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Abstract Glycosaminoglycans (GAGs) are heterogeneous,
linear, highly charged, anionic polysaccharides consisting of
repeating disaccharides units. GAGs have some biological significance in cancer progression (invasion and metastasis) and
cell signaling. In different cancer types, GAGs undergo specific
structural changes. In the present study, in depth investigation of
changes in sulfation pattern and composition of GAGs, heparan
sulfate (HS)/heparin (HP), chondroitin sulfate (CS)/dermatan
sulfate and hyaluronan (HA) in normal renal tissue (NRT) and
renal cell carcinoma tissue (RCCT) were evaluated. The
statistical evaluation showed that alteration of the HS
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(HSNRT = 415.1 ± 115.3; HSRCCT = 277.5 ± 134.3), and CS
(CSNRT = 35.3 ± 12.3; CSRCCT = 166.7 ± 108.8) amounts (in ng/
mg dry tissue) were statistically significant (p < 0.05). Sulfation
pattern in NRT and RCCT was evaluated to reveal disaccharide
profiles. Statistical analyses showed that RCCT samples contain
significantly increased amounts (in units of ng/mg dry tissue) of
4SCS (NRT = 25.7 ± 9.4; RCCT = 117.1 ± 73.9), SECS
( N RT = 0 . 7 ± 0 . 3 ; R C C T = 4 . 7 ± 4 . 5 ) , 6 S C S
(NRT = 6.1 ± 2.7; RCCT = 39.4 ± 34.7) and significantly decreased amounts (in units of ng/mg dry tissue) of NS6SHS
(RCCT = 28.6 ± 6.5, RCCT = 10.2 ± 8.0), NS2S HS
(RCCT = 44.2 ± 13.8; RCCT = 27.2 ± 15.0), NS HS
(NRT = 68.4 ± 15.8; RCCT = 50.4 ± 21.2), 2S6S HS
(NRT = 1.0 ± 0.4; RCCT = 0.4 ± 0.3), and 6S H S
(NRT = 60.6 ± 17.5; RCCT = 24.9 ± 12.3). If these changes
in GAGs are proven to be specific and sensitive, they may serve
as potential biomarkers in RCC. Our findings are likely to help
us to show the direction for further investigations to be able to
bring different diagnostic and prognostic approaches in renal
tumors.
Keywords Glycosaminoglycans . Sulfation pattern . Renal
cell carcinoma . Biomarker

Introduction
Renal cell carcinoma (hypernephroma) is an epithelial tumor
that arises from the tubular structures of the kidney. It generally occurs in adults and accounts for 2–3 % of all adult malignancies, although the incidence varies substantially worldwide, between genders, races and geographic locations [1–3].
There is a wide spectrum of histological RCC subtypes, of
which the most common three are clear cell RCC (70 %),
papillary RCC (10–15 %) and chromophobe RCC (3–5 %)
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[4]. Nearly half of the patients are diagnosed incidentally;
while others present with non-specific features, such as fatigue, weight loss or anemia [5]. The surgical removal of all
or part of the kidney (nephrectomy) is the major treatment [6].
Glycosaminoglycans (GAGs) are heterogeneous, linear,
highly charged, anionic polysaccharides consisting of repeating disaccharide units and can be divided into four classes:
heparan sulfate (HS) (which includes heparin), chondroitin
sulfate (CS) (which includes dermatan sulfate), keratan sulfate
(KS) and hyaluronan (HA). These classes differ in the structure of their repeating disaccharides and also in their biological functions [7–9]. Repeating disaccharide units consist of
either sulfated or non-sulfated monosaccharides. Their
sulfation pattern is generated during biosynthesis through the
action of several sulfotransferases, resulting monosulfated,
disulfated, and trisulfated disaccharide units [10]. When HS
and CS are enzymatically degraded using polysaccharide
lyases, a number of structurally distinctive disaccharides with
different sulfation pattern are obtained [11]. The most commonly found disaccharide units produced from mammalian
cell GAGs are given in Table 1. The amounts and sulfation
Table 1 Structures of disaccharides formed from the lyase-catalyzed
depolymerization of GAGs obtained from human tissues
Disaccharides
HS/HP disaccharides
ΔUA(1–4)GlcNAc
ΔUA(1–4)GlcNS
ΔUA(1–4)GlcNAc6S
ΔUA2S(1–4)GlcNAc
ΔUA(1–4)GlcNS6S
ΔUA2S(1–4)GlcNS
ΔUA2S(1–4)GlcNAc6S
ΔUA2S(1–4)GlcNS6S
HA disaccharide
ΔUA(1–3)GlcNAc
CS/DS disaccharides
ΔUA(1–3)GalNAc
ΔUA(1–3)GalNAc4S
ΔUA(1–3)GalNAc6S
ΔUA2S(1–3)GalNAc
ΔUA2S(1–3)GalNAc4S
ΔUA2S(1–3)GalNAc6S
ΔUA(1–3)GalNAc4S6S
ΔUA2S(1–3)GalNAc4S6S
KS disaccharides
Gal(1–4)GlcNAc6S
Gal6S(1–4)GlcNAc6S

Abbreviation

0SHS
NSHS
6SHS
2SHS
NS6SHS
2SNSHS
2S6SHS
TriSHS
HA
0SCS
4SCS
6SCS
2SCS
2S4S or SBCS
2S6S or SDCS
4S6S or SECS
TrisCS
NSKS
2SKS

patterns of GAGs show variability in different tissues, organs
and even in different part of the same organ [12, 13].
GAGs are widely found on cell surfaces, inside cells and
within the extracellular matrix. GAGs, with the exception of
hyaluronan, are biosynthesized as protein/GAG conjugates
known as proteoglycans (PGs). The biological functions of
PGs are principally determined by the structure of their GAG
chains [8, 9, 14]. GAGs interact with hundreds of key ligands
and receptors including growth factors, cytokines, chemokines,
proteases, protease inhibitors, coagulant and anticoagulant proteins, complement proteins, lipoproteins, and lipolytic enzymes
[9, 15, 16]. These interactions are critical in a variety of physiological and pathophysiological processes such as fertilization,
embryonic development, immune response, inflammation, angiogenesis, tumorigenesis, and metastasis [16–19]. The structures of GAGs, especially their sulfation pattern, affect interaction with various ligands [20, 21].
In a variety of diseases, such as cancer, rheumatoid arthritis, and infectious diseases, the functions of GAGs have been
extensively studied to define their specific roles [22–24].
Studies related to cancer show the important roles of GAGs
and PGs in cancer progression (invasion and metastasis) and
cell signaling [15, 25]. Clinical studies in cancer point out
changes in expression of some specific GAGs and PGs [26,
27]. Their expression and degradation are known to affect all
stages of tumorigenesis [26]. In different cancer types, GAGs
undergo specific structural changes [28–39].
The importance of GAGs in renal cell carcinoma (RCC) has
been discussed in a recent study [40]. An increased amount of CS
and a decreased amount of HS was reported in renal cell carcinoma tissue (RCCT). Also no significant changes in the urine
excretion rates of CS, and HS were observed. However, there is
no information on changes in GAG sulfation pattern, which is
critical for revealing structural changes in GAGs in RCC.
The aim in this study is to investigate the sulfation pattern
and composition of GAGs (HS, CS and HA) in normal renal
tissue (NRT) and RCCT. The detailed structural characterization of GAGs is the first step towards understanding the biological functions of PGs and GAGs in RCC. This can help in
the understanding the causes for the disease and for the elucidation of the metabolic pathways of RCC. Moreover, GAGs
may serve as diagnostic and prognostic biomarkers for RCC.
Increasing knowledge on the GAG functions in biological
processes may also lead to suggest new GAG-based therapeutic approaches and GAG-based therapeutic targets.

Materials and methods
Biological samples and materials

ΔUA, 4-deoxy-α-L-threo-hexenopyranosyluronic acid; GlcN
N-acetyl glucopyransose; GalN, N-acetylgalactopyransose
Gal, galactopyranose; Ac, acetyl; S, sulfo

Tissues for analysis were obtained from thirteen radical nephrectomy materials. Two samples were taken from each
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nephrectomy, one from tumor and one from non-neoplatic
renal cortex distant from the tumor. The study was approved
by the Local Research Ethics Committee.
Actinase E was from Kaken Biochemicals (Tokyo, Japan).
Unsaturated disaccharides standards of CS (0S, ΔUAGalNAc; 4S, ΔUA-GalNAc4S; 6S, ΔUA-GalNAc6S; 2S,
ΔUA2S-GalNAc; 2S4S or SB, ΔUA2S-GalNAc4S; 2S6S
or SD, ΔUA2S- GalNAc6S; 4S6S or SE, Δ UAGalNAc4S6S; and TriS, ΔUA2S-GalNAc4S6S), unsaturated
disaccharides standards of heparan sulfate (0S, ΔUAGlcNAc; NS, ΔUA-GlcNS; 6S, ΔUA-GlcNAc6S; 2S,
ΔUA2S-GlcNAc; 2SNS, ΔUA2S-GlcNS; NS6S, ΔUAGlcNS6S; 2S6S, ΔUA2S-GlcNAc6S; and TriS, ΔUA2SGlcNS6S) and unstaturated disaccharides standard of
hyaluronan (ΔUA-GlcNAc) were obtained from Seikagaku
(Japan) (Table 1). Recombinant Flavobacterial heparinum
heparin lyase I, II and III were expressed in Linhardt laboratory using Escherichia coli strains, provided by Professor Jian
Liu (University of North Carolina, College of Pharmacy,
Chapel Hill, North Carolina). Chondroitin lyase ABC from
Proteus vulgaris and chondroitin lyase ACII from
Arthrobacter aurescens was from Seikagaku Corporation
( To k y o , J a p a n ) . A M A C ( ≥ 9 8 . 0 % ) a n d s o d i u m
cyanoborohydride (≥95.0 %) was supplied from Sigma (St.
Louis, MO, USA). All other chemicals were of reagent grade.
Vivapure Q Mini H columns were from Sartorius Stedium
Biotech (Bohemia, NY, USA). Amicon ultracentrifugal filters
(YM-10; 1000 molecular weight cut-off) were from Millipore
(Billerica, MA).
Isolation of GAGs from renal tissue samples
Tissue samples (RCCT and NRT) were homogenized and individually subjected to proteolysis at 55 °C with 10 % (w/v) of
actinase E (20 mg/mL in HPLC grade water, Kaken
Biochemicals, Tokyo, Japan). After proteolysis, particulates
were removed from the resulting solutions by centrifugation
at 12,000 × g. The supernatant was applied to Vivapure Q
Mini H column (Bohemia, NY, USA) equilibrated with
200 μL of 8 M urea containing 2 % CHAPS (pH 8.3) under
centrifugal force (700 × g). The columns were then washed
with 200 μL of 8 M urea containing 2 % CHAPS at pH 8.3,
followed by two washes with 200 μL of 200 mM NaCl.
GAGs were released from the column by washing threetimes with 450 μL of 16 % NaCl and then collected eluent
was desalted using YM-10 spin column. Finally, the GAGs
were lyophilized [9].
Breakdown of GAGs to disaccharide products
The recovered GAGs from renal tissue samples were
depolymerized using the enzyme mixture of heparinase I, II,
III, chondroitinase ABC and chondroitinase AC II at 37 °C for
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10 h. The enzymatic products were then passed through the
YM-10 spin columns then were freeze-dried for AMAC labeling reaction [9].
Derivatization of disaccharides with AMAC
The freeze-dried renal tissue samples were re-dissolved in
5 μL of 0.1 M AMAC in acetic acid/dimethyl sulfoxide
(DMSO) (3:17, v/v) and left at room temperature for 30 min.
After that, 5 μL of 1 M NaBH3CN was added to the reaction
mixture and mixture was incubated at 45 °C for 4.5 h [9, 41].
Finally, AMAC-labeled disaccharides were diluted to various
concentrations using DMSO:water (50:50; v/v), and then LCMS analysis was performed.
Disaccharide analysis by UPLC-MS
UPLC-MS analyses were performed on an Agilent 1200 LC/
MSD instrument (Agilent Technologies, Inc. Wilmington,
DE) equipped with a 6300 ion trap and a binary pump. The
column used was a Poroshell 120 C18 column (2.1 × 150 mm,
2.7 μm, Agilent) at 45 °C. Eluent A was 80 mM ammonium
acetate solution and eluent B was methanol. Solution A and
15 % solution B were flowed (150 μL/min) through the column for 5 min followed by a linear gradient from 15 to 30 %
solution B from 5 to 30 min. The column effluent entered the
electrospray ionization MS source for continuous detection by
MS. The electrospray interface was set in negative ionization
mode with a skimmer potential of −40.0 V, a capillary exit of
−40.0 V and a source temperature of 350 °C, to obtain the
maximum abundance of the ions in a full-scan spectrum
(150–1200 Da). Nitrogen (8 L/min, 40 psi) was used as a
drying and nebulizing gas [9, 42].
Statistical analysis
IBM SPSS for Windows Version 20.0 was used for the statistical analysis. The measurements were summarized as
mean ± standard deviation, median, minimum and maximum
values. Wilcoxon test was used to understand if there are any
significant differences between the normal and neoplastic
samples. Significance was taken to be p < 0.05 for Wilcoxon
test. Results are visualized with the mean ± standard deviation
graphs and the box-plots, where appropriate.

Results
RCCT and NRT samples were obtained from the patients who
had undergone to the radical nephrectomy. In the sampling
process, non-neoplastic kidney tissue away from the tumor
(NRT) and renal cancer tissue (RCCT) came from the same
specimen and these two tissue samples were compared.
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Known amount of the dried tissue samples (about 20–30 mg)
were subject to Actinase E digestion freeing the GAGs from
their protein backbone in their PG form. The GAGs, thus
obtained, were prepared for disaccharide analysis by UPLCMS (Fig. 1). The sum of disaccharide amounts was expressed
as total HS, CS, and HA.
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Table 2

The amount of GAGs (ng/mg dry tissue)

Cortex

Composition of GAGs in tissue samples
Medulla

Majority of RCC originates in the renal cortex. In the present
study, NRT samples were, thus, taken from the cortical region
of the nephrectomy materials. Nevertheless we also obtained
tissue samples from renal medulla in addition to cortex. The
amount of the HS, CS and HA in medulla were found to be

The amounts of GAGs in cortex and medulla

HS/HP

CS/DS

HA

NRT

415.1 ± 115.31
393.12, 27.8 %3

35.3 ± 12.3
32.2, 34.7 %

28.3 ± 13.9
23.5, 49.1 %

RCCT

277.5 ± 134.3
261.9, 48.4 %
734.4 ± 130.0
696.6, 17.7 %

166.7 ± 108.8
154.2, 65.3
315.6 ± 166.8
301.3, 52.8 %

32.7 ± 39.4
12.9, 120.3 %
360.5 ± 120.4
341.5, 33.4 %

NRT

1

Mean ± Standard deviation

2

Median

3

Relative Standard Deviation for interspecimen variability

higher than their amount in cortex (Table 2) [43]. The predominant GAG in both regions was HS followed by CS, and/or
HA (Table 2, Fig. 2a).
When RCCT and NRT were compared in terms of compositional and structural differences of GAGs between RCCT
and NRT, the results showed that HS was the dominant
GAG, followed by CS and HA in RCCT as in NRT (Fig. 2b,
Table 2). It was observed that the amount of CS significantly
increased, whereas the amount of HS decreased in cancer.
There was no difference in the amount of HA between NRT
and RCCT (p = 0.515 > 0.05). The major GAG in both tissues
(NRT, RCCT) was HS, despite the elevated levels of CS in
RCCT.
The statistics showed that the differences between cancer
and normal tissue taking HS and CS amounts into account
were significant (p < 0.05) (Fig. 3). In contrast, HA levels
did not differ between NRT and RCCT (p = 0.515 > 0.05).
The interspecimen variability in regards to the contained CS,
HS and HA was higher in renal cancer than that observed in
non-neoplastic renal tissue (Table 2).
Disaccharide profile of tissue samples

Fig. 1 Extracted ion chromatograms (EICs) of AMAC-labeled
disaccharides. a Analysis of AMAC-labeled disaccharides obtained on
heparin lyase treatment of an NRT sample. The assigned peaks are used to
establish the disaccharide composition of this sample. b Analysis of
AMAC-labeled disaccharides obtained on heparin lyase treatment of an
RCCT sample. The peak assignment is identical to that shown in panel a

NRT and RCCT were examined to determine their disaccharide composition and their HS, CS, and HA content. The results demonstrated that both NRT and RCCT contained 8 different HS disaccharides (0SHS, NSHS, 6SHS, 2SHS, NS6SHS,
NS2SHS, 2S6SHS, Tri SHS), 7 different CS disaccharides
(0SCS, 6SCS, 4SCS, SBCS, SDCS, SECS, TriSCS, but no 2SCS),
and a single HA disaccharide (0SHA) with varying amounts.
Their disaccharide compositions were shown in Fig. 4 and
Table 3.
The unsulfated HS (0SHS) was the most abundant and the
2S6SHS was the least abundant disaccharide units of HS found
in both normal and neoplastic tissues. Among the sulfated HS
disaccharides, the NSHS that contains only one sulfo group
was the most abundant one in both NRT and RCCT. The other
sulfated HS disaccharides detected were 6SHS, NS2SHS,
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in NRT and RCCT showed variability from 32 % to 107 % and
from 22.7 % to 140 %, respectively (Table 3).

Discussion

Fig. 2 The content and types of GAGs present in analyzed kidney
tissues. a Cortex and medulla; HS/HP:Heparan sulfate/Heparin, CS/DS:
Chondroitin Sulfate/Dermatan Sulfate, HA: Hyaluronan. b RCCT
and NRT. RCCT; Renal cell carcinoma tissue. NRT: Normal renal
tissue. The amounts of GAGs were expressed as mean. The error bars
were given with +/− Standard deviation

NS6SHS, 2SHS, and TriSHS, which are listed from most to least
abundant.
When disaccharide profile of CS was examined, the 4SCS
was the most abundant CS disaccharide in both tissue types,
6SCS was the second as being found at relatively high
levels. The trisulfated disaccharide (TriSCS) was found
to be the least abundant CS disaccharide present in the
normal kidney and renal cancer. The 2SCS disaccharide
was completely absent.
Statistical analysis showed that RCCT contained significantly increased amounts of 6SCS, 4SCS, SECS,
(p6SCS = 0.028, p4SCS = 0.007, pSECS, = 0.007) and significantly decreased amounts of 6SHS, NS6SHS, NS2SHS, 2S6SHS
(p6SHS = 0.005, pNS6SHS = 0.005, pNS2SHS, = 0.007,
p2S6SH = 0.005) in comparison with non-neoplastic renal
cortex (Figs. 5 and 6). Each CS and HS disaccharide content

Tumors have multiple mechanisms that promote their growth,
invasion and spread [26, 28]. GAGs, and their binding proteins play essential roles in these mechanisms. It is known that
different types of cancer are associated with specific compositional and structural alteration of GAGs [28–39]. In this
study, we perform in depth investigation in terms of sulfation
pattern and compositional changes of GAGs (HS, CS and HA)
in RCCT.
Our results show that the amount of CS is significantly
increased (p < 0.05) in renal cell carcinoma (RCCT) when
compared to normal renal tissue (NRT). Similar changes have
been observed in different mesenchymal and epithelial neoplasms, such as hepatic carcinoma, prostate, pancreas, lung,
breast, and gastric cancer [28–39, 44]. In the transformed fibroblasts and mammary carcinoma cells, elevated CS levels
are related to neoplastic cell proliferation, adhesion and migration [21]. The proliferation and invasiveness of tumor cells
are decreased in melanoma cells treated with CS-degrading
enzymes [45]. The amount of CS is generally increased in
tumor cells [45].
We have found the amount of HS decreased in RCCT in
our study like that of other reported malignancies, including
bladder cancer, hepatocellular carcinoma, and gastric cancer
[30, 33, 46]. A reduction of HS reportedly promotes invasion
and migration of tumor cells [47, 48]. A decreased HS in RCC
is thought to be associated with increased activity of
heparanase. In a recent study heparanase activity was evaluated
and was found to increase be elevated in RCC [40]. Heparanase
is an endohydrolase that cleaves glycosidic bonds in heparan
sulfate. It has functions in normal cell processes, including the
regulation of angiogenesis and tissue repair by releasing HSbound growth factors and enzymes such as basic fibroblast
growth factor (bFGF) and lipoprotein lipase. In tumor cells,
heparanase promotes tumor growth, invasion and stimulates
angiogenesis. Moreover, up-regulated heparanase is associated
with metastatic potential of human tumor cells. Elevated
levels of heparanase are also detected in the sera of cancer
patients with metastatic tumors [49–53].
Sulfation patterns of HS and CS are important because of
their interaction with many ligands and receptors [54] affecting their biological roles. Highly sulfated CS strongly interacts
with various protein ligands and receptors, which are implicated in the growth and/or progression of tumors [29].
Specific binding resulting from certain sulfation patterns in
CS, was also observed [45]. For example, CS-E (rich in
SECS) binds to L- and P-selectin, and CS-A (rich in 4SCS),
CS-B (having an iduronic acid (IdoA) residue and rich in
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Fig. 3 Box-and-whiskers plot for HS/HP, CS/DS and HA differences
between RCCT and NRT. RCCT: Renal cell carcinoma tissue. NRT:
Normal renal tissue. HS/HP:Heparan sulfate/Heparin, CS/DS:
Chondroitin Sulfate/Dermatan Sulfate, HA: Hyaluronan. The boxand-whisker plot is helpful to see the distribution of GAGs and

disaccharide amount in the tissue samples and to compare these groups.
In the plots, boxes represent the value of interquartile range (1st quartile3rd quartile). The bold line at the center of boxes represents the median
(2nd quartile). The vertical lines (whiskers) in the plot go down to the
minimum and up to the maximum value

4SCS), CS-C (rich in 6SCS), CS-D (rich in SDCS) and CS-E
(rich in SECS) bind to CD44 receptor [47].
Changes in the sulfation pattern of the HS are also crucial
[33]. The interaction between bFGF and hepatocyte growth
factor with HS depend on HS chains with 2-O-sulfo IdoA
residues (rich in 2SHS, NS2SHS, 2S6SHS, and TriSHS) and 6O-sulfo groups on the glycosamine residues (rich in 6SHS,
NS6SHS,2S6SHS, and TriSHS), respectively [31]. It is noteworthy that GAGs interact with bFGF and vascular endothelial
growth factor, which are given clinical importance as being
potential tumor markers for RCC [55].

The malignant phenotypes in various cancer types show
different sulfation patterns in GAGs [34]. Sulfation pattern
of CS/DS in rectum, pancreas, colon, gastric carcinomas are
changed and non-sulfated and 6-sulfated disaccharides in tumor are remarkably increased in comparison to normal counterparts that may contribute to the growth, proliferation and
migration of cancer cells [28–32, 52]. Also the increased
amount of 6S is thought to correlate with the aggressiveness
of tumor cells [35].
In our RCC tissue samples, the amounts of 4SCS and SECS
disaccharides were found significantly elevated when

Fig. 4 Disaccharide compositions of HS/HP, and CS/DS. RCCT: Renal cell carcinoma tissue. NRT: Normal renal tissue, HS/HP: Heparan sulfate/Heparin, CS/
DS: Chondroitin Sulfate/Dermatan Sulfate, The amounts of GAGs were expressed as mean. The error bars were given with +/− Standard deviation
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Compositions of HS, CS and HA disaccharides in NRT and RCCT
Amount of HS/HP disaccharides (ng/mg dry tissue)
TriS

NRT
RCCT

NRT
RCCT

10.1 ± 3.81
9.82, 37.8 %3
5.8 ± 8.1
3.4, 140.3 %

NS6S
28.6 ± 6.5
30.4, 22.7 %
10.2 ± 7.8
10.2, 77.9 %

NS2S
44.2 ± 13.8
43.6, 31.1 %
27.2 ± 15.0
27.9, 55.4 %

Amount of CS/DS disaccharides (ng/mg dry tissue)
TriS
SB
SD
0.337 ± 0.162 0.411 ± 0.181
0.022 ± 0.021
0.374, 44.0 %
0.0152, 98.1 %3 0.321, 48.0 %
0.029 ± 0.03
0.673 ± 0.613 0.956 ± 0.829
0.016, 107.2 %
0.432, 91.2 %
0.678, 86.7 %

1

Mean ± Standard deviation

2

Median

3

Relative Standard Deviation for interspecimen variability

NS
68.4 ± 15.8
67.7, 23.1 %
50.4 ± 21.2
49.5, 42.0 %

2S6S
1.0 ± 0.4
0.9, 37.2 %
0.4 ± 0.3
0.5, 73.5 %

6S
60.6 ± 17.5
60.2, 28.9 %
24.9 ± 12.3
26.0, 49.4 %

2S
8.1 ± 3.5
7.4, 43.5 %
5.6 ± 3.5
5.6, 62.8 %

0S
194.0 ± 58.5
178.1, 30.1 %
153.0 ± 100.5
133.14, 65.7 %

SE
0.748 ± 0.325
0.76, 43.4 %
4.7 ± 4.4
3.9, 94.3 %

6S
6.1 ± 2.7
5.4, 44.6 %
39.5 ± 34.7
33.8, 87.9 %

4S
25.7 ± 9.4
24.1, 36.5 %
117.1 ± 73.9
88.5, 63.1 %

0S
2.0 ± 0.64
1.9, 32.1 %
3.7 ± 3.0
3.6, 83.0 %

2S
-

Fig. 5 Box-and-whiskers plot for HS/HS disaccharide differences between RCCT and NRT. a for all HS/HP Disaccharides; b for TriSHS/HP,
2SHS/HP, 2S6SHS/HP; c for NS6SHS/HP, NS2SHS/HP and NSHS/HP; d for 0SHS/HP and 6SHS/HP
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Fig. 6 Box-and-whiskers plot for CS/DS disaccharide differences between RCCT and NRT. a for all CS/DS disaccharides; b for 4SCS/DS, 6SCS/DS; c for
2S4SCS/DS, 2S6SCS/DS, 4S6SCS/DS, 0SCS/DS, TriSCS/DS; d for TriSCS/DS

compared with normal tissue. Similarly, an increased amount
of 4SCS has also been observed in human laryngeal cancer.
Reported studies related to ovarian cancer have recently
shown that these 4,6-disulfated chondroitin sulfate-rich regions (CS-E) reflect the adhesive properties of ovarian tumor
cells [36]. CS-E is also reported to regulate cellular signaling,
such as the Wnt/beta-catenin pathway [56, 57], which is responsible for critical pro-tumorigenic and pro-metastatic
transformation in many human cancers [36, 58].
The sulfation pattern of HS in RCC was different from that
in NRT in our study such that the amounts of the 6SHS,
NS6SHS, NS2SHS, and 2S6SHS were significantly decreased.
In the current study, we interestingly have noted that the
amount of HA did not differ between the RCC and NRT
samples. In a normal cell, HA has some important functions
such as keeping tissues hydrated, maintaining osmotic balance
and supporting cartilage integrity. Also it interacts with cell

surface receptors and modulates cell adhesion, migration and
proliferation. In tumor tissues, HA promotes tumor metastasis
by opening spaces up for tumor cells and supports tumor cell
migration by interacting with cell surface HA receptors. The
amount of HA is elevated in certain cancers, including colon,
breast, prostate, bladder, lung, and Wilms’tumor [59–62].
In conclusion, this study demonstrates differences of
GAGs in composition and sulfation patterns between RCCT
and NRT. The documentation of these changes is an essential
prerequisite to understand their biological functions in RCC.
Future studies are necessary to discover the underlying mechanisms that are responsible for the altered GAG motifs, such
as changes in the activity of biosynthetic enzymes (i.e.,
sufotransferases) or catabolic enzymes (i.e., sufatases and
heparanase). In addition, for these alterations to be considered
as biomarkers, their sensitivity and specificity need to be evaluated in a larger group of patients. In the future, studies like
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this may lead to the development of new diagnostic and prognostic approaches.
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