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We previously reported that the xyloside 2-(6-hydroxynaph-
thyl) �-D-xylopyranoside (XylNapOH), in contrast to 2-naph-
thyl �-D-xylopyranoside (XylNap), specifically reduces tumor
growth both in vitro and in vivo. Although there are indications
that this could be mediated by the xyloside-primed glycosami-
noglycans (GAGs) and that these differ in composition depend-
ing on xyloside and cell type, detailed knowledge regarding a
structure-function relationship is lacking. In this study we iso-
lated XylNapOH- and XylNap-primed GAGs from a breast
carcinoma cell line, HCC70, and a breast fibroblast cell line,
CCD-1095Sk, and demonstrated that both XylNapOH- and
XylNap-primed chondroitin sulfate/dermatan sulfate GAGs
derived from HCC70 cells had a cytotoxic effect on HCC70 cells
and CCD-1095Sk cells. The cytotoxic effect appeared to be
mediated by induction of apoptosis and was inhibited in a
concentration-dependent manner by the XylNap-primed hepa-
ran sulfate GAGs. In contrast, neither the chondroitin sulfate/
dermatan sulfate nor the heparan sulfate derived from CCD-
1095Sk cells primed on XylNapOH or XylNap had any effect on
the growth of HCC70 cells or CCD-105Sk cells. These observa-
tions were related to the disaccharide composition of the
XylNapOH- and XylNap-primed GAGs, which differed between
the two cell lines but was similar when the GAGs were derived
from the same cell line. To our knowledge this is the first report
on cytotoxic effects mediated by chondroitin sulfate/dermatan
sulfate.

Proteoglycans (PGs)2 are macromolecules located in the
extracellular matrix, associated to the cell surface, or stored in
secretory granules of essentially all mammalian cells where they

are involved in a variety of biological processes ranging from
cellular homeostasis to development and progression of several
pathological conditions such as cancer and inflammation (1).
PGsconsistofacoreproteintowhichoneormorelinearpolysac-
charides, glycosaminoglycans (GAGs), are covalently linked.
Chondroitin sulfate/dermatan sulfate (CS/DS) and heparin/
heparan sulfate (HS) are two classes of GAGs, which are
O-linked by xylose to a serine residue of the PG core protein (2,
3). They are composed of alternating N-acetyl-D-galactosa-
mine-uronic acid (GalNAc-UA; where UA is either D-glucu-
ronic acid (GlcUA) or L-iduronic acid (IdoUA)) or N-acetyl-D-
glucosamine (GlcNAc)-UA units, respectively. The complete
CS/DS and HS chains typically result from extensive processing
by class-specific epimerases and sulfotransferases. GlcUA of
CS/DS and HS can be epimerized to IdoUA, but complete epi-
merization is rarely observed; instead, copolymers of GlcUA
and IdoUA disaccharides are common. CS/DS can be O-sul-
fated at position 2 of GlcUA or IdoUA, and at position 4 and 6 of
GalNAc. HS can be N-deacetylated/N-sulfated, O-sulfated at
position 2 of GlcUA and IdoUA, at position 6 of GlcNAc and,
more rarely, at position 3 of GlcNAc. Heparin is generally the
more modified version of HS.

GAGs have an immense structural diversity and have been
reported to interact with a broad spectrum of biomolecules
such as growth factors, selectins, and receptors involved in sig-
naling pathways (1, 4 – 6). In addition, tumor cells are often
associated with abnormalities in GAG expression such as over-
or undersulfation or altered chain size (7–9). Because these
interactions are often highly dependent on GAG sequence,
GAGs are potentially important as diagnostic and therapeutic
tools.

�-D-Xylopyranosides, commonly referred to as xylosides,
comprise a group of compounds consisting of a xylose residue
in �-linkage to an aglycon (10). They can act as substrates for
GAG synthesis and can, when exogenously supplied to cells,
result in secreted xyloside-primed GAGs as well as in altera-
tions of the endogenous PG expression. Depending on the agly-
con structure and the cell type, they may induce synthesis of
GAGs with different HS/CS/DS composition. Besides being
excellent tools to study the effect of GAGs and PGs on cells,
xylosides have been described to affect, for example, coagula-
tion (11), skin regeneration (12), and cell morphology (13, 14) as
well as endothelial tube formation (15).
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We previously reported that the xyloside 2-(6-hydroxynaph-
thyl) �-D-xylopyranoside (XylNapOH, Fig. 1), in contrast to
2-naphthyl �-D-xylopyranoside (XylNap, Fig. 1) and most other
xylosides, specifically reduces tumor growth both in vitro and in
vivo (16 –18). The mechanism of action has not been eluci-
dated; however, the xyloside-primed GAGs have been sug-
gested to be involved, possibly as a result of the formation of
GAGs with different composition depending on xyloside and
cell type. Here, we have isolated XylNapOH- and XylNap-
primed GAGs from a breast carcinoma cell line, HCC70, and a
breast fibroblast cell line, CCD-1095Sk, and studied the rela-
tionship between GAG structure and its effect on cell growth.

Experimental Procedures

Cell Lines—Human breast carcinoma cells, HCC70 (Ameri-
can Type Culture Collection, ATCC), were cultured in RPMI
1640 medium, ATCC modification, supplemented with 10%
(v/v) FBS, 100 units/ml penicillin, and 100 �g/ml streptomycin
(all from Thermo Scientific). Human breast fibroblasts, CCD-
1095Sk (ATCC), were cultured in minimal essential medium
with Earle’s salts (Biochrom GmbH) supplemented with 10%
FBS, 2 mM L-glutamine (Thermo Scientific), 100 units/ml pen-
icillin, and 100 �g/ml streptomycin.

Xyloside Synthesis—XylNapOH and XylNap were synthe-
sized as previously described (10, 18).

Isolation of XylNapOH- and XylNap-primed GAGs—HCC70
cells and CCD-1095Sk cells (passages 5–25) cultured in T75
flasks (Thermo Scientific) to �70% confluence were preincu-
bated in DME/F-12 medium supplemented with 10 �g/ml insu-
lin, 25 �g/ml transferrin (all from Sigma), 2 mM L-glutamine,
100 units/ml penicillin, 100 �g/ml streptomycin, and 10 ng/ml
EGF (Corning) for 24 h. The cells were then incubated in 15 ml
of fresh medium supplemented with 100 �M XylNapOH or
XylNap. For radiolabeling, the medium was additionally sup-
plemented with 5 �Ci/ml [35S]sulfate (PerkinElmer Life Sci-
ences). After 24, 48, or 72 h of incubation, the cell media were
collected and subjected to ion exchange chromatography,
hydrophobic interaction chromatography, and precipitation as
previously described (19). The precipitate was dissolved in
deionized H2O, freeze-dried, and resuspended in deionized
H2O before purification of the XylNapOH- and XylNap-
primed GAGs on a Superose 12 HR 10/30 column (GE Health-
care) connected to a Thermo Scientific UltiMate 3000 Quater-
nary Analytical system. The mobile phase consisted of 70% 60
mM NH4OAc, pH 5.6, and 30% MeCN in an isocratic mode at a
flow rate of 0.7 ml/min. The XylNapOH- and XylNap-primed
GAGs were detected using a FLD-3400RS fluorescence detec-
tor (excitation � � 229 nm and emission � � 372 nm for Xyl-
NapOH and excitation � � 229 nm and emission � � 342 nm
for XylNap). The fluorescent fractions were collected and
pooled, freeze-dried, and quantified using the 1,9-dimethyl-

methylene blue method (20) using CS A from bovine trachea
(Sigma) and HS (Iduron) as standards.

Isolation of PG-GAGs—The procedure was the same as for
the isolation of the XylNapOH- and XylNap-primed GAGs,
with the following exceptions. The medium used was supple-
mented with 5 �Ci/ml [35S]sulfate only; after 48 h of incuba-
tion, the media were subjected only to ion exchange chroma-
tography before precipitation, and the PG-GAG fractions from
the HPLC purification were collected based on radioactivity
instead of fluorescence. Radioactivity was measured using a liq-
uid scintillation counter (PerkinElmer Life Sciences).

Cell Growth Assay Using the Crystal Violet Method—Conflu-
ent HCC70 cells and CCD-1095Sk cells (passages 10 –25) were
dissociated using TrypLETM Express Enzyme (Thermo Scien-
tific) and seeded in 96-well microculture plates (Greiner Bio-
One) at plating densities set to obtain an approximate 2.5-fold
increase in cell number after 96 h (1000 –5000 cells/well). After
24 h of plating, the cells were allowed to grow in DME/F-12
medium supplemented with 10 �g/ml insulin, 25 �g/ml trans-
ferrin, 2 mM L-glutamine, 100 units/ml penicillin, 100 �g/ml
streptomycin, 10 ng/ml EGF, and increasing concentrations of
XylNapOH- or XylNap-primed GAGs from HCC70 cells (1,
2.5, 5, 7.5, and 15 �g/ml) or CCD-1095Sk cells (2.5, 5, 10, 20,
and 30 �g/ml), or CS A from bovine trachea, CS B from porcine
intestinal mucosa, heparin from porcine intestinal mucosa (all
from Sigma), or CS C from shark cartilage (a gift from Dick
Heinegård) (2.5, 5, 10, 20, and 30 �g/ml). Untreated cells,
blanks only containing medium, and controls with xylosides as
references were included. After 24 h or 96 h, the cell density
was measured using the crystal violet method as previously
described (21). Concurrently with the initiation of each exper-
iment, a plate containing cells at day 0 was fixed and stored at
room temperature in Hanks’ balanced salt solution, pH 7.4,
until staining. After staining, the amount of bound dye was
measured by absorbance at 595 nm in a microplate reader. The
relative cell number (in % of untreated cells (UT)) was calcu-
lated according to Equation 1,

Relative cell number �% of UT� � 100

� ��AbsSample � AbsBlankSample� � �AbsDay0 � AbsBlankDay 0�

�AbsUT � AbsBlankUT� � �AbsDay 0 � AbsBlankDay 0�
� (Eq. 1)

where Abs is absorbance (in absorbance units). In the 24 h
experiments, day 0 was excluded from the calculation, as there
was limited or no cell growth during the 24-h time interval. The
inhibitory concentrations of the xyloside-primed GAGs are
expressed as IC50 values and calculated after curve-fitting to
the data points; Boltzmann sigmoidal fitting was applied where
effect was observed, and linear regression was applied where
little or no effect was observed.

Xylanase Treatment of XylNapOH- and XylNap-primed
GAGs for Cell Growth Assay and Molecular Weight
Estimation—To prepare aglycon-lacking XylNapOH-primed
GAGs from HCC70 cells for cell growth assay, �15 �g of
[35S]sulfate-labeled XylNapOH-primed GAGs were treated
with 50 milliunits of endo-1,4-�-xylanase (EC 3.2.1.8) from
Trichoderma longibrachiatum with endo-�-xylosidase activity

OHO
HO O

OH

R
R = OH, XylNapOH
R = H, XylNap

FIGURE 1. Structure of XylNapOH and XylNap.
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(Sigma) in 150 �l of 0.1 M NaOAc, pH 5.0, for 16 h. After treat-
ment, the samples were boiled for 10 min and subsequently
centrifuged at 10,000 � g for 10 min before supernatants were
dried by centrifugal evaporation. The GAGs were purified on a
Superdex Peptide HR 10/30 column (GE Healthcare), run in
0.2 M NH4HCO3 at a flow rate of 0.5 ml/min. The radioactive
fractions eluting at a retention time corresponding to that of
untreated XylNapOH-primed GAGs were collected and
pooled, freeze-dried, and quantified using the 1,9-dimethyl-
methylene blue method before being used in the cell growth
assay (at concentrations of 2.5, 5, and 7.5 �g/ml). For molecular
weight estimation, �4 �g of XylNapOH- and XylNap-primed
GAGs were treated with 20 milliunits of xylanase in 65 �l of the
above described buffer for 16 h. After treatment, the samples
were worked up as described above. Subsequently, the GAGs
were dissolved in deionized H2O, and the free aglycons were
removed by centrifugal filtration using filters with a cut-off of 3
kDa (VWR Collection) before size-exclusion chromatography
�n a Superose 6 column (GE Healthcare) run in 0.2 M

NH4HCO3 at a flow rate of 0.3 ml/min. The elution profiles
were compared with those of heparin standards (Iduron and
gift from Dilafor).

Determination of Apoptosis of Cells Treated with XylNapOH-
primed GAGs from HCC70 Cells—Confluent HCC70 cells and
CCD-1095Sk cells (passages 10 –25) were dissociated using
TrypLETM Express Enzyme and seeded in 4-well glass chamber
slides at densities of 1 � 105 cells/well. After 24 h of plating, the
cells were preincubated with DME/F-12 medium supple-
mented with 10 �g/ml insulin, 25 �g/ml transferrin, 2 mM

L-glutamine, 100 units/ml penicillin, 100 �g/ml streptomycin,
and 10 ng/ml EGF for 24 h before treatment with XylNapOH-
primed GAGs (2.5, 5, and 7.5 �g/ml) from HCC70 cells.
Untreated cells were included as a control. After 24 h, apoptotic
cells were identified using a TUNEL assay (BioVision) per-
formed according to the manufacturer’s instructions. Imaging
was performed using a Carl Zeiss AxioObserver inverted fluo-
rescence microscope equipped with an EC Plan-NEOFLUAR
20�/0.5 objective. The images were captured using an
AxioCam MRm camera and the AxioVision Rel 4.8.2 software
(Carl Zeiss).

Disaccharide Fingerprinting of XylNapOH- and XylNap-
primed GAGs—Approximately 1 �g of xyloside-primed GAGs
was degraded using either chondroitinase ABC (EC 4.2.2.20)
(Seikagaku), chondroitinase AC-I and -II (EC 4.2.2.5) (Seika-
gaku), chondroitinase B (EC 4.2.2.19) (R&D Systems), or hepa-
rinase I (EC 4.2.2.7), heparinase II (no EC number), and hepa-
rinase III (EC 4.2.2.8) from Flavobacterium heparinum
(overexpressed in Escherichia coli, a gift from Jian Liu, Univer-
sity of North Carolina). Chondroitinase ABC degradations
were performed in 25 �l of 50 mM NH4OAc, pH 8.0, containing
5 milliunits of enzyme at 37 °C for 16 h. Chondroitinase AC-I
and -II degradations were performed in 25 �l of 50 mM

NH4OAc, pH 8.0, containing 5 milliunits of each enzyme at
37 °C for 16 h. Chondroitinase B degradations were per-
formed in 25 �l of 50 mM Tris-HCl, pH 7.5 (at 37 °C), 50 mM

NaCl, 4 mM CaCl2, 0.1 �g/�l BSA (Sigma) and 2 milliunits of
enzyme at 37 °C for 2 h. Heparinase I-III degradations were
performed in 25 �l of 20 mM HEPES, pH 7.2, 50 mM NaCl, 4

mM CaCl2, and 2.5 milliunits of each enzyme at 37 °C for
16 h. CS A, CS B, CS C, and heparin were included as con-
trols. Identification and quantification was performed by
comparing the HPLC-separated 2-aminoacridone-labeled
enzyme-generated disaccharides with 2-aminoacridone-la-
beled HPLC-separated disaccharide standards (Iduron) as
previously described (22). The HS/CS/DS ratios of the Xyl-
NapOH- and XylNap-primed GAGs and the PG-GAGs were
calculated as the relative proportions (% of total) of HS,
IdoUA-containing disaccharides in CS/DS (CS/DSIdoUA),
and GlcUA-containing disaccharides in CS/DS (CS/DSGl-

cUA) according to Equations 2– 4, respectively,

%HS � � mHeparinase I-III

�mHeparinase I-III 	 mChondroitinase ABC�
� � 100

(Eq. 2)

%CS/DSIdoUA � � mChondroitinase B

�mHeparinase I-III 	 mChondroitinase ABC�

	 �mChondroitinase ABC � �mChondroitinase ACI � II 	 mChondroitinase B�

2 � �mHeparinase I-III 	 mChondroitinase ABC�
��

� 100 (Eq. 3)

%CS/DSGlcUA � 100 � %HS � %CS/DSIdoUA (Eq. 4)

where m is mass (in ng) after degradation with the indicated
enzymes. Equation 3 was generated based on the cleavage sites
of chondroitinase B and chondroitinase AC-I and -II (23).

Enzymatic Degradation of XylNapOH- and XylNap-primed
GAGs for Cell Growth Assay—Approximately 15 �g of
XylNapOH- and XylNap-primed GAGs from HCC70 cells and
CCD-1095Sk cells were degraded using chondroitinase ABC or
heparinase I-III. Chondroitinase ABC degradations were per-
formed using 100 milliunits of enzyme, and heparinase I-III
degradations were performed using 25 milliunits of heparinase
I and 50 milliunits of each heparinase II and III, both in 250 �l of
above described buffers at 37 °C for 16 h. After degradation, the
samples were worked up as described above followed by puri-
fication of the non-degraded GAGs on a Superdex Peptide HR
10/30 column, run in 0.2 M NH4HCO3 at a flow rate of 0.5
ml/min. Fluorescent fractions eluting at a retention time corre-
sponding to that of untreated XylNapOH- and XylNap-primed
GAGs were collected and pooled, freeze-dried, and quantified
using the 1,9-dimethylmethylene blue method before being
used in the cell growth assay (at concentrations of 2.5, 5, and 7.5
�g/ml).

Statistical Analysis—All statistical calculations and curve fit-
ting to data were performed using GraphPad Prism 6.

Results

XylNapOH-primed GAGs from HCC70 Cells Reduce Growth
of HCC70 Cells and CCD-1095Sk Cells—XylNapOH- and
XylNap-primed GAGs were isolated from HCC70 cells and
CCD-1095Sk cells after treatment with 100 �M XylNapOH or
XylNap for 48 h. Little or no xyloside-primed GAGs were
isolated from the cell extracts, and therefore, only the xylo-
side-primed GAGs from the culture media were investi-
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gated. Very little PG was detected in the culture media after
xyloside treatment. The amount of recovered xyloside-
primed GAGs depended on the number of cell passages and
differed between the cell lines; the amount recovered from
the HCC70 cells increased with the number of passages,
whereas the amount recovered from the CCD-1095Sk cells
decreased with the number of passages. In general, treat-
ment with XylNap resulted in smaller amounts of recovered
xyloside-primed GAGs than treatment with XylNapOH. The
amounts of XylNapOH- and XylNap-primed GAGs recov-
ered were in the range of 2.5– 8 �g/106 HCC70 cells and
10 –30 �g/106 CCD-1095Sk cells.

To investigate the effect of the xyloside-primed GAGs on cell
growth, HCC70 cells and CCD-1095Sk cells were treated for
96 h with increasing concentrations of XylNapOH- or XylNap-
primed GAGs isolated from HCC70 cells or CCD-1095Sk cells.
The growth of both HCC70 cells (Fig. 2A) and CCD-1095Sk
cells (Fig. 2E) was reduced by treatment with XylNapOH-
primed GAGs from HCC70 cells. The effect was concentration-
dependent and corresponded to a mean IC50 value of 5.9 	 2
�g/ml in HCC70 cells and 7.8 	 0.2 �g/ml in CCD-1095Sk
cells. At concentrations above, on average, 7.5 �g/ml and 10
�g/ml, the number of HCC70 cells and CCD1095Sk cells,
respectively, was reduced below the initial number of cells, sug-
gesting a cytotoxic effect. XylNap-primed GAGs derived from
HCC70 cells had little effect on the growth of HCC70 cells
(�15% reduction at 15 �g/ml of XylNap-primed GAGs from
HCC70 cells; Fig. 2C) and none on the growth of CCD-1095Sk
cells (Fig. 2G).

Neither XylNapOH- nor XylNap-primed GAGs derived
from CCD-1095Sk cells had any effect on the growth of either
of the cell lines despite the fact that the xyloside-primed GAGs
were administered at higher concentrations (Fig. 2, B, D, F, and
H). The results were consistent across experiments and inde-
pendent of the number of cell passages before isolation of the
xyloside-primed GAGs.

The incubation time with xyloside before GAG isolation is a
parameter that potentially could influence the composition of
the xyloside-primed GAGs. Therefore, we compared the effect
of XylNapOH-primed GAGs isolated from HCC70 cells after
24, 48, and 72 h of incubation on HCC70 cell growth and found
it to be similar irrespective of incubation time before isolation
(Fig. 3A). This suggests that the composition of the XylNapOH-
primed GAGs is constant over time or that the effect on cell
growth is insensitive to changes in GAG composition. Alterna-
tively, the xyloside part of the xyloside-primed GAGs could play
a role for the effect.

The GAG Part of XylNapOH-primed GAGs from HCC70
Cells Is Responsible for the Reduction in Cell Growth—To deter-
mine whether the GAG part or the xyloside part of the
XylNapOH-primed GAGs or a combination of both was
responsible for the reduction in cell growth, we repeated the
cell growth assay using GAGs that lacked the xyloside part. We
used an endo-1,4-�-xylanase from T. longibrachiatum that has
an endo-�-xylosidase activity to cleave off the aglycon from the
XylNapOH-primed GAGs.

The aglycon, 2,6-dihydroxynaphthlene, of the XylNapOH-
primed GAGs is fluorescent but not the GAGs themselves. A

comparison of the fluorescence chromatogram of the xylanase-
treated XylNapOH-primed GAGs to those of the untreated
XylNapOH-primed GAGs and of the aglycon showed that xyla-
nase treatment resulted in a complete shift in retention time of
the XylNapOH-primed GAGs to that of the aglycon (Fig. 3B),
implying that the cleavage was efficient and occurred specifi-
cally between the xylose and the aglycon. In addition, the chro-
matograms of untreated and xylanase-treated [35S]sulfate-la-
beled XylNapOH-primed GAGs remained unchanged (Fig.
3C), indicating that the GAG chains were unaffected by the
xylanase treatment.

Treatment of HCC70 cells with untreated or xylanase-
treated XylNapOH-primed GAGs from HCC70 cells resulted
in similar effects on cell growth (Fig. 3D), implying that the
GAG part rather than the xyloside part (the aglycon) was
responsible for the reduction in cell growth. In comparison, the
commercially available GAGs, CS A, CS B, CS C, and heparin,
together representing the majority of disaccharide units pres-
ent in CS/DS and HS (supplemental Tables S1 and S2), had no
significant effect on growth on any of the cell lines when admin-
istered at the same concentrations as the xyloside-primed
GAGs (Fig. 3, E and F), indicating that GAGs in general do not
have a growth-reducing effect on HCC70 cells and CCD-
1095Sk cells.

The XylNapOH-primed GAGs from HCC70 Cells Induce
Apoptosis in HCC70 Cells and CCD-1095Sk Cells—Because the
growth-reducing effect of the XylNapOH-primed GAGs
appeared to be mediated by a cytotoxic effect, we investigated
whether apoptosis was involved. Apoptotic cells, identified
using the TUNEL technique, were detected in HCC70 cells
and CCD-1095Sk cells treated for 24 h with XylNapOH-primed
GAGs from HCC70 cells, whereas they were not detected in
untreated cells (Fig. 4A). Because the TUNEL experiments were
performed after 24 h of treatment, we performed a cell growth
assay after 24 h of treatment. The effect of the XylNapOH-
primed GAGs derived from HCC70 cells on cell growth was
observed also after 24 h and was similar to that after 96 h
(Fig. 4B).

XylNapOH- and XylNap-primed GAGs from HCC70 Cells or
CCD-1095Sk Cells Are 22– 44 Disaccharide Units in Size—As
an initial step in investigating the structure of the XylNapOH-
and XylNap-primed GAGs from the two cell lines, their
molecular weights were estimated using size-exclusion chro-
matography HPLC. To prevent interactions between the xylo-
side-primed GAGs and the column, with peak broadening as a
result, [35S]sulfate-labeled xyloside-primed GAGs where the
aglycons had been removed by xylanase were used. The peak
maxima of the xyloside-primed GAGs on a Superose 6 column
were compared with those of heparin with known molecular
weights run on the same column (Fig. 5). Although some vari-
ability in the peak maxima of the different xyloside-primed
GAGs was observed, the molecular weights were estimated to
be, on average, 10,000 –20,000, which corresponds to �22– 44
disaccharide units in size (determined using a molecular weight
of 459 disaccharide). The molecular weights correspond to IC50
values of 0.3– 0.8 �M for the XylNapOH-primed GAGs from
HCC70 cells in HCC70 cells and CCD-1095Sk cells. PG-GAGs
are commonly in the range of 25–100 kDa in size (24); thus, the
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XylNapOH- and XylNap-primed GAGs from HCC70 cells and
CCD-1095Sk cells were somewhat smaller than PG-GAGs. The
similarity in size of the XylNapOH- and XylNap-primed GAGs
from HCC70 cells and CCD-1095Sk cells indicates that size is

not a determinant for the effect of the XylNapOH-primed
GAGs from HCC70 cells. This was further supported by the fact
that the CS/DS and HS from HCC70 cells primed on either
XylNapOH or XylNap were of similar size as non-degraded

FIGURE 2. XylNapOH-primed GAGs from HCC70 cells reduce growth of HCC70 cells and CCD-1095Sk cells. HCC70 cells and CCD-1095Sk cells were treated
with xyloside-primed GAGs at the indicated concentrations for 96 h. A–D, effect on growth of HCC70 cells by XylNapOH-primed GAGs from HCC70 cells (R2 �
0.98) (A), XylNapOH-primed GAGs from CCD-1095Sk cells (B), XylNap-primed GAGs from HCC70 cells (C), and XylNap-primed GAGs from CCD-1095Sk cells (D).
E–H, effect on growth of CCD-1095Sk cells by XylNapOH-primed GAGs from HCC70 cells (R2 � 0.88) (E), XylNapOH-primed GAGs from CCD-1095Sk cells (F),
XylNap-primed GAGs from HCC70 cells (G), and XylNap-primed GAGs from CCD-1095Sk cells (H). The graphs are representative for each experiment, performed
at least in duplicate, in which n � 3–5. The data points are the means 	 S.D.
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XylNapOH- and XylNap-primed GAGs from HCC70 cells (as
determined by comparing the sizes of heparinase I-III- or chon-
droitinase ABC-degraded XylNapOH- and XylNap-primed
GAGs from HCC70 cells with those of the non-degraded Xyl-
NapOH- and XylNap-primed GAGs from HCC70 cells; data
not shown).

The Disaccharide Composition of the XylNapOH- and Xyl-
Nap-primed GAGs Is Similar when the GAGs Are Derived from
the Same Cell Line but Differs when Derived from Different Cell
Lines—To gain further insight into the GAG structures, disac-
charide fingerprinting of the XylNapOH- and XylNap-primed
GAGs from the two cell lines was performed. The xyloside-
primed GAGs were degraded using chondroitinase ABC, chon-
droitinase AC-I and -II, chondroitinase B, or heparinase I-III

followed by 2-aminoacridone labeling of the disaccharides and
separation of these on HPLC (Fig. 6A). The disaccharides were
qualitatively and quantitatively characterized by comparing
with disaccharide standards. Both the chondroitinase ABC-
and heparinase I-III-generated disaccharides varied consider-
ably in composition between the xyloside-primed GAGs iso-
lated from HCC70 cells and CCD-1095Sk cells (Fig. 6, B–E).
Interestingly, the disaccharide composition of the xyloside-
primed GAGs derived from the same cell line was similar
irrespective of whether they were primed on XylNapOH or
XylNap. Likewise, the disaccharide composition of the Xyl-
NapOH-primed GAGs isolated from HCC70 cells after differ-
ent incubation times was similar irrespective of incubation time
(supplemental Tables S1 and S2).

FIGURE 3. The effect of XylNapOH-primed GAGs from HCC70 cells on cell growth is independent of the incubation time with XylNapOH before GAG
isolation and mediated by the GAG part. A, HCC70 cells were treated with XylNapOH-primed GAGs isolated from HCC70 after 24 h (white circles), 48 h (gray
squares), and 72 h (black circles) at the indicated concentrations for 96 h (R2 � 0.95, 0.95, and 0.96, respectively). The graphs are representative for each
experiment, performed in triplicate, in which n � 3–5. The data points are the means 	 S.D. B, chromatogram from reversed phase HPLC on a �RPC C2/C18
(100 � 4.6 mm) column of XylNapOH-primed GAGs from HCC70 cells, untreated (solid black line) or xylanase-treated (gray solid line). After xylanase treatment,
the peak with retention time � 1.59 min, corresponding to the XylNapOH-primed GAGs, shifted to retention time � 3.55 min, which co-elutes with 2,6-
dihydroxynaphthalene (dashed black line). C, chromatogram from size-exclusion chromatography HPLC on a Superdex Peptide HR 10/30 column; the right y
axis displays the fluorescence intensity of untreated (solid line) and xylanase-treated (dashed line) XylNapOH-primed GAGs from HCC70 cells, and the left y axis
displays the radioactivity of untreated (black circles, solid line) and xylanase-treated (white circles, dashed line) XylNapOH-primed GAGs from HCC70 cells. The
aglycon was retained on the column and is, therefore, not visible on the chromatogram. Excitation � � 229 nm and emission � � 372 nm. F.I., fluorescence
intensity. D, HCC70 cells were treated with untreated (black circles) and xylanase-treated (white circles) XylNapOH-primed GAGs at the indicated concentrations
for 96 h (R2 � 0.99 and 0.96, respectively). HCC70 cells (E) and CCD-1095Sk (F) cells treated with commercially available GAGs at the indicated concentrations
for 96 h, CS A (white circles), CS B (gray squares), CS C (black circles), and heparin (black squares). The graphs are representative for each experiment, performed
in triplicate, in which n � 3–5. The data points are the means 	 S.D.
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The major difference in CS/DS disaccharides between the
xyloside-primed GAGs derived from HCC70 cells and CCD-
1095Sk cells was in the 
UA-GalNAc,4S (A unit)/
UA-
GalNAc,6S (C unit) ratio, which was shifted between the two

cell lines: �15%/�82% in the xyloside-primed GAGs from
HCC70 cells and �56%/�38% in the xyloside-primed GAGs
from CCD-1095Sk cells (Fig. 6B). In addition, 
UA-
GalNAc,4S,6S (E unit) was present in the xyloside-primed
GAGs from the HCC70 cells (�2.8%) but only in trace amounts
in those from CCD-1095Sk cells. Instead, 
UA,2S-GalNAc,4S
(B unit) (�1.7%) and 
UA,2S-GalNAc,6S (D unit) (�3.8%)
were present in the xyloside-primed GAGs from the CCD-
1095Sk cells (Fig. 6B).

Based on the chondroitinase AC-I and -II degradations and
chondroitinase B degradations, we concluded that the disac-
charide units of the XylNapOH- and XylNap-primed GAGs from
HCC70 cells and CCD-1095Sk cells contained both GlcUA and
IdoUA (Fig. 6, C and D). For example, the A units and E units of
XylNapOH- and XylNap-primed GAGs from HCC70 cells were a
mix of GlcUA and IdoUA, as they were detected after chondroiti-
nase AC-I and -II degradation and after chondroitinase B degra-
dation. The B unit of XylNapOH- and XylNap-primed GAGs
from CCD-1095Sk cells was detected only after chondroiti-
nase B degradation, whereas the D unit was detected only after
chondroitinase AC-I and -II degradation.

All investigated HS disaccharides were detected in the
XylNapOH- and XylNap-primed HS from HCC70 cells (Fig.
6E); however, the HS was mainly composed of 
UA-GlcNAc
(�45%), 
UA-GlcNS (�18%), and 
UA-GlcNAc,6S (�16%).
In contrast, the xyloside-primed HS from CCD-1095Sk cells was
composed of only three disaccharides; 
UA-GlcNAc (�56%),

UA-GlcNS (�28%), and 
UA, 2S-GlcNS (�16%). Taken
together, the results indicate that the disaccharide composition of
the XylNapOH- and XylNap-primed GAGs is specific and depen-
dent on cell type rather than on xyloside.

The HS/CS/DS Ratios of the XylNapOH- and XylNap-primed
GAGs Differ between the Different Cell Lines but Is also Influ-
enced by the Xyloside—The HS/CS/DS ratios of the studied
XylNapOH- and XylNap-primed GAGs (Fig. 7) were calculated
based on the disaccharide data according to Equations 2– 4
under “Experimental Procedures.” The proportion of IdoUA-
containing disaccharides in CS/DS (CS/DSIdoUA) calculated
using Equation 3 includes the IdoUA-containing disaccharides
present both in blocks and as single IdoUA-containing disac-
charides, whereas the proportion of IdoUA-containing disac-
charides generated by chondroitinase B degradation includes
those present in blocks only.

Similar to the disaccharide composition, differences in the
HS/CS/DS ratios of the xyloside-primed GAGs derived from
the two cell lines were observed (Fig. 7). The xyloside-primed
GAGs from HCC70 cells were composed of a higher proportion
of HS (�20 and 35% for XylNapOH- and XylNap-primed
GAGs, respectively) than those from CCD-1095Sk cells, where
HS was almost absent (�1.4%). Instead, the xyloside-primed
GAGs from CCD-1095Sk were composed of a higher propor-
tion of CS/DSIdoUA (�37%) than the xyloside-primed GAGs
from HCC70 cells (�8.9%). Analogously, the proportion of
IdoUA-containing disaccharides generated after chondroiti-
nase B degradation of xyloside-primed GAGs from CCD-
1095Sk cells (�17%) was higher than that generated after chon-
droitinase B degradation of xyloside-primed GAGs from
HCC70 cells (�1.4%).

FIGURE 4. XylNapOH-primed GAGs from HCC70 cells induce apoptosis of
HCC70 cells and CCD-1095Sk cells. A, HCC70 cells (left panels) and CCD-
1095Sk cells (right panels) untreated or treated with 5 �g/ml XylNapOH-
primed GAGs from HCC70 cells for 24 h. DNA strand breaks indicating apo-
ptosis were detected utilizing BrdU and visualized using an anti-BrdU-FITC
antibody. Cell nuclei were stained using propidium iodide (PI)/RNase. The
merged images displays colocalization of anti-BrdU-FITC-positive cells and
cell nuclei. The images are representative for each experiment, performed at
least in duplicate. B, HCC70 cells treated with XylNapOH-primed GAGs at the
indicated concentrations for 24 h. The experiment was performed in dupli-
cate in which n � 3. The data points are the means 	 S.D.

FIGURE 5. XylNapOH- and XylNap-primed GAGs from HCC70 cells and CCD-
1095Sk cells are similar in size. Chromatogram from size-exclusion chromatog-
raphy HPLC on a Superose 6 HR 10/30 column of XylNapOH-primed GAGs from
HCC70 cells (white circles), XylNap-primed GAGs from HCC70 cells (black circles),
XylNapOH-primed GAGs from CCD-1095Sk cells (gray squares), and XylNap-
primed GAGs from CCD-1095Sk cells (black squares) after treatment with xyla-
nase to prevent interaction between the aglycon and the column. The indicated
molecular weights were obtained using heparin standards.
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Unlike for the disaccharide composition, variability in the
HS/CS/DS ratios of the XylNapOH- and XylNap-primed GAGs
derived from HCC70 cells was detected. The proportion of HS in
the XylNapOH-primed GAGs from HCC70 cells increased with
incubation time before isolation, from �7.4% after 24 h to �20%
after 48 h and to �25% after 72 h. In the XylNap-primed GAGs
isolated from HCC70 cells after 48 h the proportion of HS was
�35%. Thus, the HS/CS/DS ratio of xyloside-primed GAGs, at
least in the HCC70 cells, appears to be influenced not only by the
cell type, but also by the xyloside, as previously observed (10, 16).

The Composition of the Xyloside-primed GAGs Does Not Mir-
ror That of the PG-GAGs Derived from the Same Cell Line, but
There Are Similarities—To investigate if the xyloside-primed
GAGs structurally resembled the endogenous PG-GAGs
derived from the same cell line, the PG-GAGs secreted into the
culture media of untreated HCC70 cells and CCD-1095Sk cells
were studied. The amounts of PG-GAGs recovered after 48 h
were 0.7– 0.9 �g/106 HCC70 cells and 0.9 –1.5 �g/106 CCD-
1095Sk cells, which was considerably lower than the amounts
recovered after xyloside treatment.

FIGURE 6. Disaccharide composition of XylNapOH- and XylNap-primed GAGs from HCC70 cells and CCD-1095Sk cells. A, typical chromatogram from
separation on an XBridge BEH Shield RP18 (2.1 � 100 mm, 2.5 �m) column of chondroitinase ABC-degraded and 2-aminoacridone-labeled XylNapOH-primed
GAGs from HCC70 cells (solid line) and CS/DS standards (dashed line). The different disaccharides are indicated above the corresponding peaks. 
UA-GlcNAc
(hyaluronic acid (HA)) is indicated but was not investigated in the study. Excitation � � 425 nm, and emission � � 525 nm. F.I., fluorescence intensity. The
disaccharide data presented in B–E was estimated by the corresponding chromatograms. B–E, disaccharide fingerprint from XylNapOH- and XylNap-primed
GAGs from HCC70 cells and CCD-1095Sk cells after enzymatic degradation using chondroitinase ABC (B), chondroitinase AC-I and -II (C), chondroitinase B (D),
and heparinase I-III (E). The inset in B displays the data of disaccharides 
UA,2S-GalNAc,4S (B), 
UA-GalNAc,4S,6S (E), and 
UA,2S-GalNAc,6S (D), where the y axis
ranges from 0 to 5 mol%. The data are the means of two independent experiments 	 S.D. Raw data can be found in supplemental Tables S1 and S2.
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The disaccharide composition of both the CS/DS and the HS
of the xyloside-primed GAGs from HCC70 cells was similar to
that of the PG-GAGs isolated from HCC70 cells, whereas the
HS/CS/DS ratios differed (supplemental Tables S1 and S2). The
main difference was in the proportion of HS, which was lower in
the xyloside-primed GAGs (�20 and 35% for XylNapOH- and
XylNap-primed GAGs, respectively) than in the PG-GAGs
(�56%). In addition, the proportion of CS/DSIdoUA in the xylo-
side-primed GAGs (�8.9%) was slightly higher than that in the
PG-GAGs (�5.0%). Analogously, the proportion of IdoUA-
containing disaccharides generated after chondroitinase B deg-
radation of the xyloside-primed GAGs (�1.4%) was slightly
higher than that generated after chondroitinase B degradation
of the PG-GAGs (�0.4%), possibly explaining why the E unit
was not observed in the PG-GAGs after chondroitinase B
degradation.

The xyloside-primed GAGs from CCD-1095Sk cells differed
from the PG-GAGs from CCD-1095Sk cells both in disaccha-
ride composition and in HS/CS/DS ratios (supplemental Tables
S1 and S2). The xyloside-primed GAGs were composed of a
higher proportion of C units (�38%) and to a lower proportion
of A units (�56%) than the PG-GAGs from CCD-1095Sk cells
(�14 and �81%, respectively). The disaccharides generated
after chondroitinase AC-I and -II degradation were the main
source of this difference, as the disaccharides generated after
chondroitinase B degradation were similar. In addition, fewer
HS disaccharides were represented in xyloside-primed HS from
CCD-1095Sk cells than in the corresponding PG-HS, possibly
as a result of a lower proportion of HS in the xyloside-primed
GAGs (�1.4%) than in the PG-GAGs (�8.5%). In addition, the
proportion of CS/DSIdoUA of the xyloside-primed GAGs
(�37%) was lower than that of the PG-GAGs (�46%). Analo-
gously, the proportion of IdoUA-containing disaccharides gen-
erated after chondroitinase B degradation of the xyloside-
primed GAGs (�17%) was lower than that generated after
chondroitinase B degradation of the PG-GAGs (�36%).

Taken together, these results indicate that the overall GAG
composition of the xyloside-primed GAGs does not mirror that
of the PG-GAGs of their corresponding cell line. However,

some similarities were observed, in particular the disaccharide
composition of the GAGs derived from HCC70 cells.

CS/DS from HCC70 Cells Primed on Either XylNapOH or
XylNap Is Cytotoxic but Can Be Inhibited by XylNap-primed
HS—To determine whether CS/DS or HS was responsible for
the cytotoxic effect of the XylNapOH-primed GAGs from
HCC70 cells, XylNapOH-primed GAGs from HCC70 cells
were treated with either heparinase I-III or chondroitinase
ABC before treating HCC70 cells. Heparinase I-III treatment of
the GAGs, which investigated the effect of the CS/DS, did not
alter the cytotoxic effect of the XylNapOH-primed GAGs,
whereas chondroitinase ABC treatment of the GAGs, which
investigated the effect of HS, resulted in a complete loss of cyto-
toxic effect (Fig. 8A). This suggests that the XylNapOH-primed
CS/DS was responsible for the cytotoxic effect. Because the
disaccharide composition of XylNapOH- and XylNap-primed
GAGs from HCC70 cells was similar, we performed the same
experiment using XylNap-primed GAGs. Interestingly, hepari-
nase I-III-treated XylNap-primed GAGs from HCC70 cells had
a similar effect on HCC70 cells as the XylNapOH-GAGs from
HCC70 cells (Fig. 8B). The XylNapOH- and XylNap-primed
GAGs from CCD-1095Sk cells were included as controls, show-
ing that neither chondroitinase ABC treatment nor heparinase
I-III treatment of the xyloside-primed GAGs from CCD-
1095Sk cells affected the growth of the cells (data not shown).
Taken together, this implies that xyloside-primed CS/DS GAGs
from HCC70 cells are cytotoxic irrespective of whether they are
primed on XylNapOH or XylNap. In addition, the HS primed
on XylNap appeared to inhibit the effect of the CS/DS.

To confirm that the XylNap-primed HS from HCC70 cells
had an inhibitory effect on the cytotoxic CS/DS, HCC70 cells
were treated with a combination of chondroitinase ABC-
treated XylNap-primed GAGs and heparinase I-III-treated
XylNapOH-primed GAGs, both from HCC70 cells. Increasing
concentrations of the two resulted in complete inhibition of the
cytotoxic effect of the heparinase I-III-treated XylNapOH-
primed GAGs (Fig. 8C). Likewise, a combination of a fixed con-
centration of the heparinase I-III-treated XylNapOH-primed
GAGs (7.5 �g/ml) and increasing concentrations of the chon-
droitinase ABC-degraded XylNap-treated GAGs (0.5, 1, and 2
�g/ml) resulted in a concentration-dependent inhibition of the
cytotoxic effect of the heparinase I-III-treated XylNapOH-
primed GAGs (Fig. 8D), thus confirming that the XylNap-
primed HS had an inhibitory effect on the cytotoxic CS/DS.

Discussion

We have previously reported a tumor-specific growth-
inhibiting effect of the xyloside XylNapOH and suggested
that the XylNapOH-primed GAGs could be responsible for
this effect. Furthermore, we have observed differences in
HS/CS/DS composition between GAGs primed on XylNapOH
and GAGs primed on other xylosides, such as XylNap, that lack
effect on cell growth. Here, we have characterized the struc-
ture-function relationship of XylNapOH- and XylNap-primed
GAGs derived from a breast carcinoma cell line, HCC70, and a
breast fibroblast cell line, CCD-1095Sk. We demonstrated that
XylNapOH-primed GAGs isolated from HCC70 cells reduced
growth of HCC70 cells and CCD-1095Sk cells, with IC50 values

FIGURE 7. The XylNapOH- and XylNap-primed GAGs from HCC70 cells
and CCD-1095Sk cells have different HS/CS/DS ratios. Proportions of
CS/DSGlcUA, CS/DSIdoUA, and HS calculated based on the disaccharide data
(supplemental Tables S1 and S2). The data are the means of two indepen-
dent experiments.
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in the low micromolar range. The growth-reducing effect was a
cytotoxic effect, mediated by apoptosis. Importantly, we dem-
onstrated that the GAG part rather than the xyloside part of the
XylNapOH-primed GAGs was responsible for the cytotoxic
effect. Furthermore, the effect was specific for the XylNapOH-
primed GAGs from HCC70 cells, as neither XylNap-primed
GAGs from HCC70 cells nor XylNapOH- or XylNap-primed
GAGs from CCD-1095Sk cells or commercially available GAGs
showed any clear effect on cell growth.

Both HS and CS/DS GAGs have previously been shown to
affect growth of cancer cells either after direct administration
or as a result of enzymatic treatment of cells. For example, HS
fragments generated after heparinase I treatment or heparinase
III treatment of tumor cells have been shown to either promote
or inhibit tumor growth in vivo, depending on their composi-
tion (25). Similarly, treatment of melanoma cells with chon-
droitinase AC or chondroitinase B has been reported to inhibit
growth and migration in vitro (26), and other studies have
showed inhibition as well as promotion of cell growth by HS
and CS/DS (27–29). Here, we demonstrated that the CS/DS
was responsible for the cytotoxic effect of the XylNapOH-
primed GAGs from HCC70 cells, whereas the XylNapOH-
primed HS did not have any effect on cell growth. Furthermore,
the XylNap-primed CS/DS from HCC70 cells had a similar

effect, whereas the XylNap-primed HS inhibited the cytotoxic
effect of the XylNapOH- or XylNap-primed CS/DS in a con-
centration-dependent manner, explaining why no cytotoxic
effect of the non-degraded XylNap-primed GAGs was ob-
served. Neither the CS/DS nor the HS derived from CCD-
1095Sk cells primed on XylNapOH or XylNap had any effect on
cell growth, further supporting the notion that the cytotoxic
effect was associated with the carcinoma cells.

The fact that HS and CS/DS appear to affect different cells
differently indicates that besides possible differences in suscep-
tibility to various GAGs, the composition of the GAGs is impor-
tant for the biological effect. Thus, we characterized the disac-
charide composition of the XylNapOH- and XylNap-primed
GAGs. The data revealed considerable differences in disaccha-
ride composition between the xyloside-primed GAGs from
HCC70 cells and CCD-1095Sk cells. Interestingly, we found
that the disaccharide composition of the xyloside-primed
GAGs derived from the same cell line was similar irre-
spective of whether they were primed on XylNapOH or
XylNap. This indicates that the disaccharide composition is
specific and cell type-dependent rather than xyloside-depen-
dent. In addition, the results suggest the disaccharide compo-
sition as a possible determinant for the biological effect of the
GAGs. Interestingly, the disaccharide composition of the xylo-

FIGURE 8. CS/DS from HCC70 cells primed on either XylNapOH or XylNap have a cytotoxic effect, but HS from HCC70 cells primed on XylNap inhibits
this effect. HCC70 cells were treated with xyloside-primed GAGs from HCC70 cells for 96 h. A and B, effect on growth by XylNapOH-primed GAGs (A) or
XylNap-primed GAGs (B), untreated (white circles) or heparinase I-III-treated (gray squares) or chondroitinase ABC-treated (black circles) (R2 � 0.97, 0.88, and 0.98
for the curves of the untreated and heparinase I-III-treated XylNapOH-primed GAGs and heparinase I-III-treated XylNap-primed GAGs from HCC70 cells,
respectively). C, heparinase I-III-treated XylNapOH-primed GAGs together with chondroitinase ABC-treated XylNap-primed GAGs, both at increasing concen-
trations. The untreated XylNapOH- and XylNap-primed GAGs were administered at the indicated concentrations, whereas the enzyme-treated GAGs were
diluted in the same way as the untreated ones before administration. D, fixed concentration (7.5 �g/ml) of heparinase I-III-treated XylNapOH-primed GAGs
combined with the indicated concentrations of chondroitinase ABC-treated XylNap-primed GAGs. The graphs are representative for each experiment, per-
formed at least in duplicate, in which n � 3. The data points are the means 	 S.D.
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side-primed GAGs from HCC70 resembled that of the corre-
sponding PG-GAGs.

The XylNapOH- and XylNap-primed CS/DS derived from
HCC70 cells were primarily composed of three disaccharide
units: C units, A units, and E units, whereas those derived from
CCD-1095Sk cells were primarily composed of A units, C units,
D units, and B units. Thus, the prevalence of the E unit, D unit,
and B unit distinguished the two. Interestingly, CS E, primarily
composed of E units, is involved in some of the few identified
functional CS/DS sequences. For example, CS E has been
reported to interact with Wnt signaling (5), and L- and P-selec-
tin (6) and to enhance CD44 cleavage (30), all of which could
influence tumor progression. However, prevalence of the E unit
is unlikely a single determinant for cytotoxicity, not the least
because the commercially available CS B contained the E unit
(supplemental Table S1), but did not have any effect on cell
growth. Thus, the sequential order of the disaccharides, in addi-
tion to the disaccharide composition, is likely to be important
for the biological effects.

Variations in the HS/CS/DS ratio of xyloside-primed GAGs
depending on aglycon have been extensively studied over the
years (10, 16, 31, 32). The amount of HS has been of particular
interest, as xylosides were initially thought to only induce syn-
thesis of CS. We found that the HS/CS/DS ratios differed
between the xyloside-primed GAGs derived from the different
cell lines and that the proportion of HS was influenced by the
xyloside, which was evident in the HCC70 cells, where the pro-
portion of HS was substantial. This supports previous results
showing that the HS/CS/DS ratio is both cell type-dependent
and xyloside-dependent.

Although the CS/DS from HCC70 cells primed on both
XylNapOH and XylNap appeared structurally and functionally
similar, the HS had, despite a similar disaccharide composition,
different effects depending on whether it was primed on
XylNapOH or XylNap. The XylNap-primed HS inhibited the
cytotoxic effect of the XylNapOH- and XylNap-primed CS/DS
from HCC70 cells, whereas the XylNapOH-primed HS was
inactive. This did not appear to be a result of different propor-
tions of HS in the XylNapOH- and XylNap-primed GAGs (�20
and �35%, respectively), as the proportion of HS primed on
XylNapOH increased with increasing incubation time without
having any impact on the cytotoxic effect. In addition, the cyto-
toxic effect of the XylNapOH-primed GAGs remained the
same upon HS removal. We speculate that the difference in
effect could be due to the sequential order of the disaccharide
units; however, this remains to be elucidated.

IdoUA-containing GAGs are associated with an increased
structural flexibility compared with equivalent GlcUA-con-
taining GAGs, thereby altering their interaction properties
with various biomolecules (33). CS/DSIdoUA was present in the
xyloside-primed GAGs from both HCC70 cells and CCD-
1095Sk cells; thus, the presence of CS/DSIdoUA does not appear
to be a single determinant for effect by the GAGs. However, the
proportion could potentially have an impact on the effect, as it
differed between the GAGs from HCC70 cells (8.9%) and CCD-
1095Sk cells (37%). Interestingly, there was also a considerable
difference in the distribution of IdoUA-containing disaccha-
rides between the xyloside-primed GAGs derived from the dif-

ferent cell lines (�20% versus �50% of the CS/DSIdoUA was
present in blocks in the xyloside-primed GAGs from HCC70
cell and CCD-1095Sk cells, respectively), another factor that
potentially could influence the biological effect.

The data presented here provide new perspectives on xylo-
side-primed GAGs and their properties. In addition, to our
knowledge, this is the first study that demonstrates a cytotoxic
effect on cancer cells and normal cells by CS/DS and that this
effect can be inhibited by HS.
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