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Proteoglycans in Normal and Healing Skin
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Significance: Proteoglycans have a distinct spatial localization in normal skin
and are essential for the correct structural development, organization, hy-
dration, and functional properties of this tissue. The extracellular matrix
(ECM) is no longer considered to be just an inert supportive material but is a
source of directive, spatial and temporal, contextual information to the cells
via components such as the proteoglycans. There is a pressing need to improve
our understanding of how these important molecules functionally interact
with other matrix structures, cells and cellular mediators in normal skin and
during wound healing.

Recent Advances: New antibodies to glycosaminoglycan side chain compo-
nents of skin proteoglycans have facilitated the elucidation of detailed locali-
zation patterns within skin. Other studies have revealed important
proliferative activities of proteinase-generated fragments of proteoglycans and
other ECM components (matricryptins). Knockout mice have further estab-
lished the functional importance of skin proteoglycans in the assembly and
homeostasis of the normal skin ECM.

Critical Issues: Our comprehension of the molecular and structural complexity
of skin as a complex, dynamic, constantly renewing, layered connective tissue
is incomplete. The impact of changes in proteoglycans on skin pathology and
the wound healing process is recognized as an important area of pathobiology
and is an area of intense investigation.

Future Directions: Advanced technology is allowing the development of new
artificial skins. Recent knowledge on skin proteoglycans can be used to in-
corporate these molecules into useful adjunct therapies for wound healing and
for maintenance of optimal tissue homeostasis in aging skin.
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INTRODUCTION
Scope and significance
THE SCOPE OF THIS REVIEW is to de-

Translational relevance. Pro-
teoglycans support the hydration of
the extracellular matrix (ECM) of

Abbreviations

and Acronyms

ADAMTS =a disintegrin and me-
talloproteinase with
thrombospondin motifs

ALK =activin receptor-like kinase
BGN =biglycan
BMP =hbone morphogenetic protein

(continued)

tail the complexity and localization of
proteoglycans in skin. These struc-
turally diverse molecules are now
recognized as important in the de-
velopment, function, metabolism,
damage (whether by aging, ultravio-
let [UV] irradiation, or injury), and
healing of this tissue.

normal skin, providing resilience,
viscoelasticity, and a cushioned
environment conducive to cellular
function and development. Pro-
teoglycans also act in supportive
scaffolding roles as struts and con-
nectors, which aid in the proper
alignment of fibrous and elastic
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components in skin. Many proteogly-
cans have the ability to sequester and
control the bioavailability of growth
factors in the ECM surrounding cells.
These growth factors stimulate cell
populations in skin that orchestrate
the normal turnover and repair.

Clinical relevance. There is a
critical need to recapitulate the nor-
mal intricately organized ECM of
healthy young skin after injury.
Armed with a greater knowledge of
normal skin composition, structural
organization, and the functional
properties of its constituent proteo-
glycans, we will better understand
deviations in these components that
occur in aged and damaged skin,
where healing may be slower, in-
complete, and/or aberrant (fibrosis/
scarring). This will lead to new
treatments aimed at altering the
content of certain proteoglycan com-
ponents of the skin ECM to enhance
repair and, ultimately, scarless
wound healing.

Proteoglycans

Proteoglycans are glycosylated
molecules where one or more spe-
cific glycosaminoglycan (GAG) and/
or O- and N-linked oligosaccharides
are attached to a core protein. The
GAGs are usually sulfated; chon-
droitin sulfate/dermatan sulfate
(CS/DS), keratan sulfate (KS), and
heparan sulfate (HS)/heparin are
the most common.! GAG chain
length, degree, and position of sul-
fation and degree of epimerization
greatly vary, (1) between different
proteoglycans, (2) on the same pro-
teoglycan at different sites, and (3)
between the same proteoglycans in
different tissues. These variations
in GAG attachments are of both
functional and developmental sig-
nificance. Chondroitin 4-O-sulfation
is required for proper CS localiza-
tion and modulation of signaling
pathways in tissue morphogenesis
and emerging biological roles in

mammalian development.>® De-
tailed structural analyses on HS
and heparin indicate these mole-
cules are important in information
storage and transfer.*

The complexity of these sugar-
protein structures suggests new
facets to an old paradigm in develop-
mental biology, with the emergence of
the sugar code and realization that
dynamic changes in HS produce a
characteristic (nonrandom) hepar-
anome for cells.! GAGs can interact
with many bioactive binding partners
to trigger cell signaling, proliferation,
ECM production, and differentiation,
underscoring their importance in de-
velopmental processes.” Proteogly-
cans can be classified on the basis of
the type of GAG chain they possess
and by their tissue location, with a
clear distinction between those that
reside in the ECM and those that are
cell-associated. ECM proteoglycans
are usually substituted with CS, DS,
and/or KS; cell-associated proteogly-
cans are more commonly substituted
with HS. Most work conducted on
growth factor/morphogen interactivity
with GAGs has centered on HS and
DS.2 Heparin is a component of the
intracellular proteoglycan of mast
cells; serglycin® and similar proteo-
glycans are synthesized by monocytes/
macrophages, T-lymphocytes, and en-
dothelial cells. Often these molecules
contain oversulfated chondroitins in
addition to HS.

Skin composition

As the largest organ in the body,
skin is also one of the most dynamic
and complex of organs, with a con-
stant renewal of both ECM and cells
throughout life. The varied popula-
tion of resident cell types throughout
the well-defined layers of skin (epi-
dermis and dermis), include epithe-
lial, fibroblasts, keratinocytes,
vascular endothelial, lymphatic en-
dothelial, melanocytes, and nerve
cells, each of which are capable
of producing a unique set of ECM
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CD =cytoplasmic domain
CS=chondroitin sulfate

CSPG = chondroitin sulfate
proteoglycan

DCN=decorin
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ECM = extracellular matrix
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proteoglycans. The main cell types of the epidermis
and the dermis are the keratinocyte and the fibro-
blast respectively. The cellular complexity of skin
is further increased during healing responses with
cells including mast cells, monocytes/macrophages,
polymorphonuclear leucocytes, and cytotoxic
T-lymphocytes migrating into the tissue as a
response to infection.

The macrostructure of normal skin heavily
depends on the three-dimensional (3D) organi-
zation of the constituent collagen fibers. The most
prevalent ECM structural component in skin is
collagen type I, shown localized to the dermis in
fetal tissue in Figure 1A-E. Normal healthy
collagenous matrix alignment requires certain
proteoglycans for both initial formation and
maintenance. The proteoglycan composition and
structural complexity of skin ECM layers will
thus be a product of the metabolism (both syn-
thesis and turnover) of the tissue’s current and
previous cell populations.

Proteoglycans are also localized in other struc-
tures within skin. Hair follicles consist of a hair
shaft sprouting from differentiated keratinocytes
within an inner and outer root sheath located in the
epidermis and a dermal papilla and connective
tissue sheath below, in the dermis. Each of these
separately developed tissues is rich in a variety of
different ECM proteoglycans.”

EXTRACELLULAR PROTEOGLYCANS

Most of the proteoglycans expressed in tissue
ECM through the body are also present in
skin (Table 1; Fig. 1F, G). These include large,
aggregating, space-filling, water-retaining pro-
teoglycans, particularly versican, and the small
leucine-rich repeat proteoglycans (SLRPs) decorin,
biglycan, lumican, keratocan, and fibromodulin.
HS-containing proteoglycans, such as perlecan and
the syndecans (SDCs), have also been localized to
specific sites in hair follicles and to the dermis
during the growth phase.

Versican

Versican is so named from its multiple protein-
binding motifs and its versatility of function. The
versican gene, originally cloned from fibroblasts,
encodes a chondroitin sulfate proteoglycan
(CSPG),® which is structurally related to the other
large space-filling proteoglycan, aggrecan, pos-
sessing terminal domains analogous to the ag-
grecan G1 and G3 regions (Fig. 2). Versican does
not contain an interglobular domain (IGD) or G2
region like aggrecan and its central GAG-attach-
ment regions (GAGo and GAG/f) also differ in

amino acid sequence and GAG attachments. The
human versican gene (VCAN) is composed of 15
exons, with alternative splicing occurring in exons
encoding the GAG-attachment region.” This gen-
erates four VCAN mRNAs. The presence of both
the GAGa and GAG/p regions gives rise to the VO
form of versican, the presence of only the GAGp
region gives rise to the V1 form, the presence of
only the GAGu region gives rise to the V2 form,
and the absence of both the GAGa and GAG/ re-
gions gives rise to the V3 form. We can detect both
the GAGo and GAGp regions in young healthy
mouse skin (Fig. 3), which agrees with the pres-
ence of VO and V1 isoforms; a recent study was
unable to detect V2 and V3 in adult human skin.°
The V1 isoform of versican is the most common
form found in the ECM of many tissues and can
be cleaved by aggrecanases (a disintegrin and
metalloproteinase with thrombospondin motifs
[ADAMTS]-1, -4, -5, and -9)'! and matrix me-
talloproteinases (MMPs).?

Versican does not have a KS attachment region
on the core protein and, compared to aggrecan,
contains significantly fewer CS chains that are more
sparsely distributed along a 400-kDa core protein.
Like aggrecan, the G1 region of versican is a func-
tional hyaluronan (HA)-binding region. Versican,
together with HA, a variable molecular weight
nonsulfated linear GAG, forms macro-aggregates
that are important for skin hydration and visco-
elasticity.'® Highly hydrated versican-HA aggre-
gates yield looser matrices than aggrecan-HA
aggregates and are hence more conducive to cellular
migration, an important property for wound heal-
ing. Versican is a major component of blood vessels
in skin and associated with elastic networks through
G3-mediated interactions with fibulin-1,"* a com-
ponent of elastic microfibrils. As with aggrecan, the
lectin domain within the G3 region of versican also
has the ability to interact with tenascins and ma-
trilin-1 and -3, enabling stabilization of extended
collagen-HA-versican networks within tissues.'
These networks are presumed to be important for
sensing of the mechanical microenvironment at the
local level, allowing these mechanosensory pro-
cesses to regulate tissue metabolism.'®

Versican not only acts as a structural entity but
it also influences cellular function through
G3-mediated interactions with epidermal growth
factor (EGF) receptors. Versican can promote mam-
mary tumor and melanoma progression'®'” and is
overexpressed in cutaneous malignant melanoma.'®
Aggrecanase-cleaved fragments of versican regulate
the regression of ECM after apoptosis in embryonic
interdigital webs.™
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Figure 1. Immunolocalization of type | collagen (A-E), periodic acid-Schiff-positive glycosaminoglycans (GAGs) (F, G), and perlecan (H, 1) in vertical
sections of human fetal big toe (14 weeks gestation). The boxed areas in photosegment (A) represent selected areas of the underside and upper-surface of the
big toe presented at higher magnification in (B, E, G) and (C, D, F, H, 1) respectively. The central cartilage rudiments of the most distal toe joint and the nail
bed are labeled for orientation of the specimen. The specimens were fixed in 10% neutral buffered formalin, embedded in paraffin, and then 4 um microtome
sections were adhered to positively charged microscope slides. Type | collagen was immunolocalized using a mouse monoclonal antibody (2 g/mL; Clone I-
8H5 from MP Biomedicals) overnight at 4°C. Primary antibody localization was visualized using a biotinylated-anti-mouse IgG-conjugated secondary antibody
using diaminobenzidene as chromogen with 10 min color development.?'® Type | collagen was prominently immunolocalized in the dermis but not the epidermis
and clearly demarcated these tissues.?'®'” Periodic acid-Schiff-positive staining of the upper (F) and underside of skin (G) visualized GAG localized at the
epidermal-dermal junction and pericellularly in the epidermis.2'®?2° The boxed areas labeled P1 and P2 in (A) represent areas where perlecan im-
munolocalization is also depicted at higher magnification in (H, 1). Monoclonal antibody A7L6 to perlecan domain IV was used for immunolocalization using
NovaRED as chromogen.2'®%'7 Perlecan is a prominent proteoglycan of the epidermis and epidermal-dermal junction and the nail bed but is largely absent from
the keratinized tissue overlying the nail bed in (H). Scale bars T mm in (A), 200 um in (B, C) 50 um in (D, E, H, 1), and 100 um in (F, G). To see this illustration in
color, the reader is referred to the web version of this article at www.liebertpub.com/wound

Aggrecan and specific CS and KS-binding domains (Fig. 2).
Aggrecan is the major proteoglycan in articular Aggrecan is normally a minor constituent of
cartilage and can form extremely large, link pro- skin (Table 1), however it can accumulate in this

tein-stabilized aggregates with HA. It has a core tissue in mice when ADAMTS-5 (aggrecanase)
protein of 250kDa, three IGDs (G1, G2, and G3) activity is ablated.’® This accumulation occurs in
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Table 1. Skin proteoglycans

Proteaglycan Core-protein (kDa) GAG Tissue/cellular location
Extracellular proteoglycans
Versican Vo isoform 373 CS ECM, widespread distribution in epidermis, dermis, basal muscle,
and vasculature and elastic networks in skin®'
Versican V1 isoform 265 CS
Versican V2 isoform 180 CS
Versican V3 isoform 72 GAG absent
Aggrecan CS/KS Absent from normal skin; accumulates in scar tissue
Perlecan 467 HS, varies with cell type®  Ubiquitous cell associated pericellular and ECM component, basement
membrane basal epidermis/dermis*®19223
Decorin 36 CS/DS ECM, collagen fibril associated?!
Biglycan 38 CS/DS ECM and cell associated™’
Fibromodulin 42 KS ECM, collagen fibril associated?!
Lumican 38 KS ECM, collagen fibril associated'’® 177+ 20!
Keratocan 37 KS ECM7®
Cell-associated proteoglycans
GPC-1 56 HS Epidermis, keratinocyte pericellular matrix'”’
SDC-1 33 HS, CS/DS Epidermis/dermis, pericellular component of keratinocytes, fibroblasts also
expressed by capillary endothelial and glandular cells'®’
SDC-2 23 HS
SDC-4 22 HS
NG2/CSPG-4 251 cS Transmembrane®'
Intracellular proteoglycans
Serglycin 10-19 HS,C6S,CS-B, CS-E, DS Intracellular proteoglycan of secretory granules in mast cells, endothelial cells,

Part time proteoglycan co-receptors

CD44 (includes epican) 37-81° CS/DS or HS®
Betaglycan 110 HS/CS
Endoglin 68 dimer HS/CS

neutrophils, cytotoxic T-lymphocytes''®1%2

Transmembrane HA receptor, some variants identified in inflammatory and
autoimmune skin conditions® %3224

Transmembrane, type Ill TGF-f coreceptor
TGF-p co-receptor, modulates TGF-f signaling

225
136,137,226

#Versican exists as four isoforms, however, it is not fully known how their localizations vary in skin.
®0f the perlecans that have been isolated and characterized for specific cell types, endothelial cells produce the archetypal form of perlecan, which only
contains HS substitution; smooth muscle cells produce a hybrid for containing C4S and HS while keratinocytes are unique in the proteoglycan field producing a

form of perlecan containing HS, CS, and KS.
“Variable core protein sizes reflects the 19 variant forms identified.
9HS substitution identified in CD44 variant epiphycan.

°CD44s, CD44v3, CD44v6, and CD44v7 have been identified in the epidermis/dermis of normal skin and in cutaneous lupus erythematosus, dermatomyositis,

scleroderma, and scleromyxedema.

GAG, glycosaminoglycan; GPC, glypican; CS, chondroitin sulfate; DS, dermatan sulfate; ECM, extracellular matrix; HA, hyaluronan; HS, heparan sulfate;
KS, keratan sulfate; NG2, nerve-glial antigen-2; CSPG, chondroitin sulfate proteoglycan; SDC, syndecan; TGF-f3, transforming growth factor-p.

the pericellular matrix of progenitor fibroblasts,
perhaps preventing them from maturing suffi-
ciently to assist in wound healing. Aggrecan gene
(ACAN) expression is also elevated during keloid
scarring (see Proteoglycans in Wound Healing
section). Aggrecan is absent from the dermis of
normal adult skin but can be seen in the con-
nective tissue sheath and under the hair matrix
in follicles.”

Antitumor and antiangiogenic agents based on
the G1 domain of aggrecan and versican have been
developed and are examples of antagonistic ma-
tricryptins. Neovastat (AE-941) has undergone
phase I/II clinical trials in plaque psoriasis;?° Me-
tastatin from cartilage aggrecan®' and a 42-mer
amino acid peptide based on Metastatin’s HA-bind-
ing motif (BH-P)?2 potently inhibit the proliferation
and colony-forming capability of B16 melanoma
cells by activating caspase-3 and -8 pathways to
selectively trigger apoptosis only in these cells.

Perlecan

Perlecan (heparin sulfate proteoglycan 2
[HSPG2]) is a basement membrane proteoglycan
named after its “string of pearls” appearance under
electron microscopy. The perlecan core protein is
large (467kDa) and contains five domains. En-
dothelial cells produce perlecan containing three
HS chains in domain-I, smooth muscle cell, and
chondrocyte; perlecan has some HS chains re-
placed by CS, while keratinocytes produce a form of
perlecan containing KS, CS, and HS.?® Although
perlecan has a ubiquitous pericellular distribution
in fetal and adult skin, it is a particularly promi-
nent component of the human fetal epidermis and
less abundant in fetal dermis (Fig. 1H, I). Based
on the temporal distribution of perlecan in other
tissues (meniscus and cartilage),?*?® we deduce
that the amount of perlecan will be diminished in
adult compared with fetal skin; however, this has
yet to be confirmed.



SKIN PROTEOGLYCANS 157

|

>
by
\
d 1
.'/

— -

- e A
4
\

G1

—_————————— e,

G1 G2 'ks !cst

Figure 2. Structural depiction of the major extracellular matrix proteoglycans of skin versican (A), aggrecan (B), perlecan (C). The disulfide stabilized (green)
globular domains of versican and aggrecan are circled, and domains |-V of perlecan are in bolded capitals. Core proteins are depicted in blue, chondroitin
sulfate (CS) side chains in red, keratan sulfate (KS) in orange, and heparan sulfate (HS) chains in cerise. To see this illustration in color, the reader is referred
to the web version of this article at www.liebertpub.com/wound

%

Scale
100kDa

v

Each of the five core protein domains of perlecan
display homology to growth factors, protein modules
involved in lipid metabolism, cell adhesion, and
matrix assembly/stabilization.?® The HS chains
mediate growth factor and morphogen interactions
that are extremely important during organ devel-
opment. Perlecan interacts with fibroblast growth
factors (FGF)-1, -2, -7, -9, and -18, platelet-derived
growth factor (PDGF), vascular endothelial cell
growth factor (VEGF), hepatocyte growth factor,
bone morphogenetic protein (BMP)-1, -2, -4, and -7,
hedgehog, Wnt, and Activin A to promote cell pro-
liferation, differentiation, and ECM production®’
and with laminin, fibronectin, thrombospondin,
o51, and «2f1 integrin to promote cell attachment
and recruitment in development and tissue re-
modeling. Perlecan also interacts with proline/
arginine-rich and leucine-rich repeat protein

(PRELP), von Willebrand factor A domain-related
protein, types IV, VI, XIII, and XVIII collagen,
fibrillin-1 and -2, nidogen-1 and -2, latent trans-
forming growth factor (TGF) beta-binding protein
(LTBP)-1 and -2, fibulin-2, and tropoelastin to pro-
mote and stabilize ECM assembly.?%?2° Perlecan is
a low affinity FGF co-receptor participating in cell
signaling to drive cell proliferation and ECM pro-
duction.?® Recent studies have also shown perlecan-
HS interactions are important in fibrillin and elas-
tin assembly®®??3! and ECM stabilization when
located on dermal elastic fibers in skin.??

Studies in Hspg2 exon 3 null mice®® reveal the
specific role perlecan-HS chains have in skeletal
development. Healing of skin lesions in these
knockout mice was significantly delayed with im-
paired angiogenesis.?* Little is known of how per-
lecan is processed in skin; this could potentially be
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Figure 3. Localization of versican GAGa (A) and GAGp (B) splice variants
in formalin-fixed paraffin-mounted sections of back skin from 12-week-old
C57BL/6 wild-type mice. The immunolocalizations were undertaken using
rabbit polyclonal antibodies to the GAGo (amino acids 535-598) and GAGS
(amino acids 1,360-1,439) core protein domains of mouse versican?'8%%'
purchased from Chemicon through Invitrogen and visualized with the Dako
Envision rabbit detection system (NovaRED chromogen). An isotype nega-
tive control for versican GAGo is given in (C). The surface (S) and un-
derlying muscle (M) are marked. Arrows indicate the pericellular
localization of versican. Scale bar=100 um. To see this illustration in color,
the reader is referred to the web version of this article at www.liebertpub
.com/wound

through alternative splicing and/or proteolytic
processing. Mast cells contain multiple, truncated
forms of perlecan,®® some of which have known
matrikine functions. Tolloid-like metalloprotei-
nase (BMP-1) cleaves between the LG2 and LG3
domains of domain V, releasing an antiangiogenic
peptide termed endorepellin,>**3® another ma-
tricryptin. Endorepellin interacts with «2f1 in-
tegrin and disrupts endothelial-basement
membrane interactions critical for the stabilization
of tube formation. This forms the basis of its anti-

angiogenic activity, contrasting with native perle-
can, which promotes cellular attachment and
vasculogenesis.?¢~38

Endothelial cell perlecan is also susceptible to
cleavage in domains IV and V on digestion with
MMP-1, -3, and plasmin.?® A recent study exam-
ining the supramolecular organization of the epi-
dermis—dermis basement membrane of normal
skin revealed a composite structure composed of
independent laminin 332 and type IV collagen
networks held together by perlecan aggregates at
strategic points in a spot-welding type manner.*’
Perlecan-deficient keratinocytes assemble a very
thin and poorly organized epidermis due to pre-
mature apoptosis and a failure to lay down a nor-
mal stratified epidermal layer.*! Perlecan
regulates the survival and terminal differentiation
of keratinocytes in the epidermis; thus, deficient
levels are detrimental to the integrity of the base-
ment membrane.*!

The SLRPs

The SLRPs contain multiple leucine-rich repeat
(LRR) motifs*? and are categorized into subfamilies
on the basis of gene organization, LRR number,
GAG type, and structural organization.*® The
SLRPs are important not only as components of
most ECM structures but are also responsible for
development, organization, maintenance, and re-
modeling of the ECM during injury and repair.*3%*
The comparative content of SLRPs in the ECM of
different canine tissues establishes skin (with
cartilage and cornea) as one of the highest locali-
zations for these proteoglycans.*® SLRPs in skin
include decorin, biglycan, lumican, fibromodulin,
keratocan, and nonglycanated proline arginine-
rich protein (PRELP, prolargin) (Fig. 4). The CS/
DS attachment sites in human decorin and bigly-
can are within the extreme amino terminus of their
core.*® Lumican and fibromodulin contain four N-
linked oligosaccharide chains within their central
LRR regions that may be modified to KS. The ma-
ture core proteins of decorin and biglycan have 14
and 21 amino acid pro-regions removed.*® Small N-
terminal signal peptides are also removed from fi-
bromodulin and lumican to form their mature core
proteins. Fibromodulin and lumican also contain
sulfated tyrosine residues clustered at their N-
termini in the mature protein, contributing to their
anionic nature.*”*® Many of the SLRPs interact
with the TGF-f isoforms (TGF-$1, TGF-52, and
TGF-f3), controlling their bioavailability in skin.
SLRPs are therefore important in fibrosis, where
excessive TGF-f activity is evident. All the SLRPs
also interact with collagen VI, XII, and XIV, fibro-
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DCN
BGN
FMOD
LUM
Scale
10kDa KERA
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PRELP

Key:
(B8R Arg cluster Pro cluster Sulphated Tyr cluster

1’ N-linked oligosaccharide b Disulphide stabilised 4- or 2-cysteine
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CS/DS side chain KS side chain Core protein

Figure 4. Structural depiction of members of the small leucine-rich repeat
proteoglycan family that have been identified in skin: decorin (DCN), bi-
glycan (BGN), fibromodulin (FMQD), lumican (LUM), keratocan (KERA), and
prolargin (PRELP). Core proteins are depicted in blue, CS side chains in red,
KS in orange. Amino terminal arginine, proline, and sulfated tyrosine
clusters are also indicated. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/wound

nectin and elastin, EGF, insulin growth factor
(IGF), and tumor necrosis factor (TNF)-a.

Decorin.  Decorin is so-named as it “decorates”
the surface of collagen fibrils. The decorin gene
(DCN) encodes a 36-kDa core protein, containing a
single CS or DS chain.*® Decorin interacts with the
“d” and “e” bands of collagen type I fibrils, fibro-
nectin, Clq, EGF receptor, TGF-f, and thrombos-
pondin.’® Decorin has important regulatory
functions in collagen fibrillogenesis,®’ fibrosis
in vivo, and bioavailability of TGF-$.°° The regions

of decorin that interact with collagen are located
within LRR regions at dissimilar sites to those in-
volved in its interaction with TGF-f. Molecular
modeling shows decorin accommodates a single
collagen molecule within its concave face®®°3; this
surface localization of decorin may protect the col-
lagen molecules from proteolysis by collagenases.?*
The decorin core protein is cleaved by MMPs
in vitro,”>*® by three isoforms of BMP-1°" and by
membrane type-1 matrix metalloproteinase (MT1-
MMP).5® Proteinase-cleaved fragments of decorin,
particularly from LRR regions, can activate EGF
receptor-mediated receptor phosphorylation and
result in anti-proliferative (quiescence) effects.®
Decorin is expressed by cultured dermal kerati-
nocytes and detected in the suprabasal layers of the
epidermis. It modulates the formation of ECM in
skin, where the protein and its mRNA are present
in high concentrations in the reticular but not
papillary dermis.®® Postnatal skin also contains
decorin with shorter GAG chains and catabolic
fragments of decorin.’® DCN knockout mice have
fragile skin and abnormally large and irregularly
shaped collagen fibrils, reminiscent of those ob-
served in Ehlers—Danlos Syndrome.?! DS epimer-
ase 1 (Dse) knockout mice have shorter DS changes
on decorin and consequently larger diameter skin
collagen fibrils.®! Decorin is thus important for the
formation of uniform correctly sized collagen fibrils
during development, healing, and chronic inflam-
mation, although the exact mechanisms of its in-
teractions with collagen molecules are unknown.

Biglycan. The biglycan gene (BGN) encodes a
38-kDa core protein, with two CS/DS chains, al-
though nonglycanated forms of biglycan have also
been detected. Pro-biglycan is cleaved by BMP-14¢
and mature biglycan by MMPs.¢ Biglycan inter-
acts with the lattice-forming type VI collagen,
which form chondron basket-like structures
around cells and interact with BMPs and TGF-f in
the initiation of the inflammatory response during
tissue stress. In skin, biglycan is localized to the
ECM of the epidermis and the basement mem-
branes and connective tissue sheath of the hair
follicle.” Biglycan has emerging roles as a signaling
molecule with an extensive repertoire of molecular
interactions with growth factors and receptors
that regulate cell growth, morphogenesis, and
immunity.**

Fibromodulin. The fibromodulin gene (FMOD)
encodes a 42-kDa core protein, is KS-substituted
and shares significant sequence homology with
decorin and biglycan.®? It contains four N-linked
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oligosaccharide sites within the LRR domains that
can be substituted with KS. Fibromodulin also
contains a number of N-terminal sulfated tyrosine
residues that facilitate interaction with clusters of
basic residues in a variety of bioactive, heparin-
binding proteins.*”*® Nonglycanated forms of fi-
bromodulin and lumican can accumulate in tissues
due to an age-dependant decline in KS synthesis.®?
Fibromodulin interacts with types I and II collagen
fibrils, inhibiting fibrillogenesis in vitro.5* It also
interacts with TGF-f and Clq, thus having roles
in TGF-§ sequestration and bioregulation.***°
FMOD is expressed in human epidermal keratino-
cytes in vitro and in human epidermis in vivo.%® The
fragile skin of FMOD-knockout mice demonstrate
the importance of fibromodulin to collagen assembly
and stability in the ECM of this tissue,®® although
detailed mechanistics are unknown. When bound to
collagen, fibromodulin is susceptible to cleavage by
MMP-13, which removes the N-terminal sulfated
tyrosine cluster. However, soluble fibromodulin is
not susceptible to cleavage by MMP-13, neither is it
degraded by MMP-2, -8, and -9.%”

Lumican. The lumican gene (LUM) encodes a
38-kDa core protein,®® that has four N-linked sites
within the LRR domain that can be substituted
with KS. Lumican interacts with similar partners
as fibromodulin, and has similar roles in collagen
fibril formation. Both SLRPs have homologous se-
quences in the five to seven LRRs that compete for
collagen binding®® and they bind to the same re-
gions of type I collagen fibrils.”® Conversely, de-
spite significant similarities between lumican and
decorin, they have dissimilar binding sites on type I
collagen”™ and independently modulate collagen
fibrillogenesis.” Like other SLRP members, lumi-
can is also susceptible to degradation by MMPs and
it can also be cleaved by MT1-MMP.”® Lumican is
expressed by melanoma cells but not by normal
melanocytes and was thus suggested as a marker of
malignant melanoma.”™

Keratocan. Keratocan is a 60-70-kDa KS sub-
stituted member of the SLRP proteoglycan family
with a widespread distribution in cornea, cartilage,
tendon, sclera, aorta, lung, skeletal muscle, and
skin.” Corneal keratocan has a 37-kDa core protein
that contains three to four KS chains with attach-
ment points in the LRR region; skin keratocan is
less sulfated.” Keratocan shares 35% amino acid
identity with fibromodulin and lumican but only 10—
12% homology with decorin or biglycan. Its expres-
sion is downregulated by FGF-2- and TGF-f1-acti-
vation of JNK signaling pathway in activated

corneal keratocytes during corneal stromal heal-
ing”® so we can speculate it has a similar role in skin.

Proline/arginine-rich and leucine-rich repeat
protein. PRELP (prolargin) is a 55-kDa non-
glycanated SLRP so classified on the basis of its
sequence and general structural organization.”” It
contains N terminal clusters of arginine and pro-
line with anchoring roles in basement mem-
branes.”®”® The N-terminus of PRELP binds to the
heparin and the HS of perlecan and acts as a
basement membrane anchor and/or linking module
to other collagenous networks in skin.®°

CELL-ASSOCIATED PROTEOGLYCANS
Nerve-glial antigen-2/CSPG-4

CSPG-4, also known as high molecular weight
melanoma associated antigen in humans and
nerve-glial antigen-2 (NG2) in rodents, is a trans-
membrane CSPG that is expressed by immature
progenitor cells including oligodendrocyte, chon-
droblasts/osteoblasts, myofibroblasts, smooth
muscle cells, pericytes, interfollicular epidermal,
and hair follicle cells.®>®? CSPG-4 occurs as a
250-kDa glycoprotein, a 450-kDa C4S-proteoglycan,
or as a nonglycanated form (Fig. 5C).%3%* The CS
side chain of CSPG-4 facilitate interactions with
041 integrin and fibronectin, influences its cell
surface distribution, and has roles in the activation
of pro-MMP2 by transmembrane MMPs. This
ability to influence integrin and MMP activation
associates CSPG-4 with the regulation of cellular
migration and invasion in skin and implicates this
proteoglycan as a molecular target in the preven-
tion of melanoma spread.®>*¢ CSPG-4 may parti-
cipate in cell signaling both directly, as a co-
receptor with another receptor tyrosine kinase, or
by association with cytoplasmic kinases such as
focal adhesion kinase or extracellular regulated
kinase (ERK)-1, -2. The core protein of CSPG-4
binds FGF-1 and PDGF and presents these med-
iators to their cognate receptors in situ.®” The
central nonglobular domain of CSPG-4 binds to
collagen V and VI®®*®? and other ECM molecules,
facilitating cellular attachment and ECM stabili-
zation. Binding of CSPG-4 to ECM components also
induces cytoskeletal reorganization conducive to
cell spreading and migration.®®!

In early postnatal mouse skin, NG2 is expressed
in the dermis, outer root sheath of hair follicles,
and basal keratinocytes of the epidermis. 81 In
adult skin, NG2 proteoglycan is most prominently
expressed by stem cells in the hair follicles and
regulated by TGF-. In NG2 knockout mice, the
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epidermis is very thin compared with wild-type The glypican family

mice due to the reduced proliferation of the basal
keratinocytes in the epidermis, providing clues as
to the likely role of this proteoglycan in skin de-
velopment, homeostasis, and its possible role in
melanoma progression.5:84

The glypicans (GPCs) are a family of HS
proteoglycans, which are anchored to the cell-
surface via a covalent linkage to glycosylpho-
sphatidylinositol (GPI) (Fig. 5A). Six GPC family
members that share 17-67% identity have so far



162 SMITH AND MELROSE

been identified. The HS chains on GPC are at-
tached to a C-terminal region near the GPI anchor
point at the cell membrane. These HS chains bind
growth factors and morphogens and modify cell
signaling pathways, cellular proliferation, and
matrix production.'%4"1° GPC-1 has been identi-
fied in skeletal and smooth muscle epidermis and
hair folllicles in rodents but not in the dermis.'*”
Neither GPC-2,'°® a major neural tissue proteo-
glycan, nor GPC-3, -4, or -5'% are expressed in
skin. GPC-1 has been immunolocalized to the
pericellular matrix of keratinocytes in normal
skin and shown to be an intracellular proteo-
glycan of epidermal cells at the edge of chronic
ulcers.?

The syndican family

The SDCs are transmembrane HS-proteogly-
cans that carry three to five HS and CS/DS chains.
They facilitate interactions with a large variety of
ligands, including FGF, VEGF, and TGF-f family
members. They are thus involved in wound heal-
ing, inflammation, cell adhesion, and vascular
biology.??~* All SDCs have an N-terminal signal
peptide, an ectodomain, a membrane-anchoring
hydrophobic transmembrane region, and a
C-terminal cytoplasmic domain (CD) (Fig. 5B). The
SDCs are differentially expressed in skin; SDC-1 is
highly expressed by keratinocytes, fibroblasts, and
epithelial cells.”” SDC-1 mediates cell interactions
with the ECM, cell attachment and migration,
and responses to growth factors. The interaction of
SDC-1 with laminin 322 is essential for keratinocyte
migration®® and is consistent with reduced migra-
tion of keratinocytes in SDCI knockout mice and
enhanced TGF-f signaling.”” Changes in SDC-1 and
SDC-4 expression correlate with the progression of
skin carcinogenesis and the metastatic potential of
melanoma.”®% SDC1 expression is reduced in basal
cell, squamous and metastatic human skin cancers
and has been linked to malignant conversion in skin
carcinogenesis.”® SDC1 expression is elevated in
psoriatic epidermis.'

SDC-2 is also expressed by keratinocytes
and endothelial cells and by dermal fibroblasts
and glandular cells. In normal skin, SDC-2 is
confined to the keratinocytes of the superficial
epidermis where it is an intracellular proteo-
glycan. SDC-2 influences the migratory poten-
tial of melanoma cells'®* and SDC-4 affects the
migration of adult dermal fibroblasts.?? SDC-4
is pericellularly expressed by keratinocytes in
normal skin, weakly by fibroblasts, and ap-
pears in capillaries. SDC-4 has been associated
with leg ulcers.'*?

INTRACELLULAR PROTEOGLYCANS
Serglycin

Serglycin is an intracellular proteoglycan pro-
duced by endothelial cells, mast cells, and lym-
phocytes. Serglycin is so named from the high
proportion of repeating serine and glycine residues
in its core protein. It is localized to the a-secretory
granules of platelets and mast cells, where it binds
and controls the activity of various mediators in-
cluding factor-4 in platelets, serotonin, dopamine,
or histamine in mast cells or proteases like tryptase
and chymase.!1®!!! Serglycin also localizes neu-
trophil elastase to the azurophilic granules of
neutrophils,’'? and granzyme-B in cytotoxic T-
lymphocytes.!*®* Mast cells show significant
heterogeneity depending on tissue location. In ro-
dents, mast cells are classified as mucosal or con-
nective tissue types, with the former primarily
residing in the intestinal mucosa and the latter
residing in skin, peritoneum and elsewhere. The
GAG substitution on serglycin isolated from mast
cell subclasses is quite variable. Serglycin is deco-
rated with CS chains in the secretory granules of
circulating basophils, whereas in resident mast
cells it is decorated with heparin.'’® Endothelial
cell serglycin in blood vessels of dermatomyositic
and discoid lupus erthythamotosus skin are highly
substituted with C6S.''® Mast cell numbers dra-
matically increase in response to infection where
proteases are released from the secretory granules
at specific tissue sites to inactivate invading or-
ganisms. Serglycin has important roles to play in
inflammatory, allergic, and immune reactions in
skin.!16-119 Extracellular release of serglycin may
result in interactions with chemokines produced by
inflammatory cells; therefore, mast cell heparin
may regulate eosinophil recruitment by binding to
the chemokine CCL11 thus protecting it from pro-
teolytic degradation in situ.'*®

CELL-SURFACE CO-RECEPTORS
AND “PART TIME” HS PROTEOGLYCANS

Some cell-surface co-receptors are also termed
“part time” CS—HS proteoglycans, since the pro-
teins do not always have a GAG chain attached,
thus nonglycanated forms of these proteogly-
cans have also been identified. These include en-
doglin, betaglycan, and CD44 variants 3-10, and
8-10. Keratinocytes also produce a variant HS-
substituted CD44 (epican).120-122

Endoglin
Endoglin is a glycoprotein/proteoglycan co-re-
ceptor expressed on endothelial cells, macrophages,
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keratinocytes, and stromal cells in the epidermis/
dermis and bulb region of hair follicles and sweat
glands.'®? Tt is upregulated under inflammatory
conditions and in skin lesions where endothelial cell
proliferation is prevalent. Endoglin is a 68-kDa, di-
meric, type 1 integral membrane protein containing
extracellular, transmembrane, and CDs.!237125
Mouse and porcine endoglin share 71% and 96%
sequence identity respectively with human endoglin
and almost identical transmembrane and
CDs.'?6127 Human, porcine, and mouse endoglin
also display similarities in their extracellular
domains to the type III TGF-f receptor (TSRIII)
betaglycan, but mouse and porcine endoglin do not
contain an Asp-Gly-Arg cell receptor interactive
motif.'?® Endoglin, like betaglycan, is a TGF-f
co-receptor that modulates TGF-§ signaling in
endothelial cells and macrophages.'?®'%° Unlike
betaglycan, which binds all TGF-f isoforms with
high affinity, endoglin binds TGF-f1 and -f3 in the
presence of TSRII but does not bind TGF-$2.128129
Although endoglin is not a signaling receptor, it has
been shown to associate with TGF-f signaling re-
ceptors (TSRII, activin receptor-like kinase [ALK]1
and ALKS5) and to modulate their phosphorylation
status and downstream Smad-dependent and inde-
pendent signaling in endothelial cells.*®°

Endoglin is expressed in normal and psoriatic
skin; its levels are significantly elevated in psori-
atic skin where it appears to have a role in the
extravasation of peripheral blood mononuclear
cells via the endothelium.'®! Endoglin is also sig-
nificantly upregulated on dermal blood vessels in
scleroderma’? and primary malignant melano-
mas.'®® Endoglin controls the expression of ALK1
and ALK5 by endothelial cells and regulates en-
dothelial cells by upregulating TGF-$/ALK1 cell
signaling.’®* Endoglin counteracts TGF-f-medi-
ated suppression of CD4(+) T cell proliferation by
induction of Smad-independent signaling via
ERK.'®® Endoglin has a profibrotic role in sclero-
derma fibroblasts promoting TGF-1/ALK1/Smad1
cell signaling and collagen production,'?® however,
results have been variable with reports of both
positive and negative enhancement of TGF-f ef-
fects in fibrosis.'®” Endoglin is essential for angio-
genesis with its expression upregulated in
inflammation and may have regulatory roles in
transendothelial leucocyte trafficking.'®®

Betaglycan

Betaglycan/TSRIII is a 300-kDa membrane an-
chored cell-surface CS/HS proteoglycan that binds
to several members of the TGF-f superfamily via
its core protein, and FGF-2 via its HS chains. Be-

taglycan presents TGF-f to the type II TGF-f sig-
naling receptor serine threonine kinase to effect
cell signaling.’®® Betaglycan is not directly in-
volved in TGF-f signal transduction, but by bind-
ing all TGF-p isoforms at the cell surface'* with
relatively high affinity, it acts as a positive regu-
lator of TGF-f access to signaling receptors. So-
luble betaglycan can also bind TGF-f in free
solution, which anatagonizes TGF-f signaling
through TSRI/TSRII, since the betaglycan-TGF-f
complex cannot now bind to the membrane-bound
betaglycan TGF-p type III co-receptor.'®® This may
regulate tissue fibrosis through excessive TGF-f
activity. TGF-p is localized to the hair follicle bulb,
the putative stem cell niche, in young skin.'*!

CD44/epican

CD44 (Pgp-1, ECMRIII) has a widespread dis-
tribution, with most cells expressing the CD44s
standard form of 363 amino acids and a predicted
molecular weight of 37kDa. The apparent molec-
ular mass of CD44s protein estimated by gel elec-
trophoresis is ~80kDa. The higher molecular
weight value than predicted from the number of
amino acids encoded for CD44 can be accounted for
by post-translational modifications including N-
and O-linked glycosylation, CS, HS, and sialic acid
substitution. Epican, the largest variant form of
CD44 containing peptides from all variant exons, is
substituted with HS and has a molecular weight in
excess of 200kDa. A schematic of the structural
organization of CD44 is provided in Figure 6. Some
epithelial cells also express a larger isoform
(CD44E)™? with insertion of v8-v10 exons at the
alternative splice site. CD44 is the major HA re-
ceptor in skin,'*® however, in the alternatively
spliced CD44v3, HS is substituted for CS and this
form of CD44 can additionally bind FGF-2 and
EGF. In normal skin, CD44 is expressed by eccrine
(sweat) gland cells,'® where its distribution is
asymmetric, with intense dermal but little luminal
staining. In skin undergoing inflammation or neo-
plastic attack, CD44 expression can be widespread
on keratinocytes and infiltrating lymphocytes. #4145

CD44 mediates cell interaction with HA, cell
aggregation, migration, proliferation, and activa-
tion; cell-cell and cell-substrate adhesion; endo-
cytosis of HA; and assembly of pericellular
matrices, for example, between HA and versican.
The importance of CD44 to skin homeostasis is
immediately apparent in CD44 antisense trans-
genic mice where defective accumulation of HA
accompanies severe disturbances in the basal
keratinocytes, which display aberrations in their
normal mitogen and growth factor-mediated pro-
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Figure 6. Schematic depiction of the structural organization of CD44. The
extracellular region of the core protein is depicted in blue with the amino
terminal disulphide stabilized A, B, and B” loops that form the hyaluronan (HA)-
binding region indicated. Areas of putative CS side chain, N- and O- linked
oligosaccharide substitution are also indicated. The standard CD44s is en-
coded by exons s1-s10 and alternative splicing of CD variants by exons vi1-v10
inserted between s5 and s6. The transmembrane and CDs are also shown and
cytoskeletal interactive proteins that have roles in cell signaling. Modified from
Goodison et al." with permission. To see this illustration in color, the reader is
referred to the web version of this article at www.liebertpub.com/wound

liferative responses, decrease in skin elasticity and
hydration, and impaired responses to local in-
flammation and tissue repair.'*® This strongly
supports an important role for HA and CD44 in
skin physiology and tissue repair. CD44 is also a
direct and functional target of the micro RNA
miR-34a, which targets CD44 in prostate cancer
stem cells; knockdown of CD44 inhibits tumor
invasion.'#6

CD44 is a “part time” proteoglycan, as not all
variants of CD44 are glycosylated. CD44 is a highly
variable cell surface receptor, and different cell
types synthesize CD44 of considerable structural
diversity. Alternative splicing of variant exons and
post-translational modifications in the glycosyla-
tion pattern of CD44 generates a diverse collection

of CD44 isoforms (Fig. 6). Three broad size cate-
gories of CD44 molecules have been identified, (1) a
predominant category synthesized by most cells of
hemopoietic origin in a 80-90-kDa size range, (2)
epithelial CD44 of a size range of 110-160 kDa, and
(3) a proteoglycan form of CD44 substituted with
CS chains of relatively large size range>200
kDa.'*” Keratinocytes also synthesize a 250-kDa
form of CD44 substituted with HS chains.?%1%!
Patients with malignant melanomas have sig-
nificantly lower serum levels of soluble CD44.'*® As
soluble recombinant CD44v6 disrupted the inter-
action of cellular CD44 with HA, inhibited tumor
formation, and halted metastasis;!*? it may have a
positive clinical outcome for melanoma patients.

SUMMARY OF PROTEOGLYCAN
LOCALIZATION IN NORMAL SKIN

Figure 7 is a summary schematic of the diverse
and discrete localizations of the various proteo-
glycans identified in skin where information is
available in the medical literature. None of the
proteoglycans studied are ubiquitous throughout
the ECM and cells of skin tissue, with the possible
exception of HA. This summary is by no means
complete; further study is required to more fully
define the complex distribution of proteoglycans in
skin tissues.

THE EFFECT OF AGE, INJURY, AND
DISEASE ON PROTEOGLYCANS IN SKIN

Proteoglycans in wound healing

Wound healing is a dynamic, highly ordered, and
tightly regulated process comprised of inflamma-
tory, proliferative, remodeling, and maturation
phases.'®%"1%2 These healing processes are driven
by cellular responses to ECM changes and are op-
timal in fetal skin and impaired in both aged and
diseased skin. Wound healing becomes much
slower with age but, after menopause, scarring is
also reduced, most likely due to loss of estrogen-
induced TGF-f release from fibroblasts.'® There is
no documented correlation between the speed of a
wound repair and the amount of scarring that oc-
curs. TGF-f plays a major role in normal skin in
both the differentiation of progenitor cell popula-
tions in the follicle bulb niche and in skin homeo-
stasis. Recruitment of inflammatory cells is
essential for normal wound healing to induce EGF,
TGF-f1, and FGF release at the wound site, where
granulation tissue fills the defect site as a tempo-
rary containment measure. These growth factors
induce focal recruitment, maturation, and prolif-
eration of fibroblasts, fibrocytes, keratinocytes, and



SKIN PROTEOGLYCANS 165

epidermis
hair

follicle

dermis

blood e o

vessels
ECM
& cells

oE =
only

cells
only

Figure 7. Summary schematic of known proteoglycan localizations in normal human skin. Variations in staining density are relative within the section for each
individual proteoglycan and not between proteoglycans. To see this illustration in color, the reader is referred to the web version of this article at
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myofibroblasts that lay down collagen, proteogly-
cans, and other ECM components at the damage
site during the proliferative phase of wound repair
with the original fibrin clot being replaced with a
more mechanically stable matrix containing colla-
gen, fibronectin, and HA.

Although not strictly a proteoglycan, HA is
nevertheless an abundant GAG component of skin
and of considerable functional importance. The cell
regulatory properties of HA in skin are attributable
to its participation in signal transduction events
through cell surface and intracellular HA receptors
such as CD44, receptor for HA mediated motility,
lymphatic vessel endothelial cell HA receptor
(LYVE)-1, Cdc-37, and P-32.15* Such interactions
can inhibit or stimulate cellular proliferation, cel-
lular migration, and angiogenesis (and conse-
quently tumorogenesis). Many of these cellular
effects are dependent on the size of the HA. Large
HA (>500kDa) is anti-inflammatory and anti-
angiogenic, whereas small molecular weight HA
(<500kDa) or HA oligosaccharides act in an an-
tagonistic manner to block or counteract effects
induced by high molecular weight HA.15*15% For
example, HA oligosaccharides induce angiogenesis
and promote wound repair in skin.'®® In the early
inflammatory phase of wound repair, abundant HA
acts as a promoter of inflammation, which is crucial
to the wound-healing process.’®”*® In wound
granulation tissue, HA promotes both cell migra-
tion into the provisional wound matrix and cell
proliferation.’** Granulation tissue is highly in-
flammatory but is stabilized by the moderating
action of large molecular weight HA on inflamma-

tion.'** HA is also a free-radical scavenger and
protects cells from free-radical damage, an impor-
tant attribute in the context of tissue repair.’*® HA
regulates keratinocyte proliferation in response to
extracellular stimuli in skin.'** In normal skin, HA
is found in relative high concentrations in the basal
layer of the epidermis where proliferating kerati-
nocytes are found.'® Its suggested role here is in
the re-epithelization process: it serves as an inte-
gral part of the ECM of basal keratinocytes and has
roles in maintenance of an accessible epidermal
extracellular space. This allows a hydrated matrix
conducive to migration of keratinocytes and nu-
trients.'** In wound healing, HA and CD44 are
expressed at the wound margins, correlating with
the influx of migrating keratinocytes that actively
promote tissue repair.'**'*® This HA-containing
matrix is slowly resorbed and replaced by a stron-
ger ECM during tissue remodeling at later stages
of wound repair. HA oligosaccharides also stimu-
late a number of cell types to produce elevated
levels of active MMPs, which contribute to the
metastatic spread of tumors in skin.¢%16?
Fibrosis occurs due to a dysregulation of the
wound-healing process either at the proliferative
or remodeling phase, with in some cases, an irri-
tant persisting in the tissue that drives these pro-
cesses.'®2 Fibroblasts (myofibroblasts) are the
major biosynthetic cell type that lay down ECM in
wound repair; fibrosis can occur in any tissue
where this process occurs. There is now a greater
appreciation of the contributions of matrix compo-
nents and soluble mediators in skin remodel-

ing.15%:163.164 The controlled release of growth
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factors and cellular mediators (chemokines and
cytokines) sequestered by proteoglycans at the
wound site actively recruit inflammatory cells that
begin the process of controlling the injury and
healing the tissue damage. Tight regulation of
chemokine bioavailability is critical to control the
magnitude of the inflammatory response to tissue
injury and an atypical chemokine receptor (D6)
recently identified has critical regulatory roles to
play in this process.'®3

Major differences have long been noted in the
healing response of fetal and adult skin.!?3-166-170
It is not known why some fetal wounds heal
without scarring while wound repair in mature
skin usually leaves a percentage of abnormal tis-
sue, although TGF-f3, or the ratio of TGF-f3 to
TGF-$1, may be important.!”* These growth fac-
tors stimulate ECM production and inhibit ECM
catabolism but also attract macrophages, neutro-
phils, and fibroblasts. The stimulation of HA
synthesis by TGF-f3 and the resulting prolonged
abundance of this GAG has been linked to scarless
fetal wound healing.'”® In addition, high levels of
HA are present in scarlessly healed wounds of
immunodeficient mice.'”® Fibromodulin is upre-
gulated and decorin is downregulated in fetal
wounds.'®® Hypertrophic scars have less dec-
orin'”* and more versican and biglycan than nor-
mal scars.!” As mentioned earlier, versican-HA
complexes may help hydrate the tissue during the
repair processes,'® aggrecan may hinder cell mi-
gration to the wound,'® and SDCs are important
for growth factor signaling during this process.%?
Reduced decorin, fibromodulin, and TGF-f3 in the
deep dermis leads to postburn hypertrophic scar-
ring.!"%"" Delayed wound closure occurred both
in FMOD knockout mice associated with an in-
crease in TGF-$3'"® and in LUM knockout mice
with a delay in TGF-$1 expression.'”® Modulation
of SLRP binding of TGF-f isoforms may be a key
area for future accelerated and/or scarless wound-
healing therapies. SDC-1 expression is tran-
siently upregulated in the epidermis upon tissue
injury.'® In keratinocytes, loss of SDC-1 delays
wound healing, reduces cell migration, and in-
creases TGF-f expression.

Keloid scarring is a benign, recurring, skin
tumor with excessive fibroblastic tissue resulting
from abnormal wound healing. Scars can be dis-
figuring and can limit mobility and growth by
restricting skin movement and there is currently
no treatment for prevention in susceptible indi-
viduals. The ECM is implicated in both hyper-
trophic and keloid scarring.'®! Keloid fibroblasts
synthesize less decorin with longer GAG chains

than normal skin cells.'® The expression of the
aggrecan gene (ACAN) increased an average of
175-fold in skin biopsies from the margins of ke-
loid scars from four patients compared with cor-
responding areas of normal skin.'®® This suggests
a change of cell phenotype leading to a dysregula-
tion of proteoglycan metabolism in this scar tissue.

Proteoglycans in aging skin

Aging is an important factor to consider when
studying the proteoglycan content of skin and its
ability to heal. The molecular aspects of skin aging
has been recently reviewed.'®* Changes in aging
skin can occur both internally due to chronological
age (intrinsic) and from environmental factors
such as climatic, particularly sun, exposure (ex-
trinsic). While HA is decreased in intrinsically aged
skin,'®® proteoglycans are increased and abnor-
mally distributed in photo-aged skin.®®

Intrinsic aging of skin can be studied in body
regions usually clothed and hence rarely exposed
to the elements. Sections of aged buttock skin bi-
opsies had reduced Alcian blue, HA, HS, decorin,
and SDC-1 staining compared with young skin in
both genders.'®” CS GAGs and perlecan staining
were also reduced but only in female aged skin.
Versican staining increased only in male aged
skin.'®” Decreases were observed in the size of the
GAG chains attached to decorin with skin aging;
the smaller GAG chains would result in changes
in collagen fibril packing and skin mechanical
properties.'®®

Skin damaged by the sun has an increased
content of GAGs that appears to be mostly CS on
the versican core protein more superficially lo-
calized in the dermis compared with versican’s
localization in normal skin.'®® Versican increases
in skin exposed to UVB radiation when reactive
oxygen species are generated in an inflammatory
response.'®® However, pathological and pheno-
typical changes in skin following solar elastosis
can lead to a loss of the HA-binding ability of
versican with attendant effects on the hydration
and viscoelastic properties of the dermis.'® In-
creased UV irradiation increases protein levels
for HS-proteoglycans in human skin (perlecan,
SDC-1, -4) and CD44 v3."%*

Increases in GAGs due to UV irradiation have
been studied using the hairless SKH-1 mouse, how-
ever, the results have been mixed.'®? Increases in
CS,'3 DS, and HS' in UV-exposed skin have
been variously reported, with HA either increas-
ing, 193194 not changing'® or decreasing®%'%7 after
UV exposure. If cultured human dermal fibroblasts
are UV-irradiated, gene expression of all the SLRPs,
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versican and perlecan decrease, with only
SDC-1 increasing.'®® Expression of type I
and III collagen changes with aging and,
following UV irradiation (photo-aging),
there is a decrease in the normal collagen
to decorin ratio, resulting in the appear-
ance of smaller collagen fiber bundles and
consequential changes in the biomechani-
cal properties of skin.' A decrease in skin
DCN expression was found following short-
term UV exposure.’® The free-radical
scavenging properties of HA provide pro-

TAKE HOME MESSAGES
e Proteoglycans are a multifunctional diverse group of matrix and cell-
associated proteins each with a distinct localization in skin.

e Proteoglycans can interact with other matrix molecules such as collagen
to form and stabilize the ECM, thus producing the hydrated integrated
structures required for responsive cells in a healthy intact skin.

e Proteoglycans can bind and sequester growth factors in the skin ECM
and either inhibit their activity or present them to cognitive receptors to
initiate cell signaling, proliferation, and matrix production.

e Manipulation of proteoglycan metabolism and homeostasis in skin may
lead to effective therapies to accelerate scarless wound healing.

tection against solar radiation that can
lead to damaging levels of free radical generation,'**
however, chronic UV irradiation of mice down-
regulated HA synthases, resulting in lower levels of
this GAG in mouse dermis.'®’

FUTURE DIRECTIONS

Members of the SLRPs have well-known capa-
bility to control TGF-f and have been examined as
a means of inhibiting excessive TGF-f activity in
tissues that lead to fibrosis and impaired organ
function.’® Decorin and biglycan in particular
would appear prime candidates for further ex-
amination of their therapeutic potential in the
prevention of skin fibrosis. For example, decorin
GAG chains sequester the growth factors, EGF,
IGF, and TGFf in the ECM surrounding cells and
may regulate their bioavailability. Decorin can be
extensively processed by MMPs, MT1-MMP, and
isoforms of BMP-1 to produce a fragment named
decorunt.'®%"2°1 This contains the LRR region of
decorin with a TGFf-binding site and a strong
interactive site for collagen. Decorunt is thus ca-
pable of sequestering TGFf and influencing col-
lagen fibril assembly processes but not processes
mediated by the other growth factors and cyto-
kines. Most recently, a heptapeptide (LQVVYLH)
TGF-f binding segment of the biglycan core pro-
tein, Peniel-2000 (P2K) has been used to repair
experimental defects in the intervertebral disc.2°
Reattainment of disc height was achieved, with
P2K significantly upregulating anabolic gene
expression (aggrecan, type II collagen). Sig-
nificantly, the mode of P2K action was by in-
hibiting Smad-1/5/8 cell signaling with TGF-p,
while Smad-2, -3 signaling through ALK1 was still
detected. Thus, P2K selectively switched off the
anti-anabolic effects of TGF-f but not its beneficial
anabolic gene effects. Similar approaches using
bio-active peptides, which directly target func-
tional aspects of components in skin such as
TGF-f to promote or inhibit a specific functional

property, may also be exploitable for potential
skin repair therapies. For such approaches to
succeed, it is crucial that we obtain a firm under-
standing of the biology of key functional compo-
nents and how they must to be manipulated to
provide a positive outcome.

A number of synthetic skin substitutes have
been developed including Matriderm®, Integra®
bilayer artificial dermis, JACE® cultured epider-
mal autograft, MyDerm® bilayered human skin
equivalent, Suprathel® synthetic skin substitute,
Renoskin®, and Hyalomatrix®.2°%2%4 These have
been seeded with autologous stem cells harvested
from debrided human burn skin?°® or from adi-
pose tissue?°® or human amniotic luid?°” and used
in a number of skin repair strategies. Advances
in nano-fabrication technology for the prepara-
tion of artificial matrices such as those that can
be assembled by the Nanospider NS200 using
collagen-based electrospinning of nanofibrous
textile meshes to produce matrices of controlled
3D morphology are also now possible.2%® These
matrices are also suitable for seeding with stem
cells to effect repair of large skin defects.?°? Arti-
ficial skin substitutes with a microvascular supply
have also been developed and applied to mela-
noma research.?’® Epidermal electronics offers
particularly exciting possibilities in the area of
advanced materials design and in the remote
sensing of skin repair processes.?!! Transparent,
optical, pressure sensitive artificial skin with
large area stretchable electronics have been de-
veloped.?'? These ultrathin (600 yum) devices are
laminated on to the skin in a similar manner to a
temporary transfer tattoo and are fully contained
with their own power supply and communication
components. The intrinsic sensing capability of
such advanced materials have already found ap-
plication in smart dressings with the capability of
sensing bacterial infection in wounds®'® and in
development of Theragauze®, a smart dress-
ing with the ability to regulate antibiotic and
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moisture delivery across diabetic wounds of the
foot,?!* to promote skin repair processes, and
prevent infection in pediatric burns patients.?®
The use of proteoglycans to sequester cell media-
tors and refine ECM structure will augment this
skin repair technology and has the potential for
exciting possibilities in the future.
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