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Organ fibrosis is associated with excessive deposition of
dermatan sulfate (DS) in the extracellular matrix (ECM) of
the affected tissue. However, the significance of DS in fibro-
sis process is poorly known. Thus, we have analyzed both
in vitro and in vivo the binding potential toward fibroblast
growth factor-2, platelet-derived growth factor BB and
fibronectin (FN) of DS representing glycosaminoglycan
(GAG) chains of two proteoglycans decorin and biglycan
derived from fascia undergoing fibrosis due to Dupuytren’s
disease. Moreover, to investigate the relation between DS
structure and its binding properties to above ligands, we
have also studied the interactions of the GAG chains from
normal porcine skin decorin and biglycan. The examined
interactions, especially those engaging extractable pool of
both human and porcine decorin DS, are characterized by
very high affinity and low capacity. Moreover, the presence
of iduronate residues is not essential for the DS binding to
all studied ligands and the interactions more strongly
depend on the GAG sulfation pattern. All investigated
interactions have biological relevance as judged from the
coexistence of decorin (and biglycan) DS, both growth
factors and FN in supra-molecular complexes localized in
ECM of both fibrous and normal human fascia. Moreover,
these complexes also include collagen type III. It seems that
fascia fibrosis process when compared with physiological
circumstances is associated with the preservation of at least
some functions of decorin and biglycan DSs such as the
regulation of growth factor bioavailability and most prob-
ably influence FN fibrillogenesis as well as coupling of
various fibrilar matrix element assembly.
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Introduction

Dermatan sulfate (DS) is a glycosaminoglycan (GAG) wide-
spread in many animal tissues mainly as a component of
two extracellular matrix (ECM) proteoglycans (PGs) decorin
and biglycan. The GAG consists of N-acetylgalactosamine
(GalNAc) residues that are alternated with glucuronic acid
(GlcA) or iduronic acid (IdoA) ones present in various
mutual proportions (for review, see Prydz and Dalen 2000).
Since great part of DS monosaccharide residues undergo
sulfation, the GAG chains display the marked density of a
negative electric charge. This structural feature together with
differential and tissue-specific extents of DS sulfation and
glucuronosyl epimerization (i.e. isomerization of GlcA to
IdoA; Cheng et al. 1994) seems to determine the
GAG-binding potential associated with the fulfillment of
biological functions. The latter ones include both contri-
bution to the ECM assembly and the impact on cell activity.
DS as a component of decorin and biglycan participates in
collagen fibrillogenesis (Danielson et al. 1997; Ameye et al.
2002) and is an element of elastic fibers (Reinboth et al.
2002). Moreover, DS chains of both above small PGs in
cooperation with their core proteins regulate cell adhesion
and migration (Bidanset et al. 1992; Merle et al. 1999).
Some DS chains are also able to bind and/or promote the
activity of growth factors such as fibroblast growth factors 2
and 7 (FGF-2 and FGF-7), hepatocyte growth factor/scatter
factor and platelet-derived growth factor BB (PDGF-BB;
Lyon et al. 1998; Taylor et al. 2005; Koźma et al. 2009). In
addition, the recent studies have described the neuritogenic
activity of various hybrid chondroitin sulfates (CSs)/DSs
(Deepa et al. 2002; Hikino et al. 2003; Bao et al. 2004;
Nandini et al. 2004, 2005; Ida et al. 2006). However, both
the DS role in various physiological and pathological events
and relation between the GAG structure and its binding
properties are still poorly known.
The organ fibrosis is a complex multi-step process associ-

ated with a marked reduction in the tissue cellularity and
excessive deposition of ECM components, including collagen,
fibronectin (FN) and DS (Koshiishi et al. 2002; Laurent et al.
2007). Thus, such a remodeling also characterizes palmar
fascia affected with Dupuytren’s contracture (DC), i.e. a fibro-
sis connected disorder most probably of hereditary origin (for
review, see Badalamente and Hurst 1999; Tomasek et al.
1999; Rayan 2007). The disease manifests by two types of
lesions commonly coexisting in the affected tissue: nodules
formed by intensively proliferating (myo)fibroblasts as well as
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strongly stretched thick collagenous cords localized in hypo-
cellular areas (Rayan 2007). The former structures most prob-
ably correspond with the early DC stage, whereas the latter
lesions leading to digit contracture are associated with
advanced disease (Rayan 2007). The cell activity on the
initial DC phases depends on the high expression of some
cytokines and growth factors (Baird et al. 1993) also includ-
ing FGF-2 and PDGF-BB (Gonzalez et al. 1992; Terek et al.
1995). Both growth factors are implicated in the stimulation
of cell proliferation, migration and survival (for review, see
Heldin and Westermark 1999; Sorensen et al. 2006). In
addition, PDGF-BB also promotes the collagen synthesis
(Heldin and Westermark 1999). In turn, collagen fibrillogen-
esis, which in the case of fibrous fascia leads to the formation
of tight pseudotendinous cords, most probably depends on the
FN fibril assembly (Sottile and Hocking 2002). Despite the
fact that a general scheme of DC progress is clear, the detailed
mechanisms underlying disease evolution are poorly known.
It prompted us to investigate the role in fibrosis-affected fascia
of DS representing side chains of decorin and biglycan which
are the major PGs in the tissue ECM (Koźma et al. 2005). To
attain this goal, we have tested the DS ability to bind FGF-2
and FN both in vitro at the physiological ionic strength as
well as in vivo by an examination of composition of supra-
molecular complexes derived from the fibrous fascia ECM.
Moreover, to the present investigation, we have included

again PDGF-BB due to the fact that previously when we have
examined the DS interaction with the growth factor we were
unable to estimate all kinetic parameters characterizing the
binding (Koźma et al. 2009). Thus, now we have completed
these data.

Results
Assessment of DC-derived DS ability to bind FGF-2, FN
and PDGF-BB
Small DSPGs—decorin and biglycan—extracted from the
ECM of fibrosis-affected palmar fascia and purified by chrom-
atography series were source of DS chains that interaction
potential at physiological ionic strength was investigated.
Binding capabilities of DS chains immobilized onto a sensor
chip and exposed to varying concentration of ligands were
estimated by the surface plasmon resonance (SPR) method.
The sensorgrams obtained are shown in Figures 1–3, while
binding reaction parameters calculated on the sensorgram
basis using monophasic 1:1 model fitting are presented in
Table I. As can be seen, DSs from the urea extractable portion
of both DC-derived small PGs display high affinity for all
investigated ligands. However, both growth factors and FN
were particularly strongly bound by decorin DS. All its inter-
actions were characterized by high association and/or low dis-
sociation rates that yield in low and relatively similar

Fig. 1. Plasmon surface resonance analysis of FGF-2 binding to DS chains from human fibrous fascia and normal porcine skin small PGs. Biotinylated
peptido-DSs were immobilized onto a streptavidin-coated sensor chip and exposed to varying concentrations of the growth factor at physiological ionic strength
as described in Materials and methods. (A) Sensorgrams obtained for fibrosis-affected human fascia decorin DS (h dec DS) interaction. (B) Sensorgrams
obtained for fibrosis-affected human fascia biglycan DS (h big DS) interaction. (C) Sensorgrams obtained for normal porcine skin decorin DS (p dec DS)
interaction. (D) Sensorgrams obtained for normal porcine skin biglycan DS (p big DS) interaction.

EM Koźma et al.

1302

 at U
niversity of A

rizona on January 6, 2012
http://glycob.oxfordjournals.org/

D
ow

nloaded from
 

http://glycob.oxfordjournals.org/


equilibrium dissociation constants (Table I). Whereas biglycan
DS demonstrated especially high affinity for FGF-2 (Table I).
In contrast to high affinity, all examined interactions mediated
by an extractable pool of DC DSs were distinguished by low
binding capacity (Table I). The phenomenon was particularly
prominent in the case of decorin DS (Table I). Moreover, it is
worthy of noting that significant differentiation appeared with
regard to the number of binding sites for particular ligands on
each DS (Table I). This observation suggests the existence of
distinct requirements as to DS structure involving in the
interactions.

Evaluation of DS structural properties responsible for
interactions with FGF-2, FN and PDGF-BB
High affinity of DC-derived DSs to all examined ligands con-
comitant with differential binding capacity prompted us to
investigate structural features of the GAG implicated in these
interactions. Moreover, to this examination, the DS chains
from normal porcine skin decorin and biglycan were also
included. These DSs likewise DC GAGs strongly bound both
growth factors and FN (Figures 1–3 and Table I).
Furthermore, significant similarity with regard to DS-binding
preferences between human and porcine PGs was apparent.
Both decorins bound avidly all examined ligands, whereas
biglycans especially strongly interacted with FGF-2 (Table I).
In contrast to their binding properties, human and porcine
DSs, however, displayed marked differences in their chain

structure. Structural analysis included an evaluation of glucur-
onosyl epimerization and sulfation patterns. The former struc-
tural feature was assessed on the basis of free DS chain
sensitivity to chondroitinase AC I or B action followed by the
resolution of generated chain fragments by gradient polyacryl-
amide gel electrophoresis (PAGE). The obtained electrophor-
etic profiles are presented in Figure 4. Analysis of them
revealed that both porcine DSs are characterized by very high
extent of glucuronosyl epimerization resulting in high IdoA
content. Such a conclusion can be drawn from the presence of
marked amounts of DS chain fragments resistant to chondroi-
tinase AC I treatment (Figure 4, lanes 8 and 9). In addition,
both porcine DS species displayed remarkable sensitivity to
chondroitinase B. The enzyme action yielded only a negli-
gible number of resistant chain regions (Figure 4, lanes 2 and
3). Simultaneously, both porcine DSs were completely sensi-
tive to the combined action of chondroitinases AC I and B
(data not shown). This finding confirmed that chondroitinase
B generated oligosaccharides visible on electrophoregrams
(Figure 4, lanes 2 and 3) represent GlcA segments, whereas
chondroitinase AC I-resistant chain fragments (Figure 4, lanes
8 and 9) are IdoA blocks. Further analysis of electrophoretic
profiles obtained for both porcine skin DS species revealed
approximate amounts of chondroitinase AC I-resistant chain
fragments showing fast and slow electrophoretic mobility
(Figure 4, lanes 8 and 9). This phenomenon more prominent
in the case of porcine biglycan (Figure 4, lane 9) suggests
similar contribution of short and long IdoA blocks to porcine

Fig. 2. Plasmon surface resonance analysis of FN binding to DS chains from human fibrous fascia and normal porcine skin small PGs. Biotinylated peptido-DSs
were immobilized onto a streptavidin-coated sensor chip and exposed to varying concentrations of FN at physiological ionic strength as described in Materials
and methods. (A) Sensorgrams obtained for fibrosis-affected human fascia decorin DS (h dec DS) interaction. (B) Sensorgrams obtained for fibrosis-affected
human fascia biglycan DS (h big DS) interaction. (C) Sensorgrams obtained for normal porcine skin decorin DS (p dec DS) interaction. (D) Sensorgrams
obtained for normal porcine skin biglycan DS (p big DS) interaction.
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DS composition. Likewise, as porcine DSs, both DC-derived
GAG species displayed complete sensitivity to the combined
action of chondroitinases AC I and B (data not shown).
However, in contrast to porcine GAGs human DS compo-
sition especially that of decorin DS revealed higher partici-
pation of GlcA disaccharides. Such a conclusion results from
an enhanced proportion of oligosaccharides generated from
human DS species by chondroitinase B (Figure 4, lanes 4 and
5) in relation to oligosaccharides released from these GAGs
by chondroitinase AC I (Figure 4, lanes 6 and 7). Moreover,
the majority of IdoA and GlcA disaccharides in these GAGs
are assembled into rather short blocks as judged from a predo-
minance of fast migrating oligosaccharides among the pro-
ducts both of chondroitinase AC I and B action (Figure 4,
lanes 4–7).
Besides epimerization pattern, the sulfation one also

differs porcine skin and human DC fascia DS species. The
latter structural feature was examined by a reverse-phase
high-performance liquid chromatography (RP HPLC) of
fluorophore 2-aminoacridone (AMAC) tagged disaccharides
that were products of complete DS degradation by chon-
droitinase ABC. The results obtained indicate that both DC
decorin and DC biglycan DSs display increased contents of
4,6-O-disulfated, 6-O-sulfated and unsulfated disaccharides
when compared with both porcine GAGs (Figure 5,
Table II). Moreover, we found the lack of 2,6-O-disulfated

disaccharides in porcine decorin DS and negligible content
of them in porcine biglycan GAG (Figure 5, Table II). In
contrast, DC-derived DSs revealed higher contribution
(�0.2%) of 2,6-O-disulfated disaccharides (Figure 5,
Table II). On the other hand, all examined DSs share some
traits of sulfation patterns including similar average sulfa-
tion degree, the presence of 4-O-sulfated disaccharides as
the predominant structural units and relatively approximated
content of 2,4-O-disulfated disaccharides (Figure 5,
Table II).
High affinity to FGF-2, FN and PDGF-BB manifested by

both porcine DSs, which contain almost exclusively disac-
charides with IdoA, suggests the importance of the epimer for
the interactions. To verify this hypothesis, we assessed the
ability of IdoA and GlcA sections of DS chains to compete
with the intact GAG binding. To the examination, we have
chosen DC decorin DS due to remarkable amount of both
IdoA and in particular GlcA disaccharides as judged from the
analysis of electrophoretic profiles generated after the GAG
degradation by chondroitinases B and AC I (Figure 4, lanes 4
and 7). This suggestion was also supported by quantification
of GlcA disaccharides. Their contribution to examined DS
composition was calculated as the ratio of absorbance at 232
nm generated by chondroitinase AC I action on the GAG to
absorbance at 232 nm obtained after the DS digestion by
chondroitinase ABC. DC decorin DS contains �17% of GlcA

Fig. 3. Plasmon surface resonance analysis of PDGF-BB binding to DS chains from human fibrous fascia and normal porcine skin small PGs. Biotinylated
peptido-DSs were immobilized onto a streptavidin-coated sensor chip and exposed to varying concentrations of the growth factor at physiological ionic strength
as described in Materials and methods. (A) Sensorgrams obtained for fibrosis-affected human fascia decorin DS (h dec DS) interaction. (B) Sensorgrams
obtained for fibrosis-affected human fascia biglycan DS (h big DS) interaction. (C) Sensorgrams obtained for normal porcine skin decorin DS (p dec DS)
interaction. (D) Sensorgrams obtained for normal porcine skin biglycan DS (p big DS) interaction.
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disaccharides. In contrast, DC biglycan DS has �9% such
units, while both porcine GAGs have only �4%.
Competition assay included DC decorin DS interactions

only with FGF-2 and FN since similar investigation we have
previously performed for PDGF-BB (Koźma et al. 2009).
The ability of IdoA or GlcA blocks to inhibit ligand binding
to immobilized peptido-DS was conducted by the SPR
method. Regions of both types were used in 10-fold excess
when compared with mass immobilized onto a sensor chip.
The data obtained are presented in Figure 6. As can be seen
the type of hexuronate isomer is not crucial for DC decorin
DS interactions both with FGF-2 and FN. Such a conclusion
can be drawn from the observation that both GlcA and IdoA
regions can efficiently inhibit each ligand binding to intact
DS (Figure 6). Thus, our results suggest that DS sulfation
can play a more important role for some interactions of the
GAG than its glucuronosyl epimerization. However, statisti-
cal analysis of our data allowed to reveal a positive corre-
lation only between 2,4-O-disulfated disaccharide content
and DS affinity for PDGF-BB and between 2,6-O-disulafted
disaccharide content and DS affinity for FGF-2. In addition,
the former finding supports our previous observation
(Koźma et al. 2009). On the other hand, in the case of DS
interactions with FN, it can be concluded that the local
assembly of appropriate sulfated disaccharides rather than
their total content is responsible for the formation of high
affinity binding site(s) in GAG chains.

Characterization of high-molecular-weight species existed in
ECM of fibrous and normal fasciae
Our present SPR results suggest that DC-derived decorin and
biglycan via their DS chains can form stable, frequently even
irreversible links with some molecules such as FN, FGF-2
and PDGF-BB, which are also known to accumulate in ECM
of disease-affected fascia. Thus, to confirm our in vitro obser-
vations concerning fascia DS binding abilities, we have
assessed the composition of high-molecular-weight (HMW)
components extractable with urea from DC-affected tissue.
Previously, we have shown that these species before chondroi-
tinase ABC treatment were in majority unable to penetrate
even 3% stacking gel during sodium dodecyl sulfate (SDS)–
PAGE (Koźma et al. 2005). Simultaneously, the enzyme gen-
erated several species with molecular weight >400 kDa and as
the major product a component of electrophoretic mobility
resembling that of both small DSPG core proteins (Koźma
et al. 2005). However, in spite of enzyme digestion, a great
part of HMW species still remained outside the preparative
gel (Koźma et al. 2005). Now, we fractionated high molecular
material extracted from DC fascia first by gel filtration on
Sepharose CL-4B and then by chromatography on Sepharose
CL-2B (Figure 7). From the latter bed, the species were
eluted as a single broad and asymmetrical peak (Figure 7).
Obtained fractions were collected as it is shown in Figure 7
and fraction components without or after chondroitinase ABC
treatment were submitted to 4–15% gradient SDS–PAGE and

Table I. Kinetic parameters characterizing the interactions of various ligands with DSs from human Dupuytren’s fascia and porcine skin small PGs

Ligand DS Association rate
constant
ka (M

−1 s−1)

Dissociation rate constant kd
(s−1)

Equilibrium dissociation constant
Kd (nM)

Number of binding
sites
on 1 nM of DS

FGF-2 Dupuytren’s fascia decorin
DS

8.63 ± 0.26 × 106 1.11 ± 0.09 × 10−2 0.55 ± 0.11 49 × 104

Dupuytren’s fascia biglycan
DS

1.3 ± 0.1 × 107 3.3 ± 1.4 × 10−3 0.33 ± 0.1 84 × 104

Normal porcine skin decorin
DS

5.63 ± 0.11 × 106 4.3 ± 0.4 × 10−3 0.6 ± 0.06 41 × 104

Normal porcine skin
biglycan DS

1.1 ± 0.02 × 107 4.3 ± 0.7 × 10−3 0.7 ± 0.06 67 × 104

FN Dupuytren’s fascia decorin
DS

2.1 ± 0.20 × 106 1.4 ± 0.8 × 10−3 0.5 ± 0.1 78 × 104

Dupuytren’s fascia biglycan
DS

7.9 ± 0.3 × 106 9.5 ± 0.0.4 × 10−2 10.04 ± 2.6 108 × 104

Normal porcine skin decorin
DS

7.66 ± 0.35 × 106 0.91 ± 0.16 × 10−2 1.3 ± 0.24 25 × 104

Normal porcine skin
biglycan DS

2.1 ± 0.06 × 107 1.8 ± 0.13 × 10−2 2.2 ± 0.29 196 × 104

PDGF-BB Dupuytren’s fascia decorin
DS

1.24 ± 0.1 × 107 1.5 ± 1 × 10−3 0.37 ± 0.1 20 × 104

Dupuytren’s fascia biglycan
DS

3.6 ± 0.2 × 106 2.3 ± 0.2 × 10−2 4.8 ± 1.5 31 × 104

Normal porcine skin decorin
DS

5.7 ± 0.5 × 106 2.4 ± 1.8 × 10−3 0.18 ± 0.12 12.5 × 104

Normal porcine skin
biglycan DS

4.44 ± 0.07 × 106 2.54 ± 0.05 × 10−2 6 ± 1.9 266 × 104

The interactions of immobilized DSs with various ligands were determined by the SPR method as detailed in Materials and methods. Interaction parameters were
calculated using the non-linear curve fitting software supplied with the SPR instrument. Molecular masses of particular DS species, which are need to calculate
the number of ligand-binding sites on 1 nM of GAG, were evaluated by comparison of these DS electrophoretic mobility with that showed by the standard
GAGs. Obtained average Mr were as follows: Dupuytren’s decorin DS 20 kDa, Dupuytren’s biglycan DS 15 kDa, porcine decorin DS 25 kDa and porcine
biglycan DS 22 kDa.
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then stained with ammoniacal silver or probed with several
antibodies. Electrophoretic profiles of both samples untreated
with chondroitinase ABC and those digested with the enzyme
resembled after silver staining (Figure 8A) the results obtained
previously (Koźma et al. 2005) and described at the beginning
of the section. Moreover, the present study allowed to reveal
that these components of HMW species which penetrated to
the preparative gel both before and after chondroitinase ABC
digestion did not react neither with anti-versican, anti-FN,
anti-PDGF-BB nor anti-FGF-2 sera (data not shown). In con-
trast, a strong reaction was observed solely for chondroitinase
ABC-treated samples after the application of anti-biglycan
and especially the anti-decorin serum (Figure 8B and C,
respectively). The obtained immunoblots revealed the pres-
ence of individual DSPG core protein (Mr �55 kDa) as the
major product of enzyme action as well as series of slower
migrating species (Figure 8B and C) which in the case of
decorin displayed in majority higher molecular masses than
intact PG (Figure 8B). In addition, significant similarity in
respect of electrophoretic patterns is apparent between these

immunoblots and silver-stained gels of HMW aggregates
treated with chondroitinase ABC (Figure 8B and C vs A),
suggesting that small DSPG core protein-like molecules are
main species released from the above-mentioned aggregates
by the enzyme. In turn, the lack within products of the chon-
droitinase ABC action of FGF-2, PDGF-BB or FN known to
accumulate in fibrous fascia ECM indicates that these mol-
ecules may be strongly cross-linked forming visible pre-
viously supra-molecular complexes of molecular weight
exceeding fractionation capability of the preparative gel
(Koźma et al. 2005). On the other hand, the chondroitinase
ABC ability to release from DC-derived HMW species
remarkable amounts of small DSPG core protein-like supports
the possibility that at least in part DS chains are responsible
for very strong interactions of decorin (and biglycan) with
other elements of heavy ECM aggregates. Thus, to identify
the potential decorin DS-binding partners, intact DC-derived
heavy aggregates were first immunoprecipitated with the anti-
decorin serum and obtained material was then subjected not
to SDS–PAGE but to dot blot followed by immunoreactivity
assessment. As it results from Figure 9A, decorin containing
HMW material from fibrous fascia ECM also displayed a
positive and strong reaction with anti-PDGF-BB, anti-FGF-2
and especially with the anti-FN serum. Moreover, the pres-
ence of collagen type III as these HMW aggregate com-
ponents were revealed (Figure 9A).
To further test whether decorin DS is able in vivo to direct

bind the growth factor(s) and FN, we have examined the com-
positional alterations which affected heavy species isolated
from ECM of normal fascia (NF) lata after chondroitinase
ABC action. We used HMW species from the normal tissue
due to their expected lower cross-linking degree as the result
of lower tissue transglutaminase (TG) activity (for review, see
Griffin and Bergamini 2002). In addition, we employed NF
lata since this tissue material is more attainable than normal
palmar fascia. Thus, NF ECM-derived heavy aggregates
without or after chondroitinase ABC treatment were immuno-
precipitated with anti-decorin antibody and then dot blotted
and probed with several sera (Figure 9B). The NF aggregates
that were deprived of DS/CS chains simultaneously failed to
react with anti-FGF-2 and anti-PDGF-BB sera (Figure 9B). In
addition, the effect observed was unconnected with a
reduction in the ability of chondroitinase ABC-treated HMW
material to immunoprecipitate with the anti-decorin serum.
Such a conclusion can be drawn from approximated absor-
bance found for dot blots of the enzyme-treated NF aggre-
gates which were subsequently immunoprecipitated with the
anti-decorin or anti-FN serum and then probed with anti-FN
antibody (Figure 9C). On the other hand, we observed that
the removal of DS/CS chains intensifies the reaction of NF
HMW species with anti-FN antibody (Figure 9B). Moreover,
similarly as in the case of DC-derived species (Figure 9A),
chondroitinase ABC treatment of NF-derived HMW aggre-
gates leads to a reduction in their collagen type III content
(Figure 9B).
To examine the sulfation pattern of DS/CS chains engaged

in the formation of DC-derived supra-molecular complexes,
the disaccharides obtained after these aggregate treatments
with chondroitinase ABC were labeled with AMAC and

Fig. 4. Comparison of glucuronosyl epimerization patterns of DS chains from
human fibrous fascia and normal porcine skin small PGs. DS chains were
degraded by chondroitinase AC I or chondroitinase B action, and
enzyme-resistant fragments were resolved by gradient PAGE followed by
ammoniacal silver staining. Arrows show the migration position of DS
oligosaccharide size markers with the most fast migrating hexasaccharide
(6-mer). They were prepared by partial digestion of commercial DS by
chondroitinase ABC followed by the gel filtration of degradation products on
Bio Gel P-10 column (5 × 1000 mm) in 0.2 M NH4HCO3 at a flow rate of 1
mL/h. Lane 1, chondroitinase B preparation; lane 2, normal porcine skin
decorin DS after chondroitinase B (GlcA blocks); lane 3, normal porcine skin
biglycan DS after chondroitinase B (GlcA blocks); lane 4, fibrous human
fascia decorin DS after chondroitinase B (GlcA blocks); lane 5, fibrous
human fascia biglycan DS after chondroitinase B (GlcA blocks); lane 6,
fibrous human fascia biglycan DS after chondroitinase AC I (IdoA blocks);
lane 7, fibrous human fascia decorin DS after chondroitinase AC I (IdoA
blocks); lane 8, normal porcine skin decorin DS after chondroitinase AC I
(IdoA blocks); lane 9, normal porcine skin biglycan DS after chondroitinase
AC I (IdoA blocks), lane 10, chondroitinase AC I preparation.
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submitted to RP HPLC (Figure 5E). As can be seen from
Figure 5 and Table II, the enzyme-released disaccharide pool
is completely deprived of 2,4-O-disulfated and 2,6-
O-disulfated disaccharides and has reduced the content of
4-O-sulfated ones when compared with the sulfation pattern
of DSs of decorin and biglycan extracted from DC as free
molecules. On the other hand, higher content of 6-O-sulfated,
4,6-O-disulfated as well as unsulfated disaccharides is
observed within the disaccharide pool rescued by chondroiti-
nase ABC from DC ECM aggregates in comparison to DS
chains of extractable decorin and biglycan.

Discussion

Our previous study has shown that when compared with urea
extracts of the normal tissue containing mainly small DSPG
decorin the advanced DC-affected fascia has remodeled the
profile of extractable PGs (Koźma et al. 2005). The most pro-
minent alteration reflects in high expression of another small
DSPG—biglycan which in diseased tissue extracts was found
in almost equimolar amounts with decorin (Koźma et al.
2005). The observed phenomenon leads to the substantial
accumulation of DS in fibrosis-affected fascia. Moreover, the

Fig. 5. Disaccharide analyses of DSs derived from small PGs (A–D) as well as from fibrous palmar fascia ECM supra-molecular complexes (E). DS chains were
degraded by chondroitinase ABC. Obtained disaccharides after labeling with AMAC were resolved by RP HPLC and detected by fluorescence. Disaccharide
peaks are numbered as follows: 1, ΔHexA(2S)-GalNAc(4S); 2, ΔHexA-GalNAc(4,6S); 3, ΔHexA(2S)-GalNAc(6S); 4, ΔHexA-GalNAc(4S); 5, ΔHexA-GalNAc
(6S); 6, ΔHexA-GalNAc. (A) Disaccharide composition of fibrosis-affected human fascia decorin DS (h dec DS); (B) disaccharide composition of
fibrosis-affected human fascia biglycan DS (h big DS); (C) disaccharide composition of normal porcine skin decorin DS (p dec DS); (D) disaccharide
composition of normal porcine skin biglycan DS (p big DS); (E) disaccharide composition of fibrous fascia ECM supra-molecular complex DS (DS from SMC).
Inserts in A, B and D show an increase in chromatogram area around 4,6-disulfate disaccharide peak (2) and 2,6-disulfate disaccharide peak (3).

Dermatan sulfate role in fibrosis

1307

 at U
niversity of A

rizona on January 6, 2012
http://glycob.oxfordjournals.org/

D
ow

nloaded from
 

http://glycob.oxfordjournals.org/


latter process is also associated with the structural remodeling
of total tissue DS (Koźma et al. 2007). The alterations rather

of quantitative nature manifest as an increase in the content of
some IdoA and GlcA blocks, mainly these containing from 3
to 9 disaccharide units (Koźma et al. 2007). Moreover, such
IdoA regions seem to include slightly more sulfate groups
than appropriate segments present in NF DS chains (Koźma
et al. 2007). An accumulation of structurally modified DS in
DC fascia ECM arises the question concerning the role of the
GAG in disease pathogenesis. Our present study allowed to
reveal that decorin and biglycan DSs in fibrosis tissue can
fulfill similar but not identical functions. Extractable pool
decorin DS is able to bind most probably even in irreversible
manner both growth factors (PDGF-BB and FGF-2) and FN
as judged from very low Kd values characterizing all inter-
actions. In turn, biglycan DS displays particularly high affinity
to FGF-2, while it binds slightly more weakly remaining
ligands. Interestingly, similar binding preferences were also
found for normal porcine skin decorin and biglycan DSs
suggesting that small DSPGs may have conserved functions
in various tissues and circumstances. On the other hand, DS
chains with high affinity to both growth factors and FN were
rare in DC extracts that resulted in poor binding capacity of
GAG-modified sensor chips during the SPR measurement.
Most likely, in fibrosis-affected fascia, the DS with such
binding properties is mainly engaged with the formation of
supra-molecular complexes also containing PDGF, FGF-2 and
FN. Such HMWaggregates just isolated by us from DC fascia
ECM and characterized by immunological methods reveal
remarkable compactness. This feature most probably is
responsible for their insoluble character. Interestingly, we have
previously found that about two-thirds of fibrous fascia DS
pool remains unextractable (Koźma et al. 2007) supporting
the possibility that the GAG contribution to the composition
of ECM supra-molecular complexes may be substantial.
However, unextractable fraction of tissue DS, albeit less abun-
dant, also exists in NF (Koźma et al. 2007). Thus, the ques-
tion arises concerning the role of DS in these ECM structures.
Our present data suggest that DS forms a surface for strong
molecular interactions which at least in part can stabilize
ECM aggregates and influence their compactness. Such a con-
clusion can be drawn from a several of our present

Table II. Disaccharide composition of DSs from human Dupuytren’s fascia and porcine skin small PGs as well as DS/CS from Dupuytren’s fascia ECM
supra-molecular complexes

GAG ΔHexA
(2S)-GalNAc
(4S)

ΔHexA-GalNAc
(4,6S)

ΔHexA
(2S)-GalNAc
(6S)

ΔHexA-GalNAc
(4S)

ΔHexA-GalNAc
(6S)

ΔHexA-GalNAc Total sulfation
(sulfates/100
disaccharide units)

Dupuytren’s fascia
decorin DS

7.59 ± 1.01 0.77 ± 0.15 0.22 ± 0.05 84.35 ± 1.61 5.31 ± 2.21 1.76 ± 0.49 107

Dupuytren’s fascia
biglycan DS

6.47 ± 1.55 0.4 ± 0.1 0.21 ± 0.08 89.47 ± 3.26 2.34 ± 1.85 1.12 ± 0.27 106

Normal porcine skin
decorin DS

7.12 ± 1.67 0.19 ± 0.09 — 91.9 ± 1.37 0.7 ± 0.4 0.1 ± 0.02 107

Normal porcine skin
biglycan DS

5.25 ± 0.89 0.3 ± 0.09 0.07 ± 0.01 93.94 ± 1.0 0.42 ± 0.12 0.07 ± 0.04 106

Dupuytren’s fascia ECM
supra-molecular
complex DS/CS

— 1.03 ± 0.06 — 46.38 ± 1.33 38.48 ± 1.05 14.61 ± 1.63 87

Disaccharides obtained after degradation of DSs(/CS) by chondroitinase ABC were tagged with AMAC and resolved by RP HPLC as detailed in Materials and
methods. Samples of individual GAG were analyzed at least in triplicate. Content of particular disaccharide is presented as average percentage ± SD of total
disaccharide content.

Fig. 6. Competition effects of IdoA and GlcA chain sections on FGF-2 (A) or
FN (B) binding to DS chains. Biotinylated peptido-DSs of human fibrous
fascia decorin were immobilized onto a streptavidin-coated sensor chip and
exposed to individual ligand in the presence 10-fold excess of particular DS
chain segments at physiological ionic strength. The binding was analyzed by
plasmon surface resonance analysis as described in Materials and methods.
Error bars show ligand binding as the mean ± SD of three experiments.
Asterisks denote that differences are statistically significant (P < 0.05).
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observations. DS is responsible for direct, tight and stable
binding of small PGs especially decorin to other components
of ECM supra-molecular complexes. Our study has shown
that partial destruction of the structure of fibrous fascia ECM
heavy aggregates resulting in the abundant release of small
DSPG core proteins is possible only when DS (and poten-
tially CS) chains present within these heavy compounds are
degraded. In addition, we have found a marked disproportion
between significant GAG content in DC-derived HMW
species, estimated by dimethylmethylene blue reaction (data

not shown) and little sensitivity of these complexes to chon-
droitinase ABC. The observation suggests that particular DS/
CS chains are poorly attainable for enzyme most probably
due to simultaneous binding to several components of supra-
molecular complexes. Further evidence for an important role
of DS/CS for the structure of ECM-localized supra-molecular
complexes comes from the analysis of such compounds
derived from NF. Our examination of these aggregates has
elucidated that their PDGF-BB and FGF-2 binding is almost
completely dependent on DS/CS as judged from the

Fig. 7. Sepharose CL-2B gel chromatography of fibrous human fascia ECM-derived supra-molecular complexes containing PG(s). PG material eluted at void
volume during gel chromatography on Sepharose CL-4B was submitted to chromatography on a Sepharose CL-2B column (1 × 44 cm) in 4 M guanidine HCl,
0.05 M sodium acetate, pH 5.8. Fractions of 0.5 mL were collected and monitored for GAGs. Fractions containing GAGs were pooled as indicated by bar. V0

and Vt indicate the void volume and the total column volume, respectively.

Fig. 8. Analysis of components released by chondroitinase ABC from HMW species of fibrosis-affected fascia ECM. HMW species extracted from DC fascia
and purified by the gel chromatography set were without or after chondroitinase ABC treatment submitted to SDS–PAGE followed by ammoniacal silver staining
(A) or western blotted and probed with the anti-decorin (B) or anti-biglycan (C) serum. The migration positions of the molecular weight markers are as
indicated. (A) Lane 1, molecular mass markers: carbonic anhydrase (29 kDa), egg albumin (45 kDa) and bovine serum albumin (67 kDa); lane 2, HMW species
untreated with enzyme; lane 3, HMW species after chondroitinase ABC action. Asterisks indicate the position of chondroitinase ABC-derived components. (B)
Lane 1, anti-decorin immunoreactivity of HMW species after chondroitinase ABC action; lane 2, intact decorin of fibrosis-affected fascia; lane 3, anti-decorin
immunoreactivity of HMW species untreated with chondroitinase ABC. (C) lane 1, anti-biglycan immunoreactivity of HMW species after chondroitinase ABC
action; lane 2, intact biglycan of fibrosis-affected fascia; lane 3, anti-biglycan immunoreactivity of HMW species untreated with chondroitinase ABC.
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Fig. 9. Analysis of composition of supra-molecular complexes containing decorin. Multi-molecular complexes isolated from ECM of fibrous human fascia (A) or
normal human fascia (B) were immunoprecipitated with the anti-decorin serum without and after chondroitinase ABC treatment. Precipitated compounds were
dot blotted on Immobilon P and probed with several antisera as described in Materials and methods. (C) Quantitative comparison of immunoprecipitation of
supra-molecular complexes deprived of DS/CS. NF ECM-derived supra-molecular complexes were treated with chondroitinase ABC and then
immunoprecipitated with the anti-decorin or anti-FN serum. Precipitated compounds were dot blotted and probed with the anti-FN serum. (D) The impact of
antibody present in samples of immunoprecipitated supra-molecular complexes on dot blot results. Immunoprecipitated species were dot blotted and treated
directly with secondary antibody as described in Materials and methods. Error bars show the mean ± SD of the three experiments.
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deterioration of aggregate immunoreactivity with anti-growth
factor sera after the GAG depletion. This observation is con-
current with our previous finding that the destruction of DS/
CS chains in fibrous fascia leads to the release of significant
amount of species which reveal immunoreactivity with the
anti-PDGF-BB serum (Koźma et al. 2009). Furthermore, it
seems that DS/CS chains in ECM supra-molecular complexes
are also at least in part able to direct bind FN molecules. This
suggestion is supported by our present finding that DS/CS
depletion is associated with a stronger reaction of NF HMW
aggregates with the anti-FN serum most probably due to
better epitope availability. In addition to DS/CS influence, the
compactness of ECM supra-molecular complexes is most
probably determined also by cross-linking of these aggregate
components. This phenomenon seems to be particularly pro-
minent in the case of fibrous fascia ECM aggregates and
especially affects their FGF-2, PDGF-BB and FN components
that reflected in the lack of such molecules among penetrating
to the preparative gel species released by chondroitinase
ABC. The cross-linking is most probably associated with the
activity of Ca+2-dependent TGs catalyzing the formation of
γ-glutamyl--lysine cross-links (Griffin and Bergamini 2002).
Interestingly, fibrosis process also that concerning palmar
fascia is characterized by the enhanced activity of these
enzymes (Dolynchuk and Pettigrew 1991). Among them, the
most widespread TG type 2 (TG2) is mainly found on the cell
surface and in ECM where it is colocalized with syndecan-4
and FN, respectively (Scrapellini et al. 2009). Moreover, cell
surface heparan sulfate (HS) is able to bind strongly TG2 and
to control the enzyme trafficking and activity (Scrapellini
et al. 2009). Thus, taking into account that binding prefer-
ences of HS and DS frequently overlap, it is interesting
whether the latter GAG apart from its direct impact on ECM
aggregate compactness may also regulate this property in
indirect fashion by influence on TG2 activity.
Sulfated GAGs interact with two binding sites on FN mol-

ecule which are designated as Hep-1 and Hep-2. The former
one is connected with N-terminal type I repeats (Sekiguchi
et al. 1983) and colocalized with FN-binding domain I1–I5
which contributes to the glycoprotein polymerization
(Schwarzbauer 1991). Moreover, this site is cryptic in the
intact folding FN molecules (Sekiguchi et al. 1983). The
second GAG-binding region located near C-terminus (Lyon
et al. 2000) contains three repeats of type III module (III12–
III14) which are also essential for the FN fibril assembly as
binding partners for domain I1–I5 (Bultmann et al. 1998). In
addition, both decorin and biglycan core proteins interact
with Hep-2 as well as with the cell-binding domain that is
localized in Hep-2 proximity (Bidanset et al. 1992; Schaefer
et al. 2003). Furthermore, the binding of the decorin core
protein to FN is characterized by relatively high affinity
(Bidanset et al. 1992), albeit lower than that found by us in
the present study for DS interaction with FN. On the other
hand, biological significance of GAG binding to FN is
known particularly in the case of HS/heparin (H) (Woods
et al. 1993). In turn, to date there is well evidenced the influ-
ence of decorin DS on cell adhesion/migration induced by
FN (Bidanset et al. 1992; Merle et al. 1999). Our results
obtained owing to the SPR method suggest that apart from

the interaction mediated by their core proteins, small DSPGs
can at physiological ionic strength strongly bind to FN via
their GAG side chains. This two-point mode of small DSPG
binding to FN as well as the overlapping of sites responsible
on the FN molecules for both the protein polymerization and
decorin binding suggest special importance of FN:DSPG
interactions for some steps of FN fibrillogenesis. Thus,
decorin (and most probably biglycan) after its binding to
adjacent FN molecules could support FN unfolding as well
as stabilize the FN–FN interactions by bridging effect.
Interestingly, the expression of decorin in macrovascular
endothelial cells, cultured on the collagen substratum, was
associated with an induction of the FN matrix assembling
(Kinsella et al. 2000). This finding however arises another
possibility that decorin plays the role of factor connecting
processes of collagen and FN fibrillogenesis. The hypothesis
is also supported by several our present observations. As
judged from immunoblots, some decorin core protein mol-
ecules released from DC-derived HMW species by chondroi-
tinase ABC action are cross-linked with material which did
not react neither with anti-FN nor with anti-growth factor
sera. On the other hand, it is known that decorin core
protein can bind to type III collagen (Thieszen and
Rosenquist 1994) that is simultaneously substrate for TG
(Griffin and Bergamini 2002). Interestingly, just we have
found by the assessment of reactivity with the appropriate
serum the presence of type III collagen both in DC and NF
ECM-derived supra-molecular aggregates. Furthermore, dot
blot analysis revealed that chondroitinase ABC treatment of
these supra-molecular complexes also leads to a release of
some portion of collagen type III. Thus, all above findings
suggest tight relation between collagen type III and decorin
core protein in both fibrous and NF. Moreover, taking into
account that type III collagen is one of the known organizers
of type I collagen fibrillogenesis (Birk and Mayne 1997), it
is tempting to speculate that some fractions of fascia decorin
can simultaneously bind type III collagen via core protein
and FN via DS side chain contributing on this way to the
regulation of the fibrillar matrix assembly. Interestingly,
spatiotemporal convergence of type III collagen, FN and
decorin expression is observed during the embryonic devel-
opment of tendon (Kuo et al. 2008), which is an anatomical
structure nearly related to fascia. Moreover, our present study
has also shown that the ECM existence of supra-molecular
aggregates involving both FN, decorin and collagen type III
is common at least in some types of connective tissue inde-
pendently of circumstances.
Our present results have confirmed our previous data that

DS chains of both DC-derived small DSPGs display high affi-
nity for PDGF-BB (Koźma et al. 2009). However, some dis-
crepancy was found concerning Kd values characterizing
especially DC decorin DS binding to the growth factor. This
difference can result from the manner of DS immobilization
which is crucial for GAG-binding properties (Osmond et al.
2002). It seems that in contrast to previously used solid-phase
assay (Koźma et al. 2009), the SPR method with peptido-DS
immobilized by its core protein fragment and GAG chain
fully accessible to the growth factor allows to better estimate
the GAG-binding potential.
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The structural features of sulfated GAGs involved in their
interactions with various bio-ligands are of special interest.
Several studies, which however concern mainly HS/H inter-
actions, allowed to reveal that these GAG binding to such mol-
ecules as FN or FGF-2 strongly depends on both overall sulfate
density and appropriate sulfate group localization (Lyon et al.
2000; Kreuger et al. 2001). Moreover, minimal high-affinity
binding regions in HS/H chains are formed by clusters of four
disaccharides, two of which are at least disulfated (Lyon et al.
2000; Kreuger et al. 2001). In addition, highly sulfated frag-
ments of HS/H chains contain exclusively IdoA residues which
due to their conformational flexibility (Venkataraman et al.
1994) further promote these GAG ability to high-affinity
binding. In contrast, structural requirement underlying DS inter-
actions is less known. Our present results showing that the par-
ticipation of IdoA residues is not essential to effective binding
of DS to FN and FGF-2 are consistent with previous reports that
both DS and CS can interact with the former ligand or promote
the growth factor activity (Sekiguchi et al. 1983; Taylor et al.
2005; Ida et al. 2006). However, it seems that the binding capa-
bility of GlcA blocks more strongly depends on their sulfation
pattern than in the case of IdoA blocks that reflect differences in
conformational flexibility between both hexuronate isomers
(Venkataraman et al. 1994). The excellent illustration of the hex-
uronate epimer impact on the binding properties is a finding that
CS-E from squid cartilage containing more than 60% of
GlcAβ1-3GalNAc(4,6S) disaccharides displays �4-fold reduced
affinity to FGF-2 when compared with CS–H from hagfish noto-
chord which has remarkable amount of IdoAα1-3GalNAc(4,6S)
(Deepa et al. 2002; Nandini et al. 2004).
Most likely, similarly as in the case of HS/H, DS/CS chain

high-affinity binding sites for PDGF-BB monomer, FGF-2 and
FN are also associated with rather short clusters also accumu-
lating disulfated disaccharides. Our present study confirmed
our previous observation (Koźma et al. 2009) that DS inter-
action with PDGF-BB can strongly depend on
2,4-O-disulfated disaccharide amount. In contrast, as it results
from the report of Taylor et al. (2005), these disaccharides
rather are not responsible for DS-dependent promotion of
FGF-2 activity. However, higher affinity binding of the growth
factor as well as effective promotion of its activity were found
for DS chains containing 4,6-O-disulfated or 2,6-O-disulfated
disaccharides in combination with 4-O-sulfated ones (Nandini
et al. 2004; Taylor et al. 2005). Our present results are consist-
ent with the above reports showing however the complexity of
the problem. We observed a positive correlation between the
content of 2,6-O-disulfated disaccharides in DS chains and the
GAG affinity for FGF-2 simultaneously revealing that DS
chains completely devoid of these disaccharides are still able
to bind strongly the growth factor. Nevertheless, pivotal impor-
tance for DS/CS-mediated binding of PDGF-BB, FGF-2 and
FN both of 2,6-O-disulfated and 2,4-O-disulfated disacchar-
ides in addition to some 4-O-sulfated ones also results from
our present finding that chondroitinase ABC is unable to
release of these disaccharides from the GAG engaged with the
structure of DC ECM supra-molecular complexes containing
all above ligands. The possible explanation of the phenomenon
is that DS/CS sections containing such disaccharides are inac-
cessible to enzyme due to their direct involving into

interactions. Summarizing the above considerations concerning
relation between DS/CS structure and functions, it may be con-
cluded that, observed by us previously (Koźma et al. 2007)
and mentioned at the beginning of this section, structural remo-
deling of total DS in fibrosis-affected palmar fascia can
promote the formation of additional sites for strong ECM
binding of FN, FGF-2 and PDGF-BB when compared with
normal tissue. Mediated by fibrosis-affected fascia DS, the
binding of the growth factors which precedes or even enables
by proper positioning their cross-linking to other ECM com-
ponents may represent the mechanism of the fibrosis process
self-limitation. On the other hand, the immobilization of these
most probably significant ECM deposits of growth factors as
the result for example of Dupuytren’s disease surgical treat-
ment may have the clinical relevance underlying frequently
observed incidents of pathological process recurrence.

Materials and methods
Reagents and materials
The following antibodies were used: monoclonal mouse anti-
human decorin antibody (R&D Systems, Germany: no MAB
143), monoclonal mouse anti-human biglycan antibody 3E2
(Santa Cruz Biotechnology Inc., California; no sc-100857),
polyclonal rabbit anti-human FGF-2 antibodies (PeproTech,
UK; no 500-P18), polyclonal rabbit anti-human PDGF-BB
antibodies (PeproTech; no 500-P47), monoclonal mouse anti-
human FN antibody (QED Bioscience Inc., San Diego,
California; no 42039), polyclonal rabbit anti-human versican
V0/V2 antibodies (Abcam, UK; no ab 28671), polyclonal
rabbit anti-human versican V0/V1 antibody (Sigma-Aldrich,
Germany; no V5639), polyclonal rabbit anti-human collagen
type III antibodies (Rockland, Gilbertsville, Pennsylvania; no
600-401-105-0.1), goat anti-rabbit immunoglobulin G conju-
gated to peroxidase and goat anti-mouse immunoglobulin G
conjugated to peroxidase (Sigma-Aldrich). Urea, guanidine
hydrochloride (GdnHCl), Sepharose CL-4B, chondroitinase
ABC from Proteus vulgaris, chondroitinase B from
Flavobacterium heparinum, peroxidase substrate 3,3′,5,5′-tet-
ramethylbenzidine, papain, Tween-20, acrylamide, phosphate-
buffered saline (PBS), 3-[(3-cholamidopropyl) dimethyl-
ammonio]-1-propanesulfonate hydrate (CHAPS), AMAC,
sodium cyanoborohydride, dimethyl sulfoxide (DMSO),
ammonium acetate for HPLC, standard CS disaccharides
(Δdi-0S sodium salt, Δdi-4S sodium salt, Δdi-6S sodium salt,
Δdi-UA-2S sodium salt), standard DS from porcine intestinal
mucosa, pronase, human plasma FN and protein G-Sepharose
4B fast flow were purchased from Sigma-Aldrich. Human
recombinant PDGF-BB and FGF-2 were obtained from
PeproTech. DEAE-Sephacel, Sepharose CL-2B and
Octyl-Sepharose were supplied by Pharmacia Biotech
(Sweden). Protease inhibitor cocktail [4-(2-aminoethyl)ben-
zensulfonyl fluoride hydrochloride, aprotinin, bestatin,
N-(trans-epoxysuccinyl)-L-leucine 4-guanidinobutylamide,
leupeptin and pepstatin A], dimethylmethylene blue, tris
(hydroxymethyl) aminomethane (Tris), molecular mass
markers and N,N′-methylenebisacrylamide were obtained from
Serva (Germany). Chondroitinase AC I from F. heparinum was
supplied by Seikagaku (Japan). EZ-link sulfo-NHS-LC biotin
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was purchased from Thermo Scientific, Rockford, Illinois.
Standard CS disaccharides [ΔHexA(2S)-GalNAc(4,6S),
ΔHexA(2S)-GalNAc(4S), ΔHexA(2S)-GalNAc(6S), ΔHexA-
GalNAc(4,6S)] were obtained from Iduron (UK). Macro-Prep
t-butyl hydrophobic interaction chromatography support was
purchased from Bio-Rad Laboratories, Hercules, California.
Blot Quick Blocker was obtained from Chemicon
International, Temecula, California. Remaining chemicals were
supplied by POCH (Poland).

Tissue material
The samples of primary Dupuytren’s fascia were obtained
from 10 men (age range 45–65) treated operatively for the
disease. Twelve specimens of NF lata were collected from
healthy individuals of either sex (age range 50–71) during
reconstruction surgery following accidental injury. All tissue
specimens were obtained with informed consent of the
patients. The study protocol was approved by the Regional
Ethical Committee. Specimens of normal porcine skin were
purchased from abattoir. Samples of particular fascia types
were combined before preparation. All tissue samples were
stored at −75°C until processing.

Isolation of decorin and biglycan from tissue samples
Both small DSPGs were isolated from degreased, dehydrated
and homogenized tissue material as described previously
(Koźma et al. 2005). Briefly, the tissue powder was extracted
twice with 0.05 M sodium acetate, pH 6.0, containing 7.8 M
urea, 0.2 M NaCl and protease inhibitors. Released ECM mol-
ecules were subjected to anion exchange chromatography on
DEAE-Sephacel. PGs which adsorbed to the bed were sub-
sequently eluted with buffered solution of 1 M NaCl and sep-
arated by gel chromatography on Sepharose CL-4B in respect
of differences in their molecular weight. PGs running in the
included volume were further fractionated by hydrophobic
interaction chromatography on octyl-Sepharose CL-4B in 4 M
GdnHCl. Under the used conditions, decorin molecules did
not adsorb to octyl-Sepharose and were eluted from the
column in the running buffer while biglycan ones bound to
the bed were eluted with 1% CHAPS solution. The compo-
sition of obtained PG fractions was assessed by 4–15% gradi-
ent SDS–PAGE. The identity of DC-affected human fascia
decorin and biglycan was also confirmed by the evaluation of
fraction component immunoreactivity with antibodies recog-
nizing the small DSPG core proteins. Moreover, the positive
reactivity with above sera was also found for HMW species
of PG origin which were extracted from fibrous fascia ECM
and eluted at void volume during gel filtration on Sepharose
CL-4B. These compounds as well as such species derived
from NF lata were further purified by gel chromatography on
Sepharose CL-2B in 0.05 M acetate buffer, pH 5.8, containing
4 M GdnHCl. Eluate fractions showing a positive reaction
with dimethylmethylene blue (Farndale et al. 1986) were col-
lected and characterized as described in the next sections.

Isolation of DS chains and their structural analysis
DS chains were released after pronase action on decorin and
biglycan core proteins in 0.05 M Tris–HCl buffer, pH 7.5, at

30°C for 24 h at agitation. Then, enzyme was inactivated by
boiling for 5 min and DS chains were subjected to
DEAE-Sephacel chromatography in 0.05 M Tris–HCl buffer,
pH 7.5. The GAG bound to the bed was desorbed with 1.5 M
NaCl, dialyzed against distilled water and lyophilized.
To assess their glucuronosyl epimerization pattern, DS

chains were partially depolymerized with chondroitinase AC I
or B followed by the electrophoretic resolution of
enzyme-resistant chain fragments on gradient PAGE as it was
described previously (Koźma et al. 2005). To analyze the sul-
fation pattern, DS chains of particular small PGs as well as
the GAG present in HMW species extracted from fibrous
fascia ECM were first degraded by chondroitinase ABC in
0.05 M Tris–HCl buffer, pH 8.0, at 37°C for 24 h. Obtained
unsaturated disaccharides were subsequently tagged with
fluorophore AMAC and subjected to RP HPLC on Varian
ProStar HPLC system according to Deakin and Lyon (2008).
Briefly, lyophilized disaccharides were dissolved in 10 μL of
0.1 M AMAC in 85% DMSO/15% acetic acid and after 20
min treated with 10 μL of 1 M sodium cyanoborohydride.
After 18 h incubation at room temperature, labeled disacchar-
ides were diluted with the mixture of distilled water, DMSO
and acetic acid (50:42.5:7.5) and applied to PRLP-S 300 A
column (4.6 mm = 150 mm; Polymer Laboratories, Varian,
Shropshire, UK) equilibrated in 0.1 M ammonium acetate.
Then, column was washed with 2 mL gradient of 0–10%
methanol. Adsorbed disaccharides were eluted with 50 mL
linear gradient of 10–30% methanol and detected by in-line
fluorescence (excitation at 425 nm, emission at 520 nm).

Biotinylation of decorin and biglycan DSs
Before the evaluation of their binding properties, DSs used as
peptido-GAGs being products of papain action on small PGs
(Koźma et al. 2009) were coupled on their peptide portion with
biotin. To biotinylate, peptido-DSs (from 40 to 20 μg) were dis-
solved in 100 μL of 0.1 M PBS, pH 7.2, and incubated for 2 h at
room temperature with 10 μL of 0.01 M EZ-Link Sulfo-
NHS-LC-Biotin. Then, excess of biotin was removed by dialysis
against distilled water and modified DSs were lyophilized.
Efficiency of DS biotinylation was controlled with special EZ
biotin quantitation kit (Thermo Scientific).

Analysis of DS interactions with growth factors and FN by
the SPR method
The analysis was carried out in the Springle Instrument
(Autolab, The Netherlands) employing biotinylated DS which
was immobilized onto a streptavidin-coated sensor chip
(SAHC 80 M from Xantec, Germany) and exposed to individ-
ual ligand used in five varying concentrations. The immobiliz-
ation of DS chains was conducted in 0.04 M glycine/0.04 M
NaCl solution, pH 3.0, for 10 min at 21°C. Subsequently, the
chip was exhaustively washed with PBS, pH 7.4, containing
0.02% Tween-20 and blocked with biotin. Binding exper-
iments were performed at physiological ionic strength in PBS,
pH 7.4, containing 0.02% Tween-20, at 21°C until equilibrium
was reached. The DS surface was regenerated between particu-
lar binding measurements by washing with 2 M NaCl in
running buffer. Then, the dissociation of complex DS:ligand
was measured only at the highest concentration of the latter
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due to special properties of all investigated interactions which
were characterized by high binding affinity and small binding
capacity. The dissociation phase was generated by fast replace-
ment of ligand solution with running buffer. Three independent
sets of binding reactions and five replicates of dissociation
phase for each ligand were performed. Parameters characteriz-
ing investigated binding reactions (i.e. association and dis-
sociation rate constants ka and kd, respectively, equilibrium
dissociation constant Kd as well as maximal binding capacity)
were calculated for each set of binding curves using the non-
linear curve-fitting software supplied with the instrument.

Evaluation of GlcA or IdoA block ability to compete with
intact DS for ligand binding
Contribution of particular DS chain sections in binding to
PDGF-BB, FGF-2 and FN was analyzed by competition
assay using the SPR method as described in the previous
section. Briefly, biotinylated DC decorin peptido-DS chains
were immobilized onto a streptavidin-coated sensor chip and
exposed to single concentration of a particular ligand which
was 15 min pre-incubated with or without 10-fold excess of
DC decorin DS-derived IdoA or GlcA blocks. They were pre-
pared by chondroitinase AC I or B, respectively, treatment of
free GAG chains followed by the gel filtration of degradation
products on Sephadex G-15 in 0.2 M NH4HCO3. Eluate was
monitored by absorbance at 232 nm. Oligosaccharides eluted
at void volume were collected, lyophilized and used to com-
petition assay. The ability of particular chain section to inhibit
ligand binding to intact DS was assessed as decrease in
binding curve height.

Identification of fascia ECM-derived HMW species of PG
origin
Two ways were applied to identify the composition of HMW
aggregates. The first way was used for such species isolated
from fibrous fascia ECM and purified by gel chromatography
first on Sepharose CL-4B and then on Sepharose CL-2B.
These species without or after previous chondroitinase ABC
treatment were submitted to gradient 4–15% SDS–PAGE,
electrotransfered to Immobilon P and then probed with anti-
versican, anti-decorin, anti-biglycan, anti-FN, anti-PDGF-BB
and anti-FGF-2 sera as described previously (Koźma et al.
2005, 2009). In addition to the above-mentioned treatment,
HMW species derived from both fibrosis-affected and normal
tissue were immunoprecipitated with the anti-decorin serum
without or after prior chondroitinase ABC action.
Immunoprecipitation was conducted in 0.02 M Tris–HCl
buffer, pH 7.4, containing 0.3 M NaCl, 0.05% Triton X-100
as well as protease inhibitors for 12 h at 4°C, under agitation.
Obtained immunological complexes were then incubated for
4 h with G-protein coupled to Sepharose beads. Components
adsorbed to G-protein were solubilized in 0.25 M Tris–HCl
buffer, pH 6.8, containing 4% SDS, by 5 min boiling.
Positive control for immunoprecipitation was performed enga-
ging used anti-decorin antibody and free human decorin.
Precipitated material was then subjected to western blotting
and probed with the same antibody.
Isolated by immunoprecipitation, decorins containing

HMW aggregates due to their appreciable molecular masses

exceeding fractionation ability of PAGE were further analyzed
by dot blot according to protocol attainable on Abcam site.
Briefly, aliquots of HMW species were blotted on Immobilon
P previously prewet in methanol (15 s), deionized water (2
min) and dot blot buffer 0.02 M Tris–HCl, pH 7.5, containing
0.15 M NaCl, and 0.05% Tween-20 (5 min). The blots were
then probed with anti-PDGF-BB, anti-FGF-2, anti-FN and
anti-collagen type III sera. Due to the fact that samples of
immunoprecipitated HMW species may contain unknown
amount of used antibody (mouse anti-human decorin or in
some cases mouse anti-human FN) which can influence final
dot blot results, we performed a negative control for dot blot
analysis. To this purpose, dot blotted samples of immunopre-
cipitated material were directly treated with dot blot secondary
antibody (peroxidase conjugated rabbit anti-mouse IgG).

Quantitative assessment of PG samples
Protein content in PG samples was estimated by the Bradford
(1976) method. In turn, GAG content was assessed by reac-
tion with methyldimethylene blue (Farndale et al. 1986) as
well as by an estimation of hexuronic acid content
(Blumenkrantz and Asboe-Hansen 1973).

Statistical analysis
All experiments were undertaken at least three times unless
specified. Data are presented as mean ± SD. Statistical
evaluation was performed with the Student’s t-test, accepting
P < 0.05 as significant.
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Abbreviations

AMAC, 2-aminoacridone; CHAPS, 3-[(3-cholamidopropyl)
dimethyl-ammonio]-1-propanesulfonate hydrate; CS, chon-
droitin sulfate; DC, Dupuytren’s contracture; DMSO, dimethyl
sulfoxide; DS, dermatan sulfate; ECM, extracellular matrix;
FGF, fibroblast growth factor; FN, fibronectin; GAG, glycosa-
minoglycan; GalNAc, N-acetylgalactosamine; GdnHCl, guani-
dine hydrochloride; GlcA, glucuronic acid; ΔHexA,
4-deoxy-α-L-threo-hex-4-enepyranosyluric acid; HMW,
high-molecular-weight; HS, heparan sulfate; IdoA, iduronic
acid; NF, normal fascia; PAGE, polyacrylamide gel electro-
phoresis; PBS, phosphate-buffered saline; PDGF, platelet-
derived growth factor; PG, proteoglycan; RP HPLC, reverse-
phase high-performance liquid chromatography; SDS, sodium
dodecyl sulfate; SPR, surface plasmon resonance; TG, trans-
glutaminase; Tris, tris(hydroxymethyl) aminomethane.
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