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Abstract

Glycans play a critical role in physiological and pathological processes through interaction with a variety of
ligands. Altered expression and dysregulation of these molecules can cause aberrant cellular function such as
malignancy. Glycomics provide information of the structure and function of glycans, glycolipids, and glyco-
proteins such as proteoglycans, and may help to predict cancer development and progression as biomarkers. In
this report, we compared the expression of proteoglycans, the content and structure of glycosaminoglycans and
glycolipids between patient-matched normal and cancer tissues obtained from colon cancer patients. Tumor-
related proteoglycans, glypican-3, and syndecan-1 showed downregulation in cancer tissues compared to
normal tissues. In cancer tissue, the total amount of chondroitin sulfate (CS)/dermatan sulfate and heparan
sulfate were lower and, interestingly, the level of disaccharide units of both 4S6S (CS-E) and 6S (CS-C) were
higher compared to normal tissue. Also, overall lipids including glycolipids, a major glycomics target, were
analyzed by hydrophilic interaction liquid chromatography mass spectrometry. Increase of lyso-phosphati-
dylcholine (phospholipid), sphingomyelin (sphigolipid), and four types of glycolipids (glucosylceramide, lac-
tosylceramide, monosialic acid ganglioside, and globoside 4) in cancer tissue showed the possibility as potential
biomarkers in colon cancer. While requiring the need for careful interpretation, this type of broad investigation
gives us a better understanding of pathophysiological roles on glycosaminoglycans and glycolipids and might

be a powerful tool for colon cancer diagnosis.

Introduction

COLON AND RECTAL CANCERS (also known as colorectal
cancer and hereafter referred to as colon cancer) are the
fourth leading cancer diagnosis in the United States, and the
second leading cause of cancer death. In 2012, there were an
estimated 143,000 colon cancer diagnosis and 51,000 deaths
(Siegel et al., 2012). While the majority of patients (80%)
present with a malignancy treatable by surgery, the remaining
20% of patients develop a metastatic form of the disease,
often leading to liver and lung cancer (Cartwright, 2012).
Proteoglycans (PGs) consist of specific core proteins that
are covalently linked to glycosaminoglycan (GAG) chains,
including chondroitin sulfate (CS), dermatan sulfate (DS),
heparan sulfate (HS), heparin (HP), keratan sulfate (KS), and
hyaluronic acid (HA). PGs can be classified into subgroups
based on their core specific protein. The biological func-
tions of PGs include embryonic development, cell adhesion
and recognition, tissue morphogenesis, and the regulation of

signaling molecules as co-receptors (Linhardt and Toida,
2004). Evidence is emerging that abnormal PG expression
and accumulation can alter cell signaling and growth pat-
terns, leading to tumorigenesis including proliferation, in-
vasion, angiogenesis, and metastasis (Fuster and Esko, 2005;
Theocharis et al., 2010).

GAGs are linear and negatively charged polysaccharides
linked to PG core proteins present on the cell surfaces and in
the extracellular matrix. Unique among the GAGs is hya-
luronic acid (HA), which is nonsulfated and not attached to a
core protein. GAG chains are composed of disaccharide re-
peating units such as uronic acid (D-glucuronic acid (GIcA)
or L-iduronic acid (IdoA)) or galactose (D-Gal) and amino
sugar (D-galactosamine (GalN) or D-glucosamine (GIcN)).
This structural diversity results in their differential binding to
proteins (Capila and Linhardt, 2002) and allows GAGs to
play selective roles in physiological and pathophysiological
events, including cancer metastasis and invasion. For ex-
ample, CS-E (sulfo groups at the C-4 and C-6 of GalNAc) is
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known to bind specifically to growth factors such as vascular
endothelial growth factor, heparin-binding EGF-like growth
factors, midkine, and pleiotrophin (Deepa et al., 2002). These
interactions accelerate vessel formation and co-localization,
followed by angiogenesis in ovarian cancer.

Lipids, including phospholipids and sphingolipids, the
major structural components of cellular membranes, are also
implicated in the genesis and development of cancerous tis-
sue (Santos and Schulze, 2012). Lipids are known to play
important roles as signaling molecules, acting in cellular
proliferation, adhesion, migration, survival, angiogenesis,
and differentiation (Furuya et al., 2011; Ishii et al., 2004).
Aberrant glycosylation and accumulation of certain glyco-
sphingolipids in specific types of cancer might correlate to
altered cell-cell communication or cell-substratum interac-
tion. Aberrant glycosylation of lipids may also reflect aber-
rant transmembrane signaling and cell motility causing
cancer metastasis.

Investigating the molecular differences between normal and
cancer tissue types can serve two basic purposes. First, mo-
lecular differences may be causal, activating some signaling
or metabolic pathway that drives the development of the can-
cer. Alternatively, molecular differences might be diagnostic,
serving as a marker or byproduct of underlying biochemical
changes identifying cancerous tissue. Thus, molecules that are
discovered to be different between normal and cancerous tissue
may be useful to identify potential therapeutic drug targets or
for screening tissues to confirm a diagnosis.

Here, we introduce some findings through PG expression
in normal and cancer tissues and the contents of GAG di-
saccharides and glycolipids in the same tissues. A novel an-
alytical method is also presented for the characterization of
the lipid content of normal and cancerous colon.

Materials and Methods
Materials

Normal mucosa tissues and colon cancer tissues, collected
from each of 10 different patients, were obtained at Konyang
University Hospital Daejeon, South Korea (Table 1). The
colon cancer tissues were obtained surgically from the tumor
edge and the specimens of normal mucosa were taken at 5 cm
or more from the tumor margin. All patients provided written
informed consent before the collection tissues samples.
Samples were stored in liquid nitrogen before analyses. The
clinicopathologic data were collected by reviewing medical
charts and pathology records. The collection and use of the
samples were approved by the Institutional Review Board of
the Konyang University Daejeon Hospital.

Sample preparation and isolation of lipids and GAGs

The isolated colon tissues were first lyophilized, and each
dried tissue was crudely homogenized by rough segmentation
into 10-20 pieces, depending on tumor size. A portion of
each sample was retained for protein analysis, and the tissue
remaining was used for lipid and GAG analysis.

For lipid and GAG analysis, tissues were first extracted
with a series of organic solvents, and further digested to allow
for GAG extraction. Tissues were extracted with a mixture of
chloroform and methanol over a 6-day period. Tissues were
placed in 10 mL glass vials and extracted with three sepa-
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TABLE 1. PATIENT INFORMATION FOR COLON
TISSUE SAMPLES

# #
Patient Sample Tissue Age  Sex Diagnosis
1 1 Normal 61 female Sigmoid
2 Cancer colon cancer
2 3 Normal 73 male  Sigmoid
4 Cancer colon cancer
3 5 Normal 74 female Rectosigmoid
6 Cancer colon cancer
4 7  Normal 80 male Ascending
8 Cancer colon cancer
5 9 Normal 81 female Sigmoid
10 Cancer colon cancer
6 11 Normal 73 female Sigmoid
12 Cancer colon cancer
7 13 Normal 69 male  Cecal cancer
14 Cancer
8 15 Normal 70 female Rectal cancer
16  Cancer with lung and
liver metastasis
9 17 Normal 56 female Rectal cancer
18 Cancer
10 19 Normal 73 male Rectal cancer
20 Cancer with liver
metastasis

rate solvent solutions (solution A, 2:1 chloroform:methanol;
solution B, 1:1 chloroform:methanol; solution C, 1:2 chlo-
roform:methanol) of increasing polarity. Tissues were ex-
tracted with S5mL of each solution twice; tissues were
incubated with each solution for 24 h for a single extraction.
After incubation, the extraction solutions were transferred to
a second glass vial where they were allowed to evaporate
(under a filter to prevent contamination) at room temperature
in a hood to a uniform final volume of 2 mL. Before further
processing, all samples were allowed to dry completely for
48 h. For GAG analysis, dried tissue samples were weighed
and individually proteolyzed using Actinase E (55°C, 800 uLL
of 2mg/mL aqueous solution) for 2 days. GAGs were next
isolated using Vivapure Mini Q-H spin columns. Each spin
column was first equilibrated with a solution containing urea
and 3-[(3-chloramidopropyl) dimethylammonio]-1-propane
sulfate (CHAPS 2 wt% in 8 M urea). CHAPS urea solution
was added to each tissue, undigested particulates were re-
moved from these solutions by centrifugation (5000 g,
30 min), and the resulting tissue solutions were then loaded
on the Vivapure spin columns (500 g). Spin columns were
washed with three column volumes of 200 mM NacCl to re-
move impurities. GAGs were released from the spin columns
using two washes of 16% NaCl (0.5 column volumes). Me-
thanol (80% total volume) was added to the released GAG
solutions, precipitating the GAGs overnight at 4°C. Preci-
pitated GAGs were recovered by centrifugation (5000 g,
30 min) and the isolated GAG precipitate was then dissolved
in doubly distilled water and analyzed.

Liquid chromatography-mass spectrometry (LC-MS)
for disaccharide compositional analysis

Isolated GAGs were subject to enzymatic depoly-
merization. GAGs (20 ug) were digested with a mixture of
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chondroitinase ABC (10 mU) and chondroitinase ACII (5 mU)
at 37°C for 10h and the resulting dissacharide products
were isolated in the flow-through by centrifugal filtration
(10kDa molecular weight cut-off (MWCO)), freeze-dried,
and were ready for LC-MS analysis. The remaining undi-
gested (retained) GAGs were then incubated with a mixture
of heparinases I, II, and IIT at 35°C for 10h. The resulting
disaccharide products were similarly isolated in the flow-
through by centrifugal filtration (10kDa MWCO filter),
freeze-dried, and subjected to LC-MS analysis (Yang et al.,
2012). Fluorescent labeling of disaccharide was next under-
taken to ensure highly sensitive detection and to eliminate
potential complications associated with UV absorbing im-
purities coming from the biopsy tissues being analyzed. The
freeze-dried sample containing the GAG-derived disaccha-
rides (~2 ug) was added 10 uLL of a 0.1 M 2-aminoacridone
(AMAC) solution in acetic acid dimethyl sulfoxide (3:17, v/v)
and mixed by vortexing for 5min. Next, 10 uL of 1M
NaBH;CN was added in the reaction mixture and incubated
at 45°C for 4h. LC-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 followed by a UV detector equipped with a
high-pressure cell. The column used was a poroshell120 C18
column (2.1 x 150 mm, 2.6 um, Agilent) at 45°C. Solution A
was 80 mM ammonium acetate solution and Solution B was
methanol. Solution A and 15% solution B was flowed
(150 pL/min) through the column for 5 min, followed by a
linear gradient of 15%—-30% solution B from 5 to 30 min. The
column effluent entered the electrospray ionization (ESI)-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 abun-
dance of the ions in a full-scan spectrum (150-1200 Da).
Nitrogen (8 L/min, 40 psi) was used as a drying and nebu-
lizing gas.

Mass spectroscopic analysis for lipids

A UPLC HILIC column (2.0x 150 mm?, Waters Corp.,
Milford, MA) was used to separate the lipids. Mobile phase A
was SmM ammonium acetate prepared with HPLC grade
acetonitrile and 2% of HPLC grade acetic acid. Mobile phase
B was 5mM ammonium acetate prepared in HPLC grade
methanol with 2% of acetic acid. Lipid samples were diluted
10-fold in a 1:1 mixture of mobile phase A and B. After
injection of 5 uL lipid extract through an Agilent 1200 au-
tosampler, HPLC binary pump was used to deliver the gra-
dient from 98% A to 40% A over 25 min at a flow rate of
150 uL/min. The LC column was directly connected online to
the standard ESI source of LTQ-Orbitrap XL FT MS (Ther-
mo Fisher Scientific, San Jose, CA). The optimized param-
eters used to generate good ionization, including a spray
voltage of 3.5kV, a capillary voltage of 34 V, a tube lens
voltage of 100 V, a capillary temperature of 300°C, a sheath
flow rate of 30, and an auxiliary gas flow rate of 6. External
calibration of mass spectra routinely produced a mass accu-
racy of better than 3 ppm. All FT mass spectra were ac-
quired at a resolution 60,000 with 300-2000 Da mass range.
The error in the analysis of the lipid content for each sample
was 8%.
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Protein isolation and immunoblotting

Dried colon tissue samples were cut into small pieces and
homogenized using a mechanical homogenizer in the pres-
ence of Nonidet-P40 lysis buffer (Boston Bioproducts, Ash-
land, MA) containing a cocktail of protease and phosphatase
inhibitors (Pierce, Rockford, IL). Samples were then lysed on
ice for 30 min. The protein concentration was determined
using the BCA assay (Pierce, Rockford, IL). Approximately
20 pg of total protein was loaded (under reducing conditions)
and separated on 4%—15% gradient SDS-polyacrylamide gel.
After transferring to nitrocellulose membrane, proteins of
interest were detected using relevant primary and HRP-
conjugated secondary antibodies, followed by chemiluminescent
(Pierce) exposure on high performance chemiluminescence
film (GE Healthcare, Little Chalfont, UK). Primary anti-
bodies used were anti-carcinoembryonic antigen, anti-epidermal
growth factor receptor (Abcam, Cambridge, MA), anti-y-tubulin
(Sigma Aldrich), anti-decorin, anti-syndecan 1 and 2, anti-
glypican land 3, and anti-f-actin (Santa Cruz Biotechnology,
Dallas, TX).

Statistical analysis

The measured lipid abundance (ion abundance) was nor-
malized to tissue dry weight and the cancerous and normal
tissue distributions were compared using a Paired-Samples
T-Test IBM SPSS Statistics 20). Significance was taken to
be p <0.05 for all tests, unless noted otherwise. Lipid struc-
tures that showed significant differences were then further
analyzed to separate general metabolic shifts from potential
as biomarkers. Good biomarkers showed consistent differ-
ences: 90% to 100% of patient data followed the overall
tissue differences between normal and cancerous tissues.
Lipid differences representing metabolic shifts showed clear
differences in a majority of, but not all, sample sets.

Results

Western blotting was first used to check for the levels of
carcinoembryonic antigen (CEA) and epidermal growth
factor receptor (EGFR), two markers commonly associated
with cancers (Kuriyama et al., 2009; Moetel et al., 1986). As
expected, all 8 cancer samples showed higher CEA levels
compared to those of normal tissues. EGFR levels increased
in 5 of the 8 cancer tissues. Next, the presence of common PG
core proteins was tested in 16 of 20 tissue samples, where
sufficient tissue was available (Fig. 1). Six of 8 normal tissue
samples showed a much higher expression of decorin than did
cancer tissues. Decorin, a member of the small leucine-rich
CS/DS PGs (Zhao et al., 2013), has been reported to be in-
volved in cell growth and survival (Zhu et al., 2005) and to
inhibit cancer cell proliferation by blocking tyrosine kinase
activity such EGFR family and Met receptor (Goldoni et al.,
2009). Lower expression of decorin and higher expression of
EGFR are supportive of the reported interactions between
decorin and EGFR in colon cancer. The major HS PGs are
transmembrane-anchored syndecans and glycosylphophati-
dylinositol-anchored glypicans. Among them, syndecans-1, 2
and glypican-1, 3 were evaluated in both normal and cancer
tissues. While glypican-3, known to be downregulated in
several cancers, was observed in all normal tissues, little or
no glypican-3 could be detected in 4 of 8 in cancer samples.
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colon cancer in colon tissue samples. 16 out of 20 samples are shown. An increase in
expression of both CEA and EGFR were shown in cancer tissue samples. Among pro-
teoglycans, lower expression of decorin, glypican-3, and syndecan-1 was observed in
cancer tissue samples compared to normal tissue samples. ff-Actin was used as loading
control. The biopsy tissue was limited in several cases, resulting in unclear Western blots.

Glypican-1 showed no clear difference in expression levels in
normal and cancer tissues.

Expression of syndecan-1 and syndecan-2 HSPG, known
as tumor modulators, was next investigated. Syndecan-1 was
observed in all (8 of 8) normal tissue samples and all cancer
tissues, with the exception of one (sample 8) that showed
enhanced levels of syndecan-1. Interestingly, the expression
pattern of syndecan-2, which is normally highly expressed in
colon carcinoma (Beauvais and Rapraeger, 2004; Han et al.,
2004; Vicente et al., 2013), did not show enhanced levels in
the cancer tissues studied. Our data seem to correlate better to
a report indicating that colon cancer cell lines HT29 and
Caco-2 that show reduced syndecan-2 expression, and the
report that decreased levels of syndecan-2 do not influence
proliferation and invasion by these cell lines (Han et al.,
2004).

We next examined GAG amount and disaccharide com-
position in both normal and cancer tissues. The total GAG
amounts, for both CS/DS and HS, were higher in normal
tissues than in cancer tissues (Table 2). The total amount of
CS/DS was 5.28 £0.55 mg/g tissue in normal tissue samples,
and 2.92+0.43 mg/g tissue in cancer samples. But, in the
case of HS, a very slight elevation was found in normal
(1.14£0.13) compared to cancer tissues (0.9720.12). The
total GAG content can be rationalized on the basis that all
PGs tested in immunoblotting showed much higher expres-
sion in normal tissues than in cancer, thus, the total GAG
content was higher in normal tissue. The composition of 4S

disaccharide (CS-A) in both normal (89.23%) and cancer
(74.85%) tissues was higher than any other disaccharides.
Cancer tissues showed significant increases in the levels of
4S6S disaccharide (CS-E) and also 6S disaccharide (CS-C).
Normal tissues showed higher levels of 2S4S disaccharide.
The HS of normal tissues was elevated in TriS and 2S di-
saccharides. All numbers of disaccharide contents obtained
from every patient (%, relative peak area) are shown in
Supplementary Table S1 (for CS/DS) and Supplementary
Table S2 (for HS) (Supplementary Material is available on-
line at www.liebertpub.com). Despite some observed dif-
ferences between normal and cancer tissue groups, it is
unclear whether these differences are sufficient to be used as
diagnostic or therapeutic as biomarkers.

Lipids were next extracted from twenty colon tissue sam-
ples, injected onto and separated by a UPLC HILIC column,
and followed by direct injection into a mass spectrometer, and
the lipid content was determined by ion response. Method
reproducibility was checked within 10% variation. A typical
lipid separation profile, in which lipid content was measured
from relative ion abundance, is shown in Figure 2. The lipids
exhibit a wide variety structures due to the polydisperse
lengths of the lipid side chains. In this analysis, the most
common lipid side chain structures for each lipid type were
analyzed. Phospholipids compose the majority of the cell
membrane, and as such were the most abundant lipid mea-
sured. Glycolipids (Fig. 3), a subset of sphingolipids, showed
some of the most interesting differences between cancer and
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TABLE 2. LC-MS ANALYSIS OF CS/DS AND HS DiSACCHARIDE CONTENT'

Percentage (%, relative peak area)*

Total amount (mg/g tissue)

CS/DS Tri S 2548 2868 4568 28 48 6S oS CS/DS HA
Normal — k% 1.70+£0.36 0.20£0.04 0.66+£0.22 - 89.23+£1.77 6.10£0.95 2.09£0.58 5.28+0.55 2.43+0.21
Cancer - 049+0.13 0.32+0.05 1.52+£0.21 - 74.85%2.53 19.84+237 298%+0.53 2.92+043 1.25+0.26
HS Tri S NS6S NS2S8 NS 2568 6S 28 0S HS

Normal 13.38+1.82 3.81+0.47 14.01+1.44 21.79£0.80 — 4.19+0.63 3.44%+1.73 39.38+£1.82 1.14+0.13
Cancer 7.99+1.74 440£1.07 12.54+1.35 23.21+0.67 - 6.09+£0.53 1.10£0.16 44.67+1.80 0.97+0.12

ISee Supplementary Tables S1 and S2 for complete data set.
*average * standard error; **(—), not detected.

normal tissue samples despite being only a minor membrane
component. For each type of lipid, the content of several
structures and the total content, or the sum of all structures in
that type, were compared between the normal and cancer
tissues. Unless otherwise specified, lipid content was found
to increase in cancerous tissue compared to normal tissue
(Table 3).

In the phospholipid family, few significant differences
were seen. No significant differences were seen in the
phosphoethylamine structures analyzed, and only two struc-
tures (PC 32 and PC 32:1) in the phosphatidylcholine group
showed significant differences. In the lyso-phosphatidyl-
choline (LPC) group, four of the five structures analyzed
showed significant differences. When the sums of the LPC
contents were compared, lipid levels were found to increase
in the cancerous tissues (Fig. 4). In the sphingolipid family,
no differences were found in ceramide (CM) structures, but
significant differences were found in all other lipid types. A
significant increase was found in the lipid content of sphin-
gomyelin (SM) lipids isolated from cancerous tissue (Fig.4),
but much like the LPC lipids, differences between the normal
and cancerous tissues seem to be driven by increased levels in

relatively few patients with seven out of ten patients showing
increased levels and three patients showing decreased levels.

Next, glycolipids in the sphingolipid family were ana-
lyzed. The structures of glucosylceramide (GlcCer), lacto-
sylceramide (LacCer), monosialic ganglioside 3 (GM3),
globoside 4 (Gb,Cer), and globoside 5 (GbsCer) are shown in
Figure 3. All showed significant differences in normal and
cancerous tissues. Four glycolipid types (GlcCer, LacCer,
GM3, and Gb,Cer) showed the significant increases in can-
cerous tissue (Table 3). Only GbsCer showed a significant
decrease in the cancerous tissues compared to normal tissues.
The amount of each glycolipid (normalized by tissue weight)
from individual patient cancer tissue sample was divided by
the amount of each glycolipid found in the matching normal
tissue sample (Fig. 5). Each glycolipid exhibited a statisti-
cally significant difference in cancerous tissue in nine out of
ten patients studied. Most pronounced was the average ratio
of 7.27 for LacCer (Table 4). Because the LacCer content
increased more in cancer tissue than the content of other
lipids and also showed a lipid increase in every single patient
tested, we decided to examine the sub-structures (resulting
from different lipid chain length) present in LacCer. The lipid
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FIG. 2. Profile of lipid analyzed from colon tissues by HILIC-FTMS. Lipids can be
separated by polarity and determined by relative ion response, which the lipid type with

higher polarity showed late retention time.
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response levels for the LacCer substructures are shown in
Figure 6. All of these substructures showed a significant in-
crease in cancer tissues with massive differences seen in
LacCer -C16 and LacCer -C24, suggesting that the LacCer
structures might represent the best potential biomarker for
colon cancer uncovered in the current study.

Discussion

PGs and GAGs are involved in numerous biological and
physiological processes. Each tissue produces specific rep-
ertoires of GAG chains covalently linked to PGs for the
binding and regulation of distinct proteins, including che-
mokines, cytokines, growth factors, morphogens, enzymes,
extracellular matrix proteins, or adhesion molecules (Capila

and Linhardt, 2002). Dysregulation and changes in expres-
sion of PGs and content of GAGs can lead to abnormal cir-
cumstances such as malignancy, and the events may become
diagnostic and prognostic factors in cancer.

In this study, we analyzed 20 clinically obtained tissue
samples, 10 from normal, and 10 from cancer tissues (Table
1). The difference in CEA and EGFR protein in normal and
cancer tissues were identified. As expected, an increase of
expression levels of CEA, y-tubulin (data not shown), and, to
a lesser extent, EGFR were observed in cancer tissues.
Known tumor-related PGs, including glypican-1,-3, synde-
cans-1,-2, and decorin, were investigated. The expression of
glypican-3 and syndecan-1 was reduced in colon cancer tis-
sues compared with normal tissues. Glypican-3, a well-
studied PG in cancer research, showed very different patterns

TABLE 3. OVERVIEW OF LIPID STRUCTURES AND ITS RESPONSES ANALYZED FROM COLON TISSUE SAMPLES

Lipid family

Lipid structu

re

Structure analyzed*

Average normal Average cancerous

tissue response

tissue response

Significant
difference

Phospholipids Phosphoethylamines

Sphingolipids

Sum of all structures

Phosphatidylcholines PC 32

Lyso-phosphatidyl-

cholines
Ceramides

Glycolipids

Sphingomyelins

PC 32:1
Sum of all structures

Sum of all structures

Sum of GlcCer structures
Sum of LacCer structures
GM3 16:0
GM3 GM3 24:0
Sum of Gb,Cer structures
Sum of GbsCer structures

Sum of all structures

1,200,000

3,400,000
1,000,000
2,700,000

1,800,000

71,000
40,000
3,500
3,900
9,100
28,000

8,800,000

1,900,000

6,600,000
4,400,000
4,800,000

2,800,000

160,000
250,000
6,700
6,900

11,000,000

No significance
found
p<0.01
p<0.01
p<0.05

No significance
found
p<0.01
p<0.01
p<0.05
p<0.05
p<0.01
p<0.05

p<0.05
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of analysis for each sample is 8% (not shown).

of expression during tumor progression, it has exhibited re-
duced or undetectable expression level in several types of
cancers and has played a role as an inhibitor of cell growth
and an inducer of apoptosis (Gonzalez et al., 1998; Lin et al,
1999; Murthy et al, 2000). The expression of syndecan-1 was
reduced in cancer tissue as compared with normal tissue.
Syndecan-1 is reportedly decreased or absent in 87% of ad-
enocarcinomas (Hashimoto et al., 2008). Interestingly, the

levels of syndecan-2 in both normal and cancer tissues
showed no clear trend. There is still controversy over the
expression of syndecans in cancer. The Karamanos group
showed that syndecans-2 and -4 as well as glypican-1 were
overexpressed in the breast cancer lines compared to normal
mammary cells (Tsonis et al., 2013). In contrast, Vicente
et al. reported that syndecan-2 was highly expressed and the
mRNA expression level of syndecan-1 and -4 were
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FIG. 5. Distribution of patients according to the average ratio of glycolipid contents
normalized by cancer over normal tissue. The number more than one (dotted line) means
that the lipid expression level in cancer tissue is higher than in normal tissue. Small
rectangle represents the average of each glycolipid normalized.
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TABLE 4. OCCURRENCE OF GLYCOLIPIDS FROM INDIVIDUAL PATIENT

# Patient GlcCer LacCer GM3 Gb,Cer GbsCer

1 2.91 4.97 1.50 1.61 0.66

2 4.06 2.27 3.48 1.79 -

3 1.15 9.63 1.80 3.42 0.63

4 2.13 12.17 1.50 1.62 1.16

5 3.20 7.15 1.03 2.42 0.08

6 1.30 9.17 1.07 1.80 0.19

7 3.24 2.55 322 3.05 0.29

8 1.61 16.80 3.10 5.13 -

9 1.10 3.64 0.23 1.04 0.16

10 3.46 4.36 8.24 2.50 0.12

*Avet S.E. 2.42+0.34 7.27+£1.48 2.52+0.72 2.44+0.38 0.41£0.12

significantly reduced in highly metastatic colon carcinoma
cells (Vicente et al., 2013). Oh and co-workers (Han et al.,
2004) showed that Caco-2 and HT29 cells endogenously
expressed as low levels of syndecan-2, whereas HCT116
cells expressed high levels of syndecan-2, in the same type of
human colon adenocarcinomas. These dual roles of synde-
cans in cancer may reflect tissue phenotype, stage-specificity,
and their complex interaction with other extracellular com-
ponents. Although our immunoblotting data do not fully
support PGs as independent biomarkers in colon cancer, it is
still important to examine further the correlation between
PGs and colon tissues with different clinical observations in
human cancer. Further investigation is still needed, along
with large datasets and detailed histological evaluation.

We also investigated the total amount of GAG and GAG
disaccharide composition in both normal and cancer tissues
(Table 2 and Supplementary Table S1). Overall, the amount

of CS/DS and HS in normal tissue samples were lower, as
compared to cancer tissue. Interestingly, the relative amounts
of 456S (CS-E) and 6S (CS-C) CS/DS GAGs were higher in
cancer tissue. At the same time, TriS and 2S disaccharides in
HS GAGs were reduced in cancer tissues compared to normal
tissues. These data are consistent with other reported research
on GAGs in cancer. Most adherent cancer cells have shown
higher levels of HS-0S and significantly lower levels of HS
sulfation (Yamada et al., 2012). This has been explained by
increased levels of HS sulfatases in multiple types of tumors,
resulting in inhibition of signaling, and the onset of invasion
and metastasis in cancer (Castro et al., 2008; Kudo et al.,
2006; Lai et al., 2008). Also, a recent publication of Sugahara
group reported that the proportion of CS-E unit increased in
some types of cancers such as ovarian and pancreatic cancers,
resulting in the promotion of cancer cell proliferation, mo-
tility, and angiogenesis through the function of CS-E binding
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in normal tissue samples (p <0.01). Error of analysis for each sample is 8% (not shown).
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to various growth factors (Mizumoto and Sugahara, 2013).
Also, a glycosaminoglycanomic study of breast cancer
showed similar results, suggesting overall content of GAGs
and increased levels of 6S (CS-C) in cancer tissues (Weyers
et al., 2012).

In the current study, several lipid structures were found to
have significant changes in expression levels in cancerous
tissues (Table 3). Among these, glycolipid structures (Fig. 3)
appeared to be promising lipid structures to serve as bio-
markers. Lipid structures that are less promising biomarkers
(i.e., where <90% of patients show a corresponding increase
in cancerous tissue) may still serve as important indicators of
underlying shifts in lipid metabolism and signaling in can-
cerous tissue. The only phospholipid to display a consistent
increase in cancerous tissue was the LPC lipid type (Fig. 4).
While the observed increases in cancerous tissue LPC levels
are not consistent across all patients, the increase in LPC may
indicate underlying metabolic shifts in the cancerous tissue.
Increased levels of LPC are thought to act as a growth factor,
stimulating cell proliferation in both ovarian cancer (Fang
et al., 2000) and endothelial cells (Sato et al., 1998). LPC, a
metabolite of PC, has been shown to decrease in the plasma
of cancer patients of several different cancer types (not in-
cluding colon cancer) (Taylor et al., 2007). However, ras-
transformed cell lines (associated with the cell proliferation
and differentiation and with a variety of cancers, including
colon cancer) (Yamamoto et al., 1999) exhibit an increased
PC synthesis and degradation rate (Taylor et al., 2007) and
ras-transformed cell lines consume PC and LPC at a higher
rate than normal tissue (Baburina and Jackowski, 1999). The
decreases in plasma levels are thus thought to be driven by the
increased LPC consumption of the cancerous tissue (Yama-
moto et al., 1999), which may result in increased tissue
content in colon cancer. While some possible LPC receptors
have been identified (Chang et al., 2008; Ishii et al., 2004),
the mechanisms and signaling pathways have yet to be
clearly established.

The sphingolipid SM was found to be significantly increased
in cancerous tissue (Fig. 4); much like LPC, this increase was
not seen in all patients, but may indicate an underlying meta-
bolic shift in the tumor cells. While SM levels have been found
to be lowered in some colon cancer studies (analyzed with
magnetic resonance) (Merchant et al., 1991), several studies
support the idea that SM is important in carcinogenesis, in-
cluding an increase in SM in the presence of a known carcin-
ogen in a rat model of colon cancer (Dahiya et al., 1987). SM is
implicated as a cancer reducer in a number of studies, possibly
acting to modulate important inflammatory responses.

Four of the glycolipids analyzed in this work (GlcCer,
LacCer, GM3 16:0, and Gb,Cer) showed significant increases
in cancerous tissue (Fig. 5 and Table 4) and showed promise as
possible biomarkers. Several studies have linked glycolipids
with colon cancer. Specific glycolipids structures have been
identified as colon cancer biomarkers (Watanabe et al., 1976),
apoptosis suppressants in colon cancer (Kakugawa et al.,
2002), and as agents of metastasis in adenocarcinoma (Inufusa
et al., 2001). In addition, certain forms of glycolipids have
been implicated in increased E-selectin binding (important for
metastasis) (Burdick et al., 2003; Miyazaki et al., 2004) and
cell invasion and tumor budding (Oshiro et al., 2012). Of the
lipid structures analyzed here, GM3 is the only structure to
have been studied in depth in the context of cancer growth and
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metastasis. GM3 studies have shown higher expression levels
in cancer (Devenica et al., 2011), GM3 influence tumor
growth and phenotype (Taieb et al., 2009), and potential use of
GM3 as a melanoma vaccine target (Carr et al., 2001).

The observed significant increases in LPC, SM, GlcCer,
LacCer, GM3 16:0, and Gb,Cer all have some preliminary
literature studies supporting these findings. In particular,
LacCer was shown to have cancerous lipid expression levels
that were at least double that of normal tissue in all patients,
making it the most promising colon cancer biomarker iden-
tified here (Fig. 6).

The key in defining a molecule as biomarker or drug target
is a full understanding of its signaling and/or metabolic
pathways. As part of these efforts, glycomics approach is
being successfully used to examine the structure and function
of glycans, glycolipids, glycoproteins, and glycan-binding
proteins (Ly et al., 2010; Nairn et al., 2007). In the current
study, we have emphasized the consequences of structure and
composition of glycolipids in colon cancer. The data pre-
sented suggest that glycolipids, GAG, and PG can be po-
tential diagnostic and therapeutic biomarkers in colon cancer.
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Abbreviations Used

CEA = carcinoembryonic antigen
CM = ceramide, N-acyl-sphing-4-enine
CS = chondroitin sulfate
DS =dermatan sulfate
EGFR = epidermal growth factor receptor
HILIC = hydrophilic interaction liquid chromatography
HS =heparan sulfate
LPC = lysophosphatidylcholine, 1-acyl-sn-glycero-3-
phosphocholine
Gb,4Cer = globoside 4, GalNAcf1-3Gala1-4Galf1-
4Glcff-ceramide
GbsCer = globoside 5, Galf1-3GalNAcf1-3Galal-
3Gal$1-4Glcff-ceramide
GlcCer = glucosylceramide, Glcf-ceramide
GM3 = monosialic ganglioside, NeuAca2-3Galf1-
4Glcp-ceramide
LacCer = lactosylceramide, Galf1,4Glcf-ceramide
PC = phosphatidylcholine, 1,2-diacyl-sn-glycero-3-
phosphocholine
PE = phosphoethanolamine, 1,2-diacyl-sn-glycero-3-
phosphoethanolamine
PG = proteoglycan
SM = sphingomyelin, N-acyl-sphing-4-enine-1-
phosphocholine




