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Abstract

Tumor transformation and progression both lead to extracellular matrix remodeling, which is also reflected in an alteration in the
proportion of dermatan sulphate (DS) and chondroitin sulphate (CS) and an accumulation of the latter. In addition, a significant
increase in the 6-O-sulphated disaccharide contribution to the structure of both glycosaminoglycans has been observed. It is
commonly accepted that CS is more permissive for tumor growth than DS. However, the detailed role of DS in tumor progression
is poorly known. We tested the effects of structurally different DSs on the behavior of cultured breast cancer cells. At a high dose
(10 ug/mL), all of the DSs significantly reduced cancer cell growth, although some differences in the efficiency of action were
apparent. In contrast, when used at a concentration of 1 ug/mL, the examined DSs evoked different responses ranging from the
stimulation to the inhibition of cancer cell proliferation. The highest stimulatory activity was associated with fibrosis-affected fascia
decorin DS, which is characterized by a particularly high content of 6-O-sulphated disaccharides. Further reduction in DS con-
centration to 0.5 ng/mL preserved majority of biological effects which were apparent at a dose of 1 pg/mL. The enzymatic frag-
mentation of the DSs, particularly by chondroitinase AC |, abolished the impact exerted by 1 ng/mL of the intact DS chains and
sometimes resulted in the opposite effect. In contrast to DSs, highly sulphated C-6-S exhibited no effect on the cancer cells. Our
data revealed the complexity of the effects of DSs on breast cancer cells, which include both co-receptor activity and the
prevention of vascular endothelial growth factor action. In addition, the biological effect of DSs is strongly dependent not only
on the glycosaminoglycan structure but also on its content in the cancer environment.
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and two members of the small leucine-rich PG (SLRP)
family, namely decorin and lumican. The level of chondro-
itin sulphate (CS)/dermatan sulphate (DS) bearing versi-
can, which is known to form matrix complexes with
hyaluronan (HA), is elevated in most cancers.”” The expres-
sion of DS/CS containing decorin, in turn, appears to be
associated with the amount of tumor stroma, whereas the
level of keratan sulphate harbouring lumican is higher than
the decorin content at least in breast cancer.*”® In contrast to
decorin, both versican and lumican can partly originate
from tumor cells.'*!! In addition to the disturbed expression

Introduction

The stroma of various organs is formed by connective tissue
as a framework to support organ-specific cells and influence
their behavior. The latter phenomenon is, however, poorly
understood. In addition, the tumor transformation of organ-
specific cells and tumor progression cause marked mor-
phological and functional remodeling of the stroma. This
process, which is commonly known as a “stromal reaction,”
includes the stimulation of fibroblast growth and disturb-
ances in the functions of these cells that lead to changes in

the composition of the extracellular matrix (ECM)."* The
latter are also reflected in the scar-like deposition of colla-
gen, termed “desmoplastic reaction,” and in the altered pro-
file of matrix proteoglycans (PGs), which are glycoproteins
modified by sulphated glycosaminoglycan (GAG) side
chain(s). The tumor-dependent remodeling of the matrix
PG profile results in the aberrant deposition of versican
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of matrix PGs, alterations in the structure of sulphated
GAGs, particularly DS and CS, are also observed in solid
tumor stroma. The former GAG is a copolymer composed of
two types of disaccharide units: one contains N-acetyl gal-
actosamine (GalNAc) and glucuronate (GlcA) residues, and
the other has GalNAc and iduronate (IdoA) residues. In
contrast, CS harbours only units of GalNAc and GIcA.
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Nevertheless, in both GAGs, the majority of GalNAc resi-
dues and some hexuronate residues are modified by sul-
phation. The sulphation patterns of CS/DS, as well as the
extent of glucuronosyl epimerization to iduronate are vari-
able in DS chains, depending on the activities of several
enzymes that undergo changes in various physiological
and pathological events. The most prominent stromal
GAG alteration associated with various neoplasms is a
marked reduction in the DS proportion coexistent with a
significant increase in the CS content.>”'? In addition, the
shortening of the DS/ CS chains and an enhanced contribu-
tion of unsulphated and 6-O-sulphated disaccharide units
to the DS/ CS structure are also detected.’”1214

It is hypothesized that stromal changes modulate cancer
progression. For example, the abundant deposition of ver-
sican or the low expression of lumican and particularly
decorin in breast cancer patients are associated with poor
prognosis.>'®> Moreover, a negative correlation between the
decorin content and cancer progression was also found for
spindle-cell sarcomas.'® The widespread expression of dec-
orin in tissues is considered a strong inhibitor of tumorigen-
esis. The transfection of various cancer cells to express
decorin yields the induction of cyclin-dependent kinase
inhibitor p21 and cell growth arrest.'” The anti-tumor
effects of the decorin core protein are particularly well evi-
denced.'®?® Moreover, similar activity is also demonstrated
by a core protein of biglycan®*?® which is another DS-
containing member of SLRP family. In contrast to their
core proteins, the impact of the decorin and biglycan DS
chains on tumor cell behavior is poorly understood.
Similarly, the relevance of the reduction in the DS content
and the structural remodeling of the GAG, both of which
are observed in the tumor environment, on cancer growth is
unclear. On the other hand, DS demonstrates a marked
binding potential based on both high density of negative
electric charge and the presence of conformationally flexible
IdoA in the GAG chains. It was previously shown® = that
decorin DS binds hepatocyte growth factor (HGF), fibro-
blast growth factor-2 (FGF-2), and platelet-derived growth
factor, which are also important for tumor progression.””*
Moreover, at least with two of these growth factors, the DS
chains can function as their co-receptors.’*? In addition,
the decorin (and biglycan) DS together with the core protein
regulates collagen fibrillogenesis,> which can enhance the
cancer-associated desmoplastic reaction leading to the
inhibition or at least attenuation of cancer progression.*
Moreover, DS can affect cell apoptosis. It was recently
shown that the decorin GAG is responsible for the induc-
tion of apoptosis and/or the inhibition of proliferation in
airway smooth muscle cells>* However, the relation
between DS impact on the cell (also including cancer cell)
behavior and the GAG structure is poorly understood.
Thus, all of the above-mentioned circumstances prompted
us to test the influence of several structurally different DSs
(also derived from decorin and biglycan) which were used
in several concentrations, on the growth of two widely stu-
died human breast cancer cell lines, namely T47D and
MCEF-7. We chose these oestrogen-dependent cells because
most primary breast tumors are sensitive to the hormone.*

Materials and methods
Reagents and materials

Urea, guanidine hydrochloride, Sepharose CL-4B, chon-
droitinase B from Flavobacterium heparinum, pronase,
papain, standard DS from porcine intestinal mucosa, stand-
ard C-6-S from shark cartilage, Tween 20, acrylamide, azure
A, phosphate buffered saline (PBS), (3-[(3-cholamidopro-
pyl)  dimethyl-ammonio]-1-propanesulfonate  hydrate
(CHAPS), 2-aminoacridone, sodium cyanoborohydride,
dimethyl sulfoxide (DMSO), ammonium acetate for
HPLC, standard CS/DS disaccharides (Adi-0S sodium
salt, Adi-4S sodium salt, Adi-6S sodium salt, Adi-UA-2S
sodium salt), insulin, fetal bovine serum, and trypsin
were purchased from Sigma-Aldrich (USA). Human recom-
binant vascular endothelial growth factor (VEGF)65 was
obtained from PeproTech (UK). DEAE-Sephacel, octyl-
Sepharose, and Sephadex G-15 were supplied by
Pharmacia Biotech (Sweden). Dimethylmethylene blue,
tris(hydroxymethyl)aminomethane (Tris), standard hep-
arin, standard C-4-S from whale cartilage, N,N’-methylene-
bisacrylamide, protease inhibitor cocktail containing
4-(2-aminoethyl)benzensulfonyl fluoride hydrochloride,
aprotinin,  bestatin, N-(trans-epoxysuccinyl)-L-leucine
4-guanidinobutylamide, leupeptin, and pepstatin A were
purchased from Serva (Germany). Chondroitinase AC I
from Flavobacterium heparinum was obtained from
Seikagaku (Japan). Standard CS/DS disaccharides
(AHexA(2S)-GalNAc(4,6S), AHexA (2S)-GalNAc(4S),
AHexA(2S)-GalNAc(6S), AHexA-GalNAc(4,65)) were
obtained from Iduron (UK). Macro-Prep t-butyl hydropho-
bic interaction chromatography support was purchased
from Bio-Rad Laboratories (USACulture media, antibiotics,
and amino acids were purchased from Lonza (Belgium).
Remaining chemicals were supplied by POCH (Poland).

Preparation of DSs and characterization of their
structure

Samples of human fibrosis-affected palmar fascia were
obtained from patients treated operatively for Dupuytren
fibromatosis. The study protocol was approved by the
Regional Ethical Committee. DSs from human fibrous
fascia decorin and biglycan as well as DS from porcine
skin biglycan were isolated as described previously.” In
brief, small DSPGs were extracted from porcine tissue and
from combined human fascia samples with buffered 7.8 M
urea solution containing protease inhibitors and then frac-
tionated firstly by an anion exchange chromatography on
DEAE-Sephacel, subsequently by gel filtration on
Sepharose CL-4B and finally by hydrophobic interaction
chromatography on octyl Seharose CL-4B. To release GAG
chains, the digestion of PG core proteins with pronase was
performed in 0.05M Tris HCI buffer, pH 7.5, at 37 °C for 24 h.
After thermal inactivation of the enzyme DSs were sepa-
rated from protein degradation products by chromatog-
raphy on DEAE-Sephacel in 0.05M TrisHCI buffer pH 7.5,
containing 0.25M  NaCl. Adsorbed GAGs were
subsequently eluted in buffered 1.5M NacCl, dialyzed and
lyophilized. CS/DS were quantified by dimethylene



blue reaction.®® Then, the isolated DSs and commercial DS
from porcine intestinal mucosa were characterized in
respect of their glucuronosyl epimerization and sulphation
patterns as described previously.” In brief, the examined
DSs were degraded through bacterial lyases chondroitinase
ACTand chondroitinase B. Enzyme resistant products, rep-
resenting IdoA blocks and GIcA blocks, respectively, were
further resolved on gradient polyacrylamide gel electro-
phoresis (PAGE)*” followed by staining with azure A/
ammoniacal silver®® and densitometric analysis. In turn,
to assess the sulphation patterns of GlcA and IdoA sections,
disaccharides obtained after the treatment of the examined
DS with chondroitinase AC I and chondroitinase B, respect-
ively, were labeled with fluorophore 2-aminoacridone® and
subjected to reverse phase high performance liquid chro-
matography (RP HPLC) on PLRP-S 300 A column
(4.6 mm x 150 mm; Polymer Laboratories, Varian,
Shropshire, UK) equilibrated in 0.1 M ammonium acetate,
run on a Varian ProStar HPLC system. After washing of the
column with 2mL gradient of 0-10% (v/v) methanol, disac-
charides were eluted with 50 mL linear gradient of 10-30%
(v/v) methanol and detected by in-line fluorescence (exci-
tation at 425 nm, emission at 520r1nr1).39

Cell cultures

T47D and MCEF-7 breast cancer cells obtained from ATCC
were cultured in RPMI 1640 or mixture (1:1) of RPMI 1640
and DMEM, respectively, at 37°C, in a humidified atmos-
phere of 5% CO,. Culture media were supplemented with
10% of fetal bovine serum (FBS), 0.01 mg/mL of recombin-
ant human insulin, 1000 UI/mL of penicillin and 10 mg/mL
of streptomycin, Confluent cultures were harvested by
trypsinization with 0.25% EDTA-trypsin. Cells were col-
lected by centrifugation at 800 x g for 2 min and quantified.
To examine the GAG effects on a cell viability, the cells were
seeded in 96-well plates (Thermo Scientific Nunc, USA) at a
density of 2000 (T47D) or 5000 (MCEF-7) cells per well, in
100 pL of growing medium with 10% FBS and left to grow
for 24 h. Then, the culture medium was replaced by serum-
free one and the cells were starved for the next 24h.
Subsequently, the medium was changed to that supple-
mented with various concentrations of the examined
GAGs. MCEF-7 cells were left to grow for 24 h in the expos-
ure to the GAGs while T47D cells were cultured for 48h
with daily exchange of GAG containing culture medium.
The viability of cancer cells was estimated by WST-1 test
(Roche, Switzerland). The absorbance at 450 nm was mea-
sured after 3h incubation of cell cultures with the test
reagent. To assess the effect of IdoA and GIcA blocks on
the T47D cells, in some cultures the cancer cells were left
to grow for 48 h in the exposure to chondroitinase AC I or
chondroitinase B resistant oligosaccharides, respectively.
The oligosaccharides before of their application to cell cul-
tures were separated from small size products of DS deg-
radation (i.e. disaccharides and tetrasaccharides) by gel
filtration on Sephadex C-15 in 0.2M NH4HCO;. To explore
the DS effect on VEGF-mediated increase in the T47D cell
viability, the cells were cultured for 24 h in the exposure to

50ng/mL of the growth factor alone or in the combination
with the individual GAG (3.3 pg/mL).

To investigate the effect of the examined DSs on the T47D
cell proliferation the commercial BrdU incorporation test kit
(Calbiochem, Germany) was used. In brief, cells were cul-
tured for 24h in the presence of the individual DS.
Subsequently, the culture medium was replaced by that
containing the GAG and 20 pL of BrdU solution and cells
were left to grow for the next 24h. Then, after fixation/
denaturation of the cells, a mouse anti-BrdU antibody was
applied at a dilution of 1:100 and cultures were incubated
for 1h at room temperature. After extensive rinsing, a goat
anti-mouse IgG conjugated with peroxidase was used at a
dilution of 1:1000 and the plate was incubated for 30 min-
utes at room temperature. Then, wells were washed and
solution of fluorogenic substrate was applied. After 30 min-
utes, the enzymatic reaction was stopped and fluorescence
of wells was measured (excitation at 325nm, emission at
420nm). All of the aforementioned experiments were
repeated at least in triplicate.

Analysis of DS interactions with VEGF¢5 by surface
plasmon resonance method

To binding assay peptidoDSs prepared from porcine and
human PGs by digestion with papain were used. Before
the analysis these peptidoDSs were biotinylated on their
peptide portion. The reaction was conducted in the presence
of 10puL of 0.01M EZ-link Sulfo NHS-LC-Biotin (Thermo
Scientific, USA) as donor of active biotin, in 0.1 M PBS pH
7.2, for 2h at room temperature. Then, modified peptidoDSs
were dialyzed and lyophilized. Biotinylation efficiency was
estimated by EZ biotin quantitation kit (Thermo Scientific,
USA). To examine their ability to bind VEGE, the biotinylated
peptidoDSs were immobilized onto a streptavidin-coated
sensor chip (SAP from Xantec, Germany) in the Springle
Instrument (Autolab, Netherlands) and exposed to various
concentrations of the growth factor. Binding assay was per-
formed at physiological ionic strength in PBS pH 7.4, con-
taining 0.02% Tween-20, at 21°C until equilibrium was
reached. The dissociation phase of the VEGF-DS interaction
was generated by rapid replacement of the growth factor
solution with running buffer. The GAG surface was regener-
ated between particular measurements by washing with 2M
NaCl in running buffer. Kinetics parameters of examined
reactions (i.e. association and dissociation rate constants k,
and kg, respectively) were calculated using the non-linear
curve-fitting software (Kinetic evaluation version 5.4) sup-
plied with the instrument. The equilibrium dissociation con-
stant, K4, was obtained from the ratio of kgq/k,. To estimate
the influence of mass transport limitation on the binding
experiments, the plots of relative response values as a func-
tion of used VEGF concentration were constructed*” for all of
the examined DSs. Linear dependence between these param-
eters observed for all of these GAGs clearly indicated that the
binding is not limited by mass transport.

Statistical analysis

The data were analyzed with the Shapiro-Wilk test to verify
the assumption of normal distribution. The results were
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expressed as mean values £5.D. Between-group compari-
sons were based on one-way ANOVA and Tukey test
accepting p < 0.05 as significant.

Results
Structural characteristics of the examined DSs

We tested the impact of several DSs, including the GAG
chains of decorin and/or biglycan extracted from fibrosis-
affected human fascia and normal porcine skin, as well as
commercial DS from porcine intestinal mucosa, on breast
cell behavior. Before the main experiment, we analyzed the
structural characteristics of these DSs, including their
molecular weight, glucuronosyl epimerization and sulpha-
tion patterns. The molecular weight of the DSs was deter-
mined by the comparison of their electrophoretic mobility
during gradient PAGE with that of saccharide mass mar-
kers?® and commercial C-4-S from whale cartilage, which
shows a Mr value ranging from 25 to 50 kDa. The obtained
data are presented in Table 1.

To investigate the model of their block glucuronosyl epi-
merization, the DSs were treated with chondroitinase AC I
or chondroitinase B and then subjected to resolution of the
enzyme-resistant oligosaccharides by gradient PAGE. The
polymerization degree of the individual degradation prod-
ucts was estimated through the comparison of their electro-
phoretic mobility with that shown by simultaneously
resolved saccharide mass markers.?’ Subsequently, the elec-
trophoretic profiles of the DS-derived oligosaccharides
were subjected to densitometric analysis. The obtained
data on the relative contribution of the blocks composed
of IdoA- or GlcA-containing disaccharides to the compos-
ition of the individual DS are shown in Figure 1. As can be
observed, both porcine DSs are characterized by a particu-
larly high extent of block epimerization, which results in a
very high proportion of IdoA blocks in relation to GlcA
blocks (Figure 1(a) versus (b)). However, the porcine skin
biglycan DS contains IdoA disaccharides that are almost
equally distributed into short and large size sections,
whereas the DS from the porcine intestinal mucosa displays
a marked content of IdoA blocks of intermediate size
(Figure 1a). In contrast, both human DSs (especially

Table 1 Structural characteristics of dermatan sulphates (DSs) from
human decorin and biglycan and from porcine tissue proteoglycans

Range of Total content
molecular of IdoA containing
DS masses (kDa) disaccharides (%)
Human decorin DS 7.3-28.9 78.0+11
Human biglycan DS 6.9-22.5 92.1+£0.2
Normal porcine skin 7.7-37 87.7+0.8
biglycan DS
Porcine intestinal mucosa DS~ 25-47 92.2+0.2

Note: The molecular weight of the DSs was determined by a gradient polyacryl-
amide gel electrophoresis as detailed under the Materials and methods section.
The total content of iduronate (IdoA) residue containing disaccharides was cal-
culated as a proportion of the amount of disaccharides generated only by chon-
droitinase B to the total amount of disaccharides released by both chondroitinase
B and AC | as described under the Materials and methods section.

human decorin GAG) show a clearly lower extent of block
epimerization, with IdoA-containing disaccharides
assembled mainly into short chain sections (Figure 1a). In
contrast, GlcA blocks in all examined DSs have only small
size (Figure 1b).

The sulphation patterns of the IdoA and GlcA regions in
the porcine and human DSs were examined by RP HPLC of
the fluorophore-tagged disaccharides generated after the
treatment of the GAGs with chondroitinase B and chondroi-
tinase AC I, respectively. The results, which are expressed
as the relative abundance of a particular disaccharide unit,
revealed that the IdoA regions accumulate prominent
amounts of 4-O-sulphated disaccharides in all of the exam-
ined DSs (Figure 2a). In addition, small but clearly differ-
ential amounts of 2,4-O-disulphated disaccharides were
detected, and the highest level of these units was found in
the porcine biglycan DS (Figure 2a). Moreover, with the
exception of the porcine biglycan DS, IdoA regions,
especially those derived from human decorin, comprise
detectable amounts of 4,6-O-disulphated disaccharides
(Figure 2a).

In addition to IdoA regions, the GlcA segments in all of
the examined DSs also contain a significant proportion of 4-
O-sulphated and 2,4-O-disulphated disaccharides (Figure
2b) showing differential tissue- and PG-specific patterns
(Figure 2b). Moreover, the GlcA regions in human decorin
DS have a remarkable amount of 6-O-sulphated disacchar-
ides, whereas the GIcA blocks in the porcine intestinal
mucosa GAG are completely deprived of such units
(Figure 2b). Additionally, in the majority of the examined
DSs, the IdoA and GlcA blocks harbour small amounts of
unsulphated disaccharides.

In addition to the assessment of the DS sulphation pat-
terns, the HPLC analysis of the fluorophore-tagged disac-
charides allowed the estimation of the total content of IdoA
containing disaccharides, and this measure was calculated
as a proportion of the amount of disaccharides generated
only by chondroitinase B to the total amount of disacchar-
ides released by both chondroitinase B and AC I. The
obtained data are shown in Table 1. As can be observed,
markedly lower content of IdoA units was found in the
human decorin DS.

Impact of GAGs on the behavior of breast cancer cells

The effect of structurally different DSs on the viability of
breast cancer cells was tested in MCF-7 and T47D cells
exposed to small (0.5pg/mL and 1pg/mL) and high
(10 pg/mL) concentrations of these GAGs. In a preliminary
experiment also, higher concentrations of some GAGs
including both porcine DSs and the total DS/CS, prepared
from fibrosis-affected human fascia, were applied. The total
fascia DS/ CS is a mixture of the total decorin and biglycan
GAG chains. However, due to the fact that cell responses
induced by 10 ug/mL and higher concentrations of DSs (i.e.
20 and 35ug/mlL) were similar, and we had limited
amounts of the decorin and biglycan DSs from fibrosis-
affected human fascia, we decided to apply only the
former concentration as a so called high concentration of
the examined GAGs. Moreover, taking into account the



fact that tumorigenesis is most frequently associated witha  2,6-O-disulphated and 6-O-sulphated disaccharides (14%
prominent deposition of CS in the ECM, we also tested the  and 48% of the total disaccharides, respectively) and by a
effect of commercial shark cartilage C-6-S with a known  high total sulphation (117 sulphates/100 disaccharides
sulphation pattern® on breast cancer cell function. This  versus 104 and 107 sulphates/100 disaccharides in the
GAG is characterized by a particularly high content of  case of human and porcine DSs, respectively).® In addition
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Figure 1 Comparison of block epimerization patterns characterizing human decorin dermatan sulphate (DS) (h dec), human biglycan DS (h big), porcine biglycan DS
(p big), and porcine intestinal mucosa DS (p muc). DS derived oligosaccharides resistant to chondroitinase AC | (a) or chondroitinase B (b) were resolved using PAGE
and subjected to densitometric analysis as described in the Materials and methods section. The data are presented as percentage contribution of particular oligo to the
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to C-6-S, standard heparin was also applied in some of the  experiment, we confirmed that cells of both lines are unable
cell culture experiments. Because the effect of heparin on  to secrete DSs as a result of the complete resistance of the
cancer cell behavior has been widely studied, this GAG can  culture medium components to chondroitinase B action, as
act as a reference material for the action of DSs. Before the = monitored by the absorbance at 232 nm (data not shown).
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The results on the influence of DSs on the viability of the
breast cancer cells MCF-7 and T47D are presented in
Figures 3(a) and (b), respectively. These data are expressed
as the percentage of the viability of the control cells grown
in the absence of the GAGs. As shown in Figure 3, the
responses of both breast cancer cell lines demonstrate
DS type- and dose-dependent behavior. When applied at
a high concentration (10pug/mL), almost all of the DSs
exerted a significant inhibitory effect on cancer cell viability
(Figure 3). Only a high dose of porcine mucosa DS insig-
nificantly reduced the MCF-7 cell viability (Figure 3a).
However, the prolongation of the cell exposure time to
48h made the effect of this GAG significant (data not
shown). Despite the similarity in the characteristics of the
cell responses generated by a high dose of all of the exam-
ined DSs, some differentiation with respect to the efficiency
of the action between individual GAGs was apparent.
Compared with the strong reduction in the viability of
both MCF-7 and T47D cells obtained with high concentra-
tion of human decorin DS, high concentration of the porcine
mucosa DS displayed the weakest effects (Figure 3).
However, a particularly high level of differentiation in the
biological effects was observed when the DSs were added at
a concentration of 1 pg/mL to the cell cultures. As shown in
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Figure 3, the porcine mucosa DS at this dose manifested a
mild inhibitory influence on the breast cancer cell viability,
and this effect was significant only in the T47D cells. In turn,
the porcine biglycan GAG exerted a neutral effect, whereas
human decorin DS induced a positive response in both
breast cancer cell lines (Figure 3). In contrast, human bigly-
can DS only significantly stimulated the viability of MCF-7
cells (Figure 3). When a concentration of the examined DSs
was further reduced to 0.5pug/mL, the majority of these
GAGs showed their biological influence similar to that
observed at 1 pug/mL. Only the porcine mucosa DS signifi-
cantly altered its effect especially toward the T47D cells
from a mild inhibitory effect apparent at a concentration
of 1pg/mL to a neutral one. Despite the similar character-
istics of the alterations exerted by the individual DSs on the
viability of both MCF-7 and T47D cells, the susceptibility of
these cells to the GAGs was different. The prolongation of
the exposure time to 48 h was required for the T47D cells to
respond to the DSs at an intensity similar to that demon-
strated by the MCF-7 cells grown for 24 h in the presence of
the GAGs.

In contrast to the DSs, C-6-S, regardless of the concentra-
tion, did not affect the viability of any of the tested breast
cancer cell lines (Figure 3). Similarly, standard heparin at a
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Figure 3 Effects of structurally different dermatan sulphates (DSs) on MCF-7 (a) and T47D (b) cell viability. Serum-starved cells were treated for 24 h (a) or 48 h (b) with
human decorin DS (h dec DS), human biglycan DS (h big DS), porcine biglycan DS (p big DS), porcine intestinal mucosa DS (p muc DS), standard chondroitin-6-sulphate
(C-6-S), and heparin. All of the glycosaminoglycans were used at three concentrations: 0.5 pg/mL, 1 pug/mL and 10 ug/mL. The cell viability was estimated using the
WST-1 test as described in the Materials and methods section. The data are expressed as the means (percent of control) +S.D. of at least three independent

experiments. Statistical significance: a — compared with the control, p < 0.05; b — compared with 10 ug/mL human decorin DS, p < 0.05; ¢ — compared with 1 pg/mL

porcine intestinal mucosa DS, p < 0.05
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concentration of 1ng/mL failed to significantly alter the
breast cancer cell viability (Figure 3). In contrast, heparin
at a concentration of 0.5ug/mL significantly stimulated
both cell lines (Figure 3), whereas at a dose of 10 pg/mL it
displayed significant inhibitory influence only toward
MCEF-7 cells (Figure 3a).

To address the mechanism(s) underlying the observed
effects on breast cancer cell viability, we examined the
impact of the DSs on cell proliferation, which was evaluated
through the incorporation of BrdU into the DNA of the cells
grown in the presence of these GAGs. However, we only
tested the T47D cell proliferation due to the existence of
significant similarity between these cells and the MCEF-7
cells with respect to the characteristics of the responses
exerted by the DSs. The obtained data (Figure 4) indicate
that the influence of the individual DSs on DNA synthesis
in the T47D cells exhibits good correlation with the
effect evoked by the corresponding GAG on cell viability
(Figure 4 versus 3(b)). Thus, the DS-mediated influence on
breast cancer cell viability is propagated mainly by the
modulation of the proliferation of these cells. In addition
to the DS effects, the data presented in Figure 4 also show
that heparin at a concentration of 10 ug/mL significantly
reduced T47D cell proliferation. Some discrepancy between
the data on the impact of a high dose of heparin on the
proliferation and viability of T47D cells may result from
the additional effect of the GAG on cell survival.*!

Previously, Denholm et al.®? reported that IdoA blocks
in DSs are involved in the GAG-mediated stimulation of
fibroblast proliferation and that their enzymatic destruction
abrogates the DS effect. Moreover, the enzymatic elimin-
ation of both IdoA and especially GlcA regions from
cell-associated CS/DSs also affects the proliferation of
endothelial cells and some cancer cells.*> The modulation
of cell proliferation is responsible for the observed

160

alterations in the viability of T47D cells grown in the pres-
ence of all of the examined DSs (Figure 4), which display
differential patterns of glucuronosyl epimerization (Figure
1). Thus, we tested the effects exerted on breast cancer cell
viability by these GAGs after they are enzymatically
deprived of IdoA or GlcA blocks. Chain regions resistant
to an enzyme (chondroitinase B or AC I, respectively) were
then applied to the cell cultures in amounts corresponding
to those present in the intact DS, which was added at a
concentration of 1ug/mL. The obtained results show
(Figure 5) that the IdoA blocks released from almost all of
the examined DSs evoked significant effects, which were,
however, opposed to the impact exerted by their parent
GAGs at the same concentration (Figure 3B). For example,
the IdoA regions prepared from human decorin and bigly-
can promoted a reduction in the breast cancer cell viability
(Figure 5), whereas the IdoA blocks from the porcine
mucosa DS evoked a positive response in the cells (Figure
5). In addition to the IdoA regions, the GlcA segments from
both human DSs also demonstrated an inhibitory effect on
the breast cancer cells (Figure 5).

As observed in the present study, the effects of the exam-
ined DSs on T47D cell proliferation (Figure 4) may at least
partially result from the known ability of DSs to regulate the
activity of some growth factors. VEGF is a growth factor
that is able to both induce T47D (and MCE-7) cell prolifer-
ation** and bind cs/ DS.*246 Thus, we tested the impact of
the examined DSs on this growth factor. First, we used the
plasmon surface resonance (SPR) method to test the ability
of the examined DSs to bind VEGEF. In the applied system,
the DS chains were immobilized onto the sensor chip and
exposed under physiological ionic strength conditions to
varying concentrations of VEGF. Based on the obtained sen-
sorgrams (Figure 6), the binding reaction parameters were
calculated using the monophasic 1:1 fitting model. The
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Figure 4 Effects of structurally different dermatan sulphates (DSs) on the proliferation of T47D cells. Serum-starved cells were treated for 48 h with the indicated
doses (1 pg/mL and 10 pg/mL) of human decorin DS (h dec DS), human biglycan DS (h big DS), porcine biglycan DS (p big DS), porcine intestinal mucosa DS (p muc DS),
and standard heparin. The cell proliferation was assessed through the BrdU incorporation assay as described in the Materials and methods section. The data are
expressed as the means (percent of control) + S.D. of at least three independent experiments. Statistical significance: a — compared with the control, p <0.05



IdoA block

160 1

140 1

120 1

100 1

—t

HH e

Cell viahility (% control)

40 1

20 1

He
'—

control h dec DS

h big DS

p big DS p muc DS

GlcA block

(b) 140

120 1

-

Cell viability (% control)
-]
—

[=1]
o
—

£
(=]
"

L)
(=]
L

control h dec DS

h big DS p big DS p muc DS

Figure 5 Effects of blocks containing iduronate (IdoA) or glucuronate (GlcA) disaccharides on T47D cell viability. Serum-starved cells were treated for 48 h with IdoA
or GIcA regions prepared through the enzyme treatment of human decorin DS (h dec), human biglycan DS (h big), porcine biglycan DS (p big), and porcine intestinal
mucosa DS (p muc). All of the chain sections were used at a concentration corresponding to a parent DS concentration of 1 ng/mL. The cell viability was estimated by
the WST-1 test as described in the Materials and methods section. The data are expressed as the means (percent of control) + S.D. of at least three independent

experiments. Statistical significance: a — compared with the control, p <0.05

obtained data (Table 2) show that the decorin DS manifests
an especially high affinity to VEGF, whereas the other DSs
bind the growth factor weaker (Table 2) but these inter-
actions are as strong as that mediated by heparin.*’
Furthermore, the assessment of the DS binding capacity
(Table 2) revealed that the highest number of VEGF binding
sites is localized on the porcine intestinal mucosa DS,
whereas the other GAGs, particularly the human biglycan
DS, harbour a markedly lower number of such sites. To
investigate the biological relevance of the above-mentioned
binding, we tested whether the examined DSs can affect the
action of exogenous VEGF toward T47D cells. However, to
minimalize the adverse effects of the DSs on the cancer cells,

we used in this experiment a GAG dose showing weak bio-
logical activity and we shortened the cell exposure time to
24 h. Moreover, the applied VEGF concentration was the
concentration that exhibits significant but not the maximal
stimulatory effect on T47D cells, as determined in a prelim-
inary experiment. Before the combined application of VEGF
and the individual DS to the cell cultures, both of the com-
pounds were preincubated together for 15min. The exam-
ined DSs alone exerted neutral or little inhibitory influence
on the cells (Figure 7a). In contrast, VEGF when used alone
showed a mild but statistically significant stimulatory
impact on T47D cell viability (Figure 7a). In turn, the com-
bined application of VEGF with each of the tested DSs led to
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Figure 6 Plasmon surface resonance analysis of vascular endothelial growth factor (VEGF)4g5 binding to dermatan sulphates (DSs). Biotinylated peptidoDSs were
immobilized onto streptavidin-coated sensor chip and exposed at physiological ionic strength to varying concentrations of the growth factor as described under the
Materials and methods section. h dec — sensorgrams obtained for human decorin DS; h big — sensorgrams obtained for human biglycan DS; p big — sensorgrams
obtained for porcine skin biglycan DS; p muc — sensorgrams obtained for porcine intestinal mucosa DS. Arrows show the beginning of association and dissociation
phases, respectively

Table 2 Kinetic parameters characterising the interactions of the vascular endothelial growth factor VEGF4gs with dermatan sulphates (DSs) from human
decorin and biglycan and from porcine tissue proteoglycans

Association rate Dissociation rate Equilibrium dissociation Binding capacity

DS constant k, (M~'s™7) constant kq (s77) constant Ky (nM) (M of VEGF/1 M of DS)
Human decorin DS 41+3x10° 3.242x107° 9.3+5 0.18

Human biglycan DS 2.3+1x10° 7+2x1073 37.4+16 0.07

Normal porcine skin biglycan DS 5.84+2x10° 1.3+0.5x 1072 27.6+13 0.14

Porcine intestinal mucosa DS 2.0+1x10° 1.0+0.9x 1072 57.6+21 0.6

Note: The interactions of the immobilized DSs with the growth factor were determined through the surface plasmon resonance (SPR) method, as detailed under the
Materials and methods section. The interaction parameters were calculated using the nonlinear curve fitting software supplied with the SPR instrument. The molar
binding capacity of a particular DS toward VEGF was determined as the ratio of the maximal molar amount of the bound VEGF (calculated by the software based on the
experimental data) to the molar amount of the GAG immobilized onto the sensor chip. The amounts of interacting molecules were estimated from the following
dependence: a change in the SPR response of 122 m° corresponds to 1 ng of mass bound to 1 mm? of the sensor chip. The molecular masses of particular DS species,
which are needed for the calculation of the binding capacity, were evaluated through a comparison of the electrophoretic mobilities of the DSs with that of standard
GAGs. The obtained average Mr values were the following: human decorin DS, 18 kDa; human biglycan DS, 15kDa; porcine biglycan DS, 22 kDa; porcine intestinal
mucosa DS, 36 kDa.

the abrogation of the growth factor-mediated effect
(Figure 7a). Moreover, the same phenomenon was also
observed in the cell cultures grown for 48 h in the presence
of the individual DS and VEGEF (Figure 7b).

Discussion

The present study provides the first comparison of the
influences of structurally different DSs on breast cancer

cell behavior. For the examination, we selected DSs from
both normal and fibrosis-affected tissues. The fibrosis and
solid-cancer-associated stromal response share some fea-
tures with respect to the ECM composition, such as signifi-
cant collagen and CS deposition and an increased
contribution of 6-O-sulphated disaccharides to the CS/DS
structure.”®*” Thus, the DS from fibrous fascia decorin,
which is characterized by a particularly high proportion
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of 6-O-sulphated disaccharides, could to some extent mimic
the remodelled structure of cancer stroma-derived
GAG.> 727" However, in contrast to the majority of solid
tumors, DS and not CS is a predominant matrix GAG in
fibrous tissues.*” In addition, the expression of two
SLRPs, namely decorin and biglycan, is at least retained
or enhanced, respectively.*® Moreover, tissue fibrosis is
associated with a progressive reduction in cell number,
and this effect may be in part induced by matrix DS.***"
In the present study, we found that the function of breast
cancer cells reveals some sensitivity to the structure of
the DS. This phenomenon is reflected in the altered cell
growth observed in response to structurally different DSs
at the same concentration. Particularly high differences in
the biological effects were observed between human

decorin and porcine mucosa DSs. However, our results
show that the mutual relationship between the structure
of a DS and its final biological effect can be strongly affected
by the level of the GAG in the breast cancer cell environ-
ment. A high content of almost all of the examined DSs led
to a significant reduction in cell growth, independently of
the GAG structure. This observation is in line with those
reported by others on the influence of DS on various tumor
cell lines,*”~>" which suggests that the high accumulation of
the GAG in tissue can be universal inhibitor of cancer cell
mitogenic activity. In contrast, both low levels of the DSs
examined in this study evoked differential responses in the
breast cancer cells, which were most frequently manifested
as a neutral or even stimulatory effect, depending on
the GAG. Interestingly, the decorin DS derived from
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fibrosis-affected fascia was especially effective as promoter
of breast cancer cell growth. Thus, our findings argue that
the progressive reduction in DS content, which is most fre-
quently observed in solid-tumor-associated ECM,””"*? can
form at least neutral if not permissive conditions for cancer
growth. This is particularly important because C-6-S, which
is known to accumulate in the cancer environment,®”'? did
not show any apparent impact on neither T47D nor MCF-7
cells.

Many studies have indicated a special role of the decorin
core protein in the regulation of cancer cell behavior.'”*! In
addition, our data suggest that the decorin DS, depending
on its tissue content, can exert significant and opposite bio-
logical effects on the neoplasm. However, the dual “Janus”
character of the decorin DS action toward cancer cells is not
unique. DS derived from fibrosis-affected fascia biglycan
exerted a similar impact on MCEF-7 cells. Similarly, Villena
and Brandan®® found that the DS from porcine intestinal
mucosa, when used at very low concentrations, strongly
increases the HGF/FGF-2-dependent proliferation of skel-
etal muscle satellite cells, whereas high doses of the GAG
showed the opposite effect. However, the DS content in the
cancer environment, which is associated with the switch in
the GAG activity from the inhibition to the stimulation of
cancer cell growth, may be of importance for tumor pro-
gression. Our data indicate that this tissue level of DS
depends on the type of tumor, i.e. at a concentration of 0.5
and 1pg/mL, human biglycan DS exerted a neutral effect
on T47D cells but stimulated MCF-7 cells. Moreover, our
data also suggest that the functional switch of decorin DS
may occur at a higher level of the GAG in the tumor envir-
onment compared with the other DSs examined in the pre-
sent study, particularly the DS derived from the porcine
mucosa. This hypothesis is based on our finding that only
decorin DS (at both 0.5 and 1 pg/mL) was able to stimulate
the proliferation both MCF-7 and T47D cells. The pro-
cancer action demonstrated by the human decorin DS pre-
sent in a small amount could partially explain the clinical
observation that a low expression of decorin in the breast
cancer environment is unfavourable for a patient.' It is thus
of interest to determine which structural features of the DS
from fibrous fascia decorin could be responsible for this
activity. The structural traits distinguishing the decorin
DS from the other GAGs examined in this study include a
high content of glucuronate residues and a particularly high
level of 6-O-sulphated disaccharides. Interestingly, similar
modifications are also characteristic of DSs derived from
tumor-associated stroma. Unfortunately, the relevance of
this type of DS remodeling, particularly with respect to
the sulphation pattern, on GAG function remains obscure.
Nevertheless, it is conceivable that decorin DS can be more
“susceptible” to this modification than the biglycan GAG
originating from the same tissue based on the structural
differences between these GAGs derived from fibrosis-
affected fascia.

It is generally accepted that DSs, similarly to other
sulphated GAGs, can function as both regulators of
growth factor bioavailability/stability and as growth
factor co-receptors. Our observation that the majority of
the examined DSs exerted opposite effects on breast

cancer cells before and after their enzymatic fragmentation
supports the co-receptor role of these GAGs. This hypoth-
esis is also supported by the finding that high doses of all of
the examined DSs lead to a reduction in breast cancer pro-
liferation. This effect can result from the competition
between individual DS chains for a simultaneous binding
to ligand and its cell surface receptor. On the other hand, the
reverse activity of intact DS chains and their fragments may
have some practical (therapeutic) relevance. Nevertheless,
further investigations are required to more fully elucidate
the relationship between DS structure and function.
However, it is possible that the observed weak response
of T47D cells to the IdoA regions prepared from the porcine
biglycan DS may result from the lack of 4,6-O-disulphated
disaccharides in these fragments. The importance of 4,6-O-
disulphated units in DS interactions with growth factors
was reported previously.*>*¢ Interestingly, our results also
suggest that even a very high content of 2,4-O-disulphated
disaccharides, as found in the IdoA regions of the porcine
biglycan DS, can only partly compensate for the absence of
4,6-O-disulphate units.

FGF-2 is a well-known stimulator of both the T47D and
MCEF-7 cell proliferation.”® In addition, we previously
showed that this growth factor is a strong binding partner
for DS chains from porcine and human SLRP.* Moreover,
our unpublished data indicate that the stimulatory effects of
DSs on the T47D and MCEF-7 cell proliferation can be sig-
nificantly attenuated in the presence of a FGFR kinase
inhibitor. Thus, all of these data suggest that some effects
induced by the examined DSs in the breast cancer cells can
be associated with the regulation of FGF-2 loop. In addition,
in several breast cancer cell lines and primary breast cancer
cultures, the existence of VEGF loop and its importance for
tumor cell viability were shown.**** In the present study,
we observed the inhibitory impact of structurally different
DSs on this loop. However, further investigations must be
undertaken to explain whether this DS-mediated effect dir-
ectly results from the observed binding of the GAG to the
growth factor. Nevertheless, our data supply direct evi-
dence supporting a previously derived hypothesis™ that
decorin DS is a strong binding partner for VEGF;¢5. The
ability of decorin DS to interact with the growth factor
can be a manifestation of the specific cooperation between
the GAG and protein portion of the PG. Previously, Khan
et al.”® showed that the decorin core protein interacts with
VEGFR2 and induces downstream signaling. Thus, the
binding of the natural VEGFR2 ligand (VEGF) to decorin
DS could facilitate the interaction involving the decorin core
protein.

In summary, our results clearly demonstrate the complex
role of DS in the cancer environment and revealed some
anti-cancer potential of the GAG. We hope that further
investigations allow both to explain the detailed role of
DS for tumor growth and to make a practical application
of the GAG in cancer treatment possible.
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