread involvement
of SLRP genes in various pathogenetic mechanisms causing
skin fragility, osteoporosis, and cardiovascular disease (31-33).
Decorin deficiency (34) enhances renal fibrosis (35) and pro-
gressive nephropathy in diabetic mice with increased mesangial
matrix accumulation and fibrin deposits (36), partly regulated
by the ability of decorin to bind fibrinogen and sterically mod-
ulate fibrin assembly (37).

Multiple Signaling Pathways Evoked by SLRPs

Receptor Tyrosine Kinase: EGFR and IGF-IR—SLRPs are
involved in the initial triggering of multiple cellular responses.
In tumor cells, there is a host of evidence that decorin LRR,
binds to the EGFR and ErbB4 and leads to activation of the
MAPK pathway, Ca®" influx, induction of the cyclin-depend-
ent kinase inhibitor p21, and subsequently down-regulation of
the receptor (19, 38 —43). The decorin-bound EGFR is internal-
ized via caveolin-mediated pathways (43) and reaches caveo-
somes and then lysosomes, where the receptor is degraded (Fig.
2). These studies have implications for the potential protein-
based therapy for solid tumors: local or systemic delivery of
decorin can retard the growth of primary as well as metastatic
carcinomas and reduces EGFR levels (44 —46).

In normal cells such as endothelial and renal cells, decorin
affects different pathways (20, 35, 47, 48). The N-terminal
region of decorin protein core binds the IGF-IR, resulting in its
phosphorylation and activation, followed by receptor down-
regulation (20, 48). Decorin-mediated regulation of IGF-IR sig-
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naling leads to enhanced phosphorylation of protein kinase B
(Akt) with subsequent induction of p21 by a MAPK-independ-
ent pathway, resulting in the inhibition of apoptosis in endothe-
lial cells (47). Thus, decorin stimulates the IGF-IR without
inhibiting signaling, as has been shown for its interaction with
receptors of the ErbB family. The affinities of decorin and IGF-I
for the receptor under similar binding conditions in epithelial
cells and renal fibroblasts differ only by 10-20-fold (20, 48).
Therefore, when decorin is abundantly expressed or when the
amount of IGF available for binding to the IGF-IR is limited by
the IGF-binding proteins, decorin may effectively compete with
IGF-I for binding to the IGF-IR and preempt IGF signaling. In
addition to p21, the related cyclin-dependent kinase inhibitor
p27 is also induced, although through an Akt- and MAPK-in-
dependent mechanism (47). After unilateral ureteral obstruc-
tion, decorin-null mice reveal enhanced apoptosis of tubular
epithelial cells, resulting in accelerated renal fibrosis (35). Nota-
bly, the IGF-IR is up-regulated, presumably to compensate for
the lack of decorin, suggesting that in vivo decorin and the
IGF-IR may functionally cooperate. Furthermore, interaction
of decorin with the IGF-IR/mTOR/p70 S6 kinase signaling
pathway leads to enhanced translation of fibrillin-1 (Fig. 2) and
its deposition in the extracellular environment (48, 50). Thus,
decorin acts in normal cells as a signaling molecule through the
canonical IGF signaling cascade and directly regulates cell
death and synthesis of other matrix constituents, potentially
influencing the pathophysiology of several diseases.

Toll-like Receptors—A striking concurrence of biglycan over-
expression and enhanced numbers of infiltrating cells has been
observed in animal models of renal inflammation (35), suggest-
ing the involvement of biglycan in regulation of the inflamma-
tory response reaction. In fact, biglycan acts as an endogenous
ligand of the innate immunity receptors TLR4 and TLR2 in
macrophages. Because of a MyD88-dependent induction of
extracellular signal-regulated kinase (Erk), p38, and NF-«B,
biglycan stimulates expression of the inflammatory mediators
TNFa and MIP2 (Fig. 2), the murine interleukin-8 analog (51).
Activation of both TLRs requires intact and soluble biglycan,
suggesting that both the protein core and glycosaminoglycan
side chains are required and that proteolytic release from the
extracellular matrix is necessary to initiate the pro-inflamma-
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FIGURE 2. Multiple signaling pathways evoked by SLRPs. Several distinct pathways are affected by various
SLRPs as indicated. The diagram is obviously incomplete insofar as it does not include cross-talks among the
various signal transduction pathways. For additional information, see text. PI3K, phosphatidylinositol 3-kinase;

has been shown to bind BMP4 and
accelerate the inhibitory effects of
chordin and Tsg (Twisted gastrula-
tion) on BMP4 activity by increasing
the binding of BMP4 to chordin and
improving the efficiency of chordin-
Tsg complexes to inactivate BMP4.
The biological relevance of these
biochemical findings was further
confirmed in Xenopus embryos,
where microinjection of biglycan
mRNA inhibited BMP4 activity and
influenced embryonic development
in a chordin-dependent manner
(10). In the absence of biglycan and
fibromodulin, tendon progenitor
cells are more sensitive to BMP2
(57), known to inhibit tendon for-
mation during development. Thus,
biglycan might play a crucial role in

PKB, protein kinase B.

tory function of biglycan. Notably, activated macrophages syn-
thesize and secrete biglycan. Such mechanisms likely play a role
in vivo insofar as in TLR4- and TLR2-dependent models of
sepsis, biglycan-null mice do survive for longer periods of time
due to lower circulating TNFa and less pulmonary mononu-
clear cell infiltration (51). The fact that biglycan-induced sig-
naling in macrophages is mediated by two receptors important
in the recognition of both Gram-negative and Gram-positive
pathogens emphasizes the biological relevance of this proteo-
glycan within the innate immune system as a TLR ligand anal-
ogous to the PAMPs. Notably, lumican has also been shown to
interact with the TLR4 pathway by presenting lipopolysaccha-
ride to CD14, a cell-surface lipopolysaccharide-binding protein
required for TLR4 activation (52). Thus, akin to gene products
involved in pathogen recognition, SLRPs may either react as
PAMP analogs or present PAMPs to the receptor complex,
thereby influencing TLR signaling.

BMP/TGFpB Receptors—Many members of the SLRP gene
family are able to bind to and modulate BMP/TGEFf3 pathways.
Decorin, biglycan, and asporin (class I) and fibromodulin (class
II) bind to TGFB (53). Moreover, decorin modulates the TGFS
pathway through interaction with LRP1 (54) and regulates
matrix organization and mechanical characteristics of three-
dimensional collagen matrices (55) and skeletal muscle differ-
entiation (56). The lessons from biglycan-deficient mice, which
develop age-dependent osteopenia (24) due to a decreased abil-
ity to make new bone because of a reduced response of bone
marrow stromal cells to TGF (9), presaged the functional rela-
tionship between biglycan and BMPs in controlling skeletal cell
differentiation. In fact, osteoblasts lacking biglycan displayed a
defect in differentiation due to reduced BMP4 binding, fol-
lowed by lower BMP4 sensitivity, resulting in less BMP4 signal
transduction and decreased expression of core binding factor
a1, an essential transcription factor for osteoblast differentia-
tion (9). However, in studies addressing the regulation of BMP4
signaling pathways during embryonic development, biglycan

21308 JOURNAL OF BIOLOGICAL CHEMISTRY

the network of secreted proteins

regulating BMP signaling. The
effects of biglycan on BMP signaling, observed in bone and
tendon of biglycan-null mice, could indicate a tissue-specific
function of biglycan potentially influenced by different players
in BMP signaling, e.g. competitive binding of BMP2 and BMP4
to biglycan (10) and other SLRPs (9). In this context, tsukushi,
which functions as a BMP4 antagonist by binding to both BMP
and chordin (14), might be of particular relevance (Fig. 2).
Tsukushi regulates BMP4 transcription indirectly via binding
to X-delta-1 and by modulating Notch signaling, thereby con-
trolling ectodermal patterning and neural crest specification
(58). Two tsukushi isoforms modulate VG1 signaling, a crucial
pathway in the development of the chick embryo (14). Recently,
fibroblast growth factor and Xnr2 (Xenopus nodal-related pro-
tein-2) were added to the complex extracellular network of
tsukushi-regulated signaling (49).

Conclusions

The signaling network of SLRPs provides an additional layer
of control during tissue morphogenesis, cancer growth, and
native immunity, among other functions. Abundance of certain
SLRPs at sites of remodeling may switch one pathway, whereas
their absence is permissive for other pathways. Future research
should focus on translating some of this information generated in
the past decade into the clinics by, for instance, utilizing protein-
based therapy for fibrosis, cancer, and inflammatory disorders.
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