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Cancer is a leading cause of death and alterations of gly-
cosylation are characteristic features of malignant cells.
Colorectal cancer is one of the most common cancers and
its exact causes and biology are not yet well understood.
Here, we compared glycosylation profiles of colorectal tu-
mor tissues and corresponding control tissues of 13 colo-
rectal cancer patients to contribute to the understanding of
this cancer. Using MALDI-TOF(/TOF)-MS and 2-dimen-
sional LC-MS/MS we characterized enzymatically released
and 2-aminobenzoic acid labeled glycans from glycosphin-
golipids. Multivariate data analysis revealed significant dif-
ferences between tumor and corresponding control tis-
sues. Main discriminators were obtained, which represent
the overall alteration in glycosylation of glycosphingolipids
during colorectal cancer progression, and these were found
to be characterized by (1) increased fucosylation, (2) de-
creased acetylation, (3) decreased sulfation, (4) reduced
expression of globo-type glycans, as well as (5) disialyl
gangliosides. The findings of our current research confirm
former reports, and in addition expand the knowledge of
glycosphingolipid glycosylation in colorectal cancer by re-
vealing new glycans with discriminative power and charac-
teristic, cancer-associated glycosylation alterations. The
obtained discriminating glycans can contribute to progress
the discovery of biomarkers to improve diagnostics and
patient treatment. Molecular & Cellular Proteomics 12:
10.1074/mcp.M113.030387, 3081–3093, 2013.

Worldwide, cancer is a leading cause of death. With esti-
mated 1.2 million diagnoses in 2008, colorectal cancer is the
third most common cancer in the world and the fourth most
common cause of death with an annual mortality of �600 000

(1). The exact causes of colorectal cancer are unknown, but
different risk factors such as age, polyps, personal and family
history, ulcerative colitis, or Crohn’s colitis have been proposed
(2). Standard screening procedures include flexible sigmoidos-
copy, colonoscopy, and immunological fecal occult blood test-
ing. Each of them has its advantages and drawbacks such as
invasiveness or low sensitivity and specificity (3). The method of
choice for the treatment of colorectal cancer is surgery and
therapeutic decisions are based on the tumor, lymph node, and
metastasis staging-system as a prognostic factor (4). Current
research has led to improved treatment strategies of colorectal
cancer, however, the clinical outcome, the progression of the
disease, and the response to the treatment remain variable
among individuals. The heterogeneity of colorectal cancer at the
molecular level—caused by accumulation of multiple genetic
changes—may be one of the main reasons for this variability (5).
Genetic factors such as instabilities, but also expression levels
(6) can explain part of the cancer biology, but glycomics is
gaining importance to complement the overall picture as aber-
rant glycosylation of proteins and lipids has been shown to be
correlated with disease and malignancy (7, 8).

Glycosylation is involved in many biological processes and
especially its functional role in cellular interaction with respect to
adhesion, cell growth, and signaling is prone to be affected in
cancer progression, invasion, and metastasis (9). Several can-
cer-associated alterations in protein glycosylation have been
reported: (1) increased branching of N-glycans, (2) higher den-
sity of O-glycans, and (3) incomplete synthesis of glycans. More
particularly, an increased or induced expression of GlcNAc
transferase V resulting in N-glycan structures with �1–6GlcNAc
antennae (5, 10), and the expression of (sialyl) Tn-antigens (11)
as aberrant O-glycosylation have been reported (10).

Altered glycosphingolipid (GSL)1 glycosylation of the cell
surface membrane during malignancy can affect cell recog-

From the ‡Center for Proteomics and Metabolomics, Leiden Uni-
versity Medical Center, Leiden, The Netherlands; §Department of
Surgery, Leiden University Medical Center, Leiden, The Netherlands

Author’s Choice—Final version full access.
Received April 25, 2013, and in revised form, June, 24, 2013
Published, MCP Papers in Press, July 22, 2013, DOI 10.1074/

mcp.M113.030387

1 The abbreviations used are: GSL-glycan, glycosphingolipid de-
rived glycan; AA, 2-aminobenzoic acid; Ac, acetyl group; Fuc, F,
fucose; Hex, H, hexose; HILIC, hydrophilic interaction liquid chroma-

Research

Author’s Choice © 2013 by The American Society for Biochemistry and Molecular Biology, Inc.
This paper is available on line at http://www.mcponline.org

Molecular & Cellular Proteomics 12.11 3081



nition, adhesion, and signal transduction (12) and is found to
reflect: (1) incomplete synthesis with or without precursor
accumulation, (2) neosynthesis (9), (3) increased sialylation,
and (4) increased fucosylation (13). In many cancers, including
colorectal cancer, an overexpression of the (sialyl) Lewis X
antigen (10, 14) and the expression of (sialyl) Lewis A (15) are
considered to be related to malignant transformation—reflect-
ing incomplete synthesis of sialyl 6-sulfo Lewis X and disialyl
Lewis A (16) as well as neosynthesis (17). Studies on ganglio-
sides showed an overexpression of these sialylated GSLs in
human malignant melanoma (18). Furthermore, the involve-
ment of gangliosides in cell adhesion and motility was re-
ported, which contributes to tumor metastasis (19). Specifi-
cally, the gangliosides GD3 (Hex2NeuAc2ceramide) and GM2
(Hex2HexNAc1NeuAc1ceramide) have been found to be as-
sociated with tumor-angiogenesis (19). The up-regulation of
fucosyltransferases in cancer was shown to cause a higher
degree of fucosylation in malignant tissues (20) and Moriwaki
et al. proposed that the increase in the fucosylation for GSLs
was an early event in cancer (21). Misonou et al. investigated
glycans derived from GSLs in colorectal cancer tissues show-
ing aberrant glycan structures based on linkage differences as
well as increased sialylation and fucosylation compared with
control tissue (22), which is in line with observed changes in
GSL glycosylation with regard to cancer progression (9, 13).

Recently, we investigated the N-glycosylation profiles of
colorectal tumors and correlating control tissues for bio-
marker discovery. Statistical analyses revealed an increase of
sulfated glycan structures as well as paucimannosidic glycans
and glycans containing sialylated Lewis type epitopes in the
tumor tissue, whereas structures with bisecting GlcNAc were
found to be decreased in malignancy (23). To further progress
the understanding of colorectal cancer biology and the im-
provement of diagnostic tools and patient treatment, we com-
plemented this recent study on N-glycosylation by an inves-
tigation of the glycosphingolipid-derived glycans (named
GSL-glycans in the following) from frozen tumor tissues and
corresponding control tissues from the same 13 colorectal
cancer patients. GSL-glycans were enzymatically released, la-
beled with 2-aminobenzoic acid (AA) and analyzed by hydro-
philic interaction liquid chromatography (HILIC) with fluores-
cence detection as well as matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF-MS).
Employing multivariate statistical analysis, this approach re-
vealed an intricate GSL-glycosylation pattern of tumor tissues
and specific glycosylation differences in comparison to the
corresponding control tissue.

MATERIALS AND METHODS

Chemicals and Solvents—Ammonium formiate, 2-aminobenzoic
acid (AA), 2-picoline borane, dimethylsulfoxide (DMSO), sodium tau-
rodeoxycholate, and trifluoroacetic acid (TFA) were obtained from
Sigma-Aldrich (Zwijndrecht, The Netherlands). The 500 mg C18-re-
verse phase (RP)-cartridges and methanol were obtained from J.T.
Baker (Deventer, The Netherlands) and the 150 mg Carbograph
graphitized carbon SPE-cartridges were from Alltech (Breda, The
Netherlands). Acetonitrile (ACN) was obtained from Biosolve (Valken-
swaard, The Netherlands). Chloroform, glacial acetic acid, and so-
dium azide were from Merck (Darmstadt, Germany). Recombinant
endoglycoceramidase II (rEGCase II from Rhodococcus spec.) was
purchased from Takara Bio Inc. (Shiga, Japan) and 2,5-dihydroxy-
benzoic acid (DHB) from Bruker Daltonics (Bremen, Germany). For
preparation of buffers and solutions Milli-Q water was used.

Preparation of GSLs and Glycan Release—Preparation and analy-
ses of the samples were performed as illustrated in Fig. 1. Details on
tissue samples and GSL extraction are provided in the supplemental
information. Purification of GSLs from the pooled upper phases after
extraction was performed by RP-solid phase extraction (SPE). C18-
RP-cartidges (500 mg, Baker) were prewashed with 5 ml of methanol
followed by equilibration with 5 ml of methanol/water (10:90). Each
cartridge was loaded with the pooled upper phases after extraction
containing the GSLs and washed with 10 ml water. The combined
flow-through and washing fraction were applied to a second C18-RP-
cartridge, which was again washed with 10 ml of water. The bound
GSLs were eluted from both cartridges with 5 ml of chloroform/
methanol/water (10:10:1), combined and dried under a stream of
nitrogen. The (glyco-)lipid samples were dissolved in 500 �l reconsti-
tution buffer (50 mM sodium acetate buffer pH 5.0, containing 0.1%
sodium taurodeoxycholate), sonicated for 10 min, and subsequently
incubated for 10 min at 50 °C. After a further sonification step of 10
min, 8 �l of recombinant rEGCase II were added and samples were
incubated for 24 h at 37 °C. Another 8 �l of rEGCase II were added,

tography; MSCA, multivariate simultaneous component analysis;
HexNAc, N, N-acetylhexosamine; NeuAc, S, N-acetylneuraminic acid;
PLS-DA, partial least squares-discriminant analysis; PCA, principal
component analysis; RP-SPE, reversed phase solid phase extraction;
Su, sulfate group; MS/MS, tandem mass spectrometry.
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FIG. 1. Schematic workflow of glycosphingolipid analysis of
tumor and corresponding control tissues derived from 13 colo-
rectal cancer patients.
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followed by again 24 h incubation at 37 °C. For purification, a C18-
RP-cartridge (500 mg, Baker) was preconditioned with 5 ml of meth-
anol and 5 ml of water. The sample was applied to the cartridge,
which was then washed with 7 ml of water. GSL-glycans were con-
tained in the flow-through and washing fraction, which were com-
bined and dried under a stream of nitrogen.

Glycan Labeling and Purification—The dried samples of released
GSL-glycans were dissolved in 50 �l water. For labeling, 25 �l of
freshly prepared AA labeling solution (48 mg/ml AA in DMSO contain-
ing 15% glacial acetic acid) and 25 �l of freshly prepared reducing
agent solution (1 M 2-picoline borane in DMSO) were added (24),
followed by 10 min shaking and an incubation for 2 h at 65 °C. After
incubation, the reaction mixture was cooled down to room tempera-
ture and AA-labeled glycans were purified using graphitized carbon
SPE. In detail, the cartridges were preconditioned with 5 ml of ACN
(containing 0.1% TFA), 5 ml of water/ACN (50:50), and equilibrated
with 10 ml of water. Subsequently, the samples were loaded and
washed with 10 ml of water. Elution of the labeled glycans was
achieved by applying 5 ml of water/ACN (50:50, containing 0.1%
TFA). The organic solvent was removed by vacuum centrifugation.
The samples were freeze-dried and re-dissolved in 100 �l water for
further analysis by MALDI-TOF-MS and HILIC-HPLC with fluores-
cence detection.

HILIC-HPLC Analysis and Fractionation of GSL-Glycans—Profiling
of released and AA-labeled GSL-glycans of each patient-set was
performed using HILIC-HPLC (TSK amide 80, 3 �m, 150 mm � 4.6
mm; Tosoh Bioscience, Stuttgart, Germany) with fluorescence detec-
tion (360 nm/420 nm) at a flow rate of 1 ml/min. Two solvents, A (80%
ACN, 20% 50 mM ammonium formate pH 4.4) and B (50 mM ammo-
nium formate pH 4.4), were applied in a binary gradient from 3%
solvent B (0 min) to 43% solvent B (50 min). For analytical profiling,
1.5 �l of GSL-glycan samples were brought to 80% ACN in a volume
of 40 �l. To avoid batch systemic-bias, samples were analyzed in
pair-wise manner (tumor and control).

For fractionation purposes, the AA-labeled GSL-glycans samples
were pooled according to tissue type (tumor tissue and control tissue,
respectively) and freeze-dried. Each pool was dissolved in 500 �l of
77% ACN, followed by preparative HILIC-HPLC (same column and
gradient conditions as above). Fractions (30 s) were collected, dried
by vacuum centrifugation and reconstituted in 30 �l of water.

MALDI-TOF(/TOF)-MS—The GSL-glycans of 26 patient samples
were profiled by MALDI-TOF-MS. Before MS analysis the released
and AA-labeled GSL-glycans were purified by HILIC-SPE using cot-
ton microtips (25). Purified glycans were spotted onto a stainless steel
MALDI target plate (Bruker Daltonics) and cocrystallized with 1.3 �l of
DHB (10 mg/ml in water/ACN, 50:50, containing 0.1% TFA). Samples
were allowed to dry at room temperature. MALDI-TOF-MS was per-
formed on an UltrafleXtremeTM mass spectrometer controlled by
FlexControl 3.1 software (Bruker Daltonics). Spectra were acquired in
the negative-ion reflector mode over the m/z-range from m/z 700 to
m/z 5000 for a total of 5000 shots after external calibration using the
Bruker peptides calibration kit.

Structure elucidation was achieved by MALDI-TOF/TOF-MS anal-
yses of the fractionated pools. To this end, 5 �l glycan aliquots of
dissolved HILIC-HPLC fractions were desalted using a C18 ZipTipTM

(Millipore, Billerica, MA) according to the manufacturer’s instructions.
AA-labeled GSL-glycans were directly eluted onto a stainless steel
MALDI target plate (Bruker Daltonics) along with 1.5 �l of DHB (10
mg/ml in water/ACN, 50:50, containing 0.1% TFA) and dried at room
temperature. For fragmentation the gas-off TOF/TOF mode was used,
in which selected parent ions undergo fragmentation in the field-free
drift region, primarily because of metastable decay, followed by sep-
aration of the fragment ions by a second acceleration step.

LC-ESI-ion trap-MS/MS—Nano liquid chromatography (LC) was
performed on 5 �l of the HILIC-HPLC fractions using an Ultimate
3000 LC system (Thermo Scientific; Amsterdam, The Netherlands).
Samples were applied to a C18 trapping column (C18 PepMapTM, 0.3
mm � 5 mm; Thermo Scientific) and washed with 100% solvent A
(0.1% formic acid in water and 0.4% ACN) at a flow rate of 25 �l/min
for 10 min before separation of AA-labeled GSL-glycans on a C18-RP
analytical column (C18 PepMap 100Å, 3 �m, 75 �m � 150 mm;
Thermo Scientific) at a flow rate of 300 nL/min and elution was
monitored by UV absorption (215 nm). Separation of AA-labeled
GSL-glycans was achieved with a gradient from 0% of solvent B
(95% ACN, 5% water) as starting condition to 25% in 15 min and in
further 10 min to 70% of solvent B. Afterward, the column was
washed for 5 min with 70% solvent B. The LC system was coupled via
an online nanospray source to an Esquire HCT ultra ESI-ion trap-MS
(Bruker Daltonics). Stainless steel capillaries with an inner diameter of
30 �m (Proxeon, Odense, Denmark) were used for electrospray
(1100–1250 V) and the solvent was evaporated at 165 °C employing
a nitrogen stream of 7 L/min. Spectra were acquired in positive-ion
mode over a m/z-range from m/z 300 to m/z 1500 and the five most
abundant peaks were selected for MS/MS fragmentation analysis by
collision-induced dissociation.

Details on data processing and statistical analysis are provided in
the Supplemental information. Compositions were assigned using
GlycoWorkbench (Version 1.1, European Carbohydrates DataBase
project; http://www.eurocarbdb.org/) with an accuracy of �0.2 Da for
tumor samples and �0.4 Da for control samples.

RESULTS

Profiling of GSL-Glycans from Colorectal Cancer Tissues—
GSL-glycans from tumor tissues of 13 patients diagnosed
with colorectal cancer were analyzed and compared with their
corresponding control tissues taken from the same resection
material (approx. 6 cm apart from the colorectal tumor). GSLs
were isolated by methanol/chloroform/water extraction, and
glycan moieties were enzymatically released and AA-labeled
before analyses by MALDI-TOF-MS as well as by HILIC-HPLC
with fluorescence detection. Representative GSL-glycan pro-
files derived from tumor and control tissue of the same patient
are shown in Fig. 2. GSL-glycan structures of the (iso)globo-
series, the (neo)lacto-series and gangliosides with different
numbers of LacNAc-repeats were found, which is in accord-
ance with literature (22, 26, 27). Although these profiling spec-
tra of tumor and control tissues show many similarities, there
are some qualitative and quantitative differences. For exam-
ple, the presence of sulfated structures could be observed in
the higher mass range of GSL-glycans derived from the con-
trol tissue, whereas the tumor tissue profile is lacking these
peaks or shows only minor amounts.

Furthermore, HILIC-HPLC with fluorescence detection was
performed to profile and compare the tumor and correspond-
ing control samples. The aligned and baseline-corrected
chromatograms are provided in supplemental Fig. S1. As
observed before for the MS-spectra, also the chromatograms
show an overall similarity between the two types of samples,
but specific differences in the presence or absence of peaks
and relative intensities were detected.
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Elucidation of GSL-Glycan Compositions by ESI-Ion Trap-
MS/MS and MALDI-TOF/TOF-MS—For structural character-
ization of GSL-glycan compositions in the patient profiles, sam-
ples were pooled according to their tissue type (tumor versus
control) and fractionated by preparative HILIC-HPLC. Next, ali-
quots of the fractions were analyzed by MALDI-TOF(/TOF)-MS
and RP-nano ESI-ion trap-MS/MS allowing the identification of
123 GSL-glycan compositions of tumor and control tissues up
to m/z of �4500 (see supplemental Table S2).

Assignment of structural features was based on the frag-
ment spectra as well as on general glycobiological knowl-
edge, former reported structures in literature and evident pat-
terns in the profiling spectra. The fragmentation analyses
revealed GSL-glycan species featuring mostly hexoses and
N-acetylneuraminic acids as terminal monosaccharides, but
also glycans with terminal HexNAc. On the basis of literature
knowledge (27, 28) some of the GSL-glycans are expected to
be branched, as summarized in supplemental Table S4. How-
ever, results from glycan fragmentation analyses did not pro-
vide information on linkage types or branching of GSL-glycan
structures. Therefore, glycans were illustrated as linear com-
positions. In addition, many of the detected glycan compo-
sitions are assumed to represent isomer mixtures, contain-
ing also linear isomers of possible branched structures.
Various modifications such as acetylation and sulfation

could be identified as exemplified in the fragment spectra in
Figs. 3A and 3B. The acetyl groups were assumed to be
linked to N-acetylneuraminic acids on the basis of former
reports (29, 30) and because fragment ions indicative for
acetyl groups were only found for structures containing
N-acetylneuraminic acids.

The fragmentation analyses by MALDI-TOF/TOF-MS as
well as LC-ESI-MS/MS for structure elucidation revealed the
presence of globo-type GSL-glycans in the glycan pools re-
leased using rEGCase II (Fig. 3C). Likewise, we successfully
analyzed globo-series GSL-glycans generated by rEGCase II
treatment of glycosphingolipids already in a previous study
(31). This is remarkable, as Ito et al. reported pronounced
resistance of globo-type glycosphingolipids toward rEGCase
II treatment (32).

The LC-MS/MS analysis of a GSL-glycan of composition
Hex4HexNAc1NeuAc1-AA at m/z 641.78 [M�2H]2� resulted
in a fragment ion at m/z 1079.40 (Fig. 3C). This fragment may
be explained as a Hex4NeuAc1-AA fragment [M�H]�, which
to our knowledge is not in line with the mammalian GSL
structures described in literature. Although an alternative
compositional assignment of the fragment ion cannot be ruled
out at the current stage, one may speculate that (1) a novel
GSL-glycan structure with four inner hexoses was observed,
or (2) this fragment may have been generated by a MS/MS-
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FIG. 3. A, ESI-ion trap-MS/MS fragment spectrum of a GSL-glycan of m/z 1019.90 [M�2H]2� assigned to the acetylated glycan
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diamond � N-acetylneuraminic acid, Ac � acetyl group, Su � sulfate. The presence of branching and structural isomers cannot be excluded.
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associated glycan rearrangement. More specifically, the loss
of an internal N-acetylhexosamine may have occurred, lead-
ing to the generation of a [Hex4NeuAc1-AA�H]� fragment
ion. Glycan rearrangements in MS/MS analysis of glycans are
well documented, and different rearrangements such as mi-
gration of monosaccharides—especially fucoses—and the
loss of internal monosaccharides can occur (33).

Furthermore, LC-MS/MS analysis of 981.5 [M�H�Na]2� of
presumably globo-type GSL-glycans repeatedly showed a
fragment ion at m/z 615.2 [M�Na]� (supplemental Fig. S2A)
corresponding to an N-acetylneuraminic acid linked to the
AA-labeled hexose. In negative mode LIFT MS/MS the same
composition of presumably globo-type GSL-glycan of m/z
1959.67 [M-2H�Na]� could be confirmed, whereas no frag-
ment corresponding to the fragment ion m/z 615.2 [M�Na]�

occurring in LC-MS/MS analysis was observed (supplemental
Fig. S2B). Clearly, further studies into MS/MS glycan frag-
mentation mechanisms will be needed to characterize the
fragment ion at m/z 615.2 [M�Na]� and its interpretation as a
mass spectrometric artifact or rearrangement product cannot
currently be excluded.

Data Analyses Revealing GSL-Glycan Differences Between
Tumor and Control Tissues—Multivariate statistical analysis
(see supplemental information for details) were performed on
both, MS-derived as well as HILIC-HPLC-derived, profiling
data. Before analyses, the data was preprocessed as de-
scribed in the Supplemental information. To obtain a paired
PCA model, the within-individual variation—generated by
multilevel simultaneous component analysis (MSCA) (34)—
was used for the model generation. The PCA model for the
MS profile data resulted in six principal components covering

84.3% (R2Xcum) of the variance in the data. A large part of the
variation is already covered by the first principal component
(R2X(1) � 32.1%). Together with the second principal com-
ponent 48.3% of the total variance is explained (supplemental
Fig. S3B). Score plots of the major component combinations
are provided in supplemental Fig. S3A–S3D. The clustering of
the two groups of samples within the data became visually
most apparent in the principle components 1 and 5 as shown
in Fig. 4A, although component 5 contributes with less than
1% to the variance. Because the model was built on within-
patient data, external factors should be negligible. Consis-
tently, no clustering for these components was observed
according to gender, blood group, location of the tumor, or
microsatellite instability (MSI) (supplemental Fig. S4). To ex-
tract discriminative GSL-glycan structures, a two-class
PLS-DA model with tumor and controls as the class identities
was built. Validation of the model by internal cross-validation
(CV) with 13 cycles and each patient as individual group as
well as permutation test with intercepts of R2 � 0.304 and
Q2 � �0.304 obtained from 200 permutations indicated a
valid model (33). A large part of the variation within the data
(87.4% R2Ycum) could be explained by the two-component
PLS-DA model and a good prediction ability Q2(cum) of 68%
was achieved. The score plot after CV is shown in Fig. 4B,
showing tumor and control-derived data clearly clustered to the
upper right and lower left, respectively, whereas two patients
exhibit a slightly separate clustering. Investigation of the under-
lying metadata of the patients did not result in the identification
of abnormalities or special features that could explain the dis-
tance to the other samples. The corresponding loading plot of
the PLS-DA model is shown in supplemental Fig. S5. The vari-

A B

tc
v[

2]

R2X(cum) = 0.432     R2Y(cum) = 0.874     Q2(cum) = 0.680

1

1

2

2

3

3

4

4

5

5

6

6

7

7

8

8

9

9

10

10

11

11
12

12

13

13

-10

-8

-6

-4

-2

0

2

4

6

8

-15 -10 -5 0 5 10
tcv[1]

Control
Tumor

t[ 5
]

1

1

2

2

3

3 4

4

5
5

6

6

7

7

8

8

9

9

10

10
11

11 12

12

13

13

-20

-15

-10

-5

0

5

10

15

-40 -30 -20 -10 0 10 20 30
t[1]

R2X[1] = 0.321 R2X[5] = 0.076 Ellipse: Hotelling's T2 (95%) 

Control
Tumor

FIG. 4. Overview of multivariate data analysis on MALDI-TOF-MS profiling data of AA labeled GSL-glycans from tumor versus control
tissues. Within-patient data was unit variance-scaled to perform PCA and two-class PLS-DA. A, Score plot of the PCA (PC1 vs. PC5) analysis
with strong first component covering already 32.1% of the variance explained by the model. Clustering according to tissue type (tumor � red,
control � blue) becomes and control is maximized and 87.4% (R2Ycum) variation is explained. The model shows good prediction power
(Q2cum � 68%). B, Score plot of cross-validated PLS-DA analysis, where separation between tumor and control is maximized and 87.4%
(R2Ycum) variation is explained. The model shows good prediction power (Q2cum � 68%).

Glycosphingolipids in Colorectal Cancer

3086 Molecular & Cellular Proteomics 12.11

http://www.mcponline.org/cgi/content/full/M113.030387/DC1
http://www.mcponline.org/cgi/content/full/M113.030387/DC1
http://www.mcponline.org/cgi/content/full/M113.030387/DC1
http://www.mcponline.org/cgi/content/full/M113.030387/DC1
http://www.mcponline.org/cgi/content/full/M113.030387/DC1
http://www.mcponline.org/cgi/content/full/M113.030387/DC1
http://www.mcponline.org/cgi/content/full/M113.030387/DC1
http://www.mcponline.org/cgi/content/full/M113.030387/DC1


able importance in the projection (VIP) ranks the variables (m/z
values) according to their significance for the model, helping
to reveal discriminative structures contributing mainly to the
separation. Based on the VIP analysis 63 isotopic peaks of
GSL-glycan structures with discriminative potential were ex-
tracted, which are listed in part in Table I (complete Table is
provided as supplemental Table S3). All compounds that were

considered as potential discriminators have a VIP value of 1 or
higher for at least two consecutive isotopic peaks. In addition,
the composition of these structures has been elucidated. Two
of the top three discriminators based on the MS data were
found to be decreased in tumor tissue: the acetylated structure
Ac1Hex5HexNAc3NeuAc1dHex1-AA (m/z 2036.72 [M-H]�; Fig.
3A), as well as the globo-series GSL-glycan Hex5HexNAc2Neu-

TABLE I
Discriminators based on multivariate statistical analyses

Glycosphingolipid-derived glycans were analyzed by MALDI-TOF(/TOF)-MS and RP-nano ESI-ion trap-MS/MS. The average relative
intensity of the glycans was calculated for control tissue (A) and tumor tissue (B), respectively, and the fold change was determined. Arrows
are indicating a decrease (2) or increase (1) of the GSL-glycans in the tumor tissue. The VIP value was extracted from a two-class PLS-DA
and p values were obtained by Wilcoxon’s signed-rank test with p � 0.05. The AUC was calculated by ROC analysis and indicates sensitivity
and specificity of the potential discriminators. Blue circle � glucose, yellow circle � galactose, white square � N-acetylhexosamine, red
triangle � fucose, purple diamond � N-acetylneuraminic acid, Ac � acetyl group, S � sulfate group, ns � not significant. The presence of
branching and structural isomers cannot be excluded.

a Exception: VIP value � 1, but is considered in this list because it is the first isotopic peak of the GSL-glycan.
b Glycan structure according to (28).
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Ac2dHex1-AA (m/z 2082.70 [M-H]�; supplemental Fig. S6). The
GSL-glycan Hex6HexNAc4NeuAc1dHex3-AA (m/z 2651.89 [M-
H]�; supplemental Fig. S7) was found to be increased in the
cancer tissues. The list of potential discriminators was further
characterized by mainly fucosylated species to be increased
in tumor tissue, whereas sulfated (three), acetylated (one) and
disialyl glycans (four) were decreased. Interestingly, the gly-
can Hex4HexNAc3NeuAc1dHex1-AA (m/z 1832.63 [M-H]�) is
a strong discriminator, which is decreased in the tumor tissue,
whereas the corresponding fucosylated glycan Hex4HexNAc-
3dHex3-AA (m/z 1833.70 [M-H]�) showed a tendency toward
increased levels in tumor.

Additional information on specificity and sensitivity of the
potential discriminators was obtained by receiver operating
curve (ROC) analysis and determination of the area under the
ROC curve (AUC) (Table I, column 9). The former mentioned
top three candidates showed high AUC values above 0.86
within the first three isotopes, confirming their potential power
as discriminators between tumor tissues derived GSL-glycans
and their corresponding controls. Furthermore, the fold
change was calculated to indicate an increase or decrease of
the differentially expressed GSL-glycans in the tumor tissue
compared with the controls (Table I, column 5 and 6). Also this
calculation supplied distinct values for the major candidates.

Additionally, Wilcoxon’s signed rank test was performed on
normalized data comparing relative intensities between tumor
and control tissue for each variable. All variables (m/z values
and data points, respectively), which showed a p value below
0.05, exhibited also a VIP value above 1 and the main dis-
criminators were confirmed by this alternative analysis (Table
I column 8). However the VIP value was the main criterion for
consideration as discriminator.

A similar multivariate analysis and evaluation was per-
formed on the HILIC profiling data (Fig. 5). Here, 57.25%
(R2Xcum) variance could be covered by four principal com-
ponents, where the first two principal components cover 19%
and 16.1% of the variation, respectively. The score plots of
major principal component combinations for the PCA are
provided in supplemental Fig. S8. Best visual clustering after
coloring the scores according to tissue type (tumor tissue �

red, control tissue � blue) was achieved for components 1
and 3 (Fig. 5A), whereas no clustering was observed accord-
ing to gender, blood group, location of the tumor, or MSI
(supplemental Fig. S9). Maximized separation was achieved
after applying a two-class-PLS-DA with tumor and control
tissues as classes. The PLS-DA score plot after cross valida-
tion is shown in Fig. 5B, which explains a major part of the
variation between the defined groups of tumor tissue and
control tissue (R2Y(cum) � 90.2%). However, the predictive
power of the model with Q2(cum) � 32.3% was less com-
pared with the model based on the MS-data. The correspond-
ing loading plot of the PLS-DA is provided as supplemental
Fig. S10. Ranking the variables in regard of their contribution
to the separation based on their VIP-values allowed the iden-
tification of discriminative peaks based on data points, which
complied with the above mentioned criteria to be considered
as potential discriminator. Because only fluorescence detec-
tion was performed with this profiling approach, structure
annotation of the discriminating peaks was performed using
information based on the MALDI-TOF(/TOF)-MS and LC-
MS/MS analyses of the HILIC-HPLC fractions (supplemental
Fig. S1). In accordance with MALDI-TOF-MS profiling data,
HILIC-HPLC profiling implied decreased acetylation in tumor
as a peak containing the acetylated structures Ac1H2S2-AA
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(m/z 1086.36) and Ac1H3N1S1-AA (m/z 1160.40) was found
to be higher in controls. The same holds true for the disialy-
lated structure H3HN1S2-AA (m/z 1409.49). On the other
hand, the fucosylated structure H4N2F1-AA (m/z 1338.48), a
MS-based discriminator, was assigned to a peak in the chro-
matogram increased in the tumor profiles (supplemental Fig.
S1). In conclusion, the HILIC fluorescence profiling approach
confirmed part of the findings of the MALDI-TOF-MS profiling,
though the latter method gave a deeper insight into the gly-
comic differences of the two sample groups.

Analysis of GSL-Glycan Classes—The statistical analyses
revealed significant differences in the expression of GSL-
glycans in colorectal tumor tissues and corresponding control
tissues. The obtained discriminating structures indicated a
tendency to increased fucosylation in malignancy, along with
decreased sulfation, acetylation and disialylation as well as
reduced levels of globo-type GSL-glycans. To test whether
these observation are only valid for the discriminative struc-
tures identified in the multivariate analysis or whether they
represent a general trend, the normalized intensities of con-
firmed structures were summed up within structure classes. A
paired t test was then performed to reveal possible differ-
ences between tissue types within the structural classes. The
results show that the fucosylation is significantly (p value �

0.05) increased in the colorectal tumor tissue compared with
the control tissue (box plots in Fig. 6A). Interestingly, the
difference is even stronger for structures containing more
N-acetylhexosamines than fucoses (Fig. 6B). This observation
gives evidence that per Hex-HexNAc repeat only one fucose
is attached, which resembles structures of Lewis X and Lewis
A type. The paired t test of classes showed further a signifi-
cant decrease in acetylation (Fig. 6C, p value � 0.05) and
sulfation (Fig. 6D, p value � 0.05) of GSL-glycans expressed
in tumor tissues. The presence of GSL-glycans of the globo-
series was demonstrated by fragmentation analysis and was
assumed to occur for structures which are characterized by a
difference of three between the number of hexoses and the
number of N-acetylhexosamines. Testing on this feature, a
significant decrease (p value � 0.01) in the expression in
tumor tissues was observed (Fig. 6E). Also the expression of
disialyl gangliosides was found to be significantly decreased
(p value � 0.01) in the colorectal tumor tissues (Fig. 6F). These
findings support the hypothesis that the discriminating struc-
tures obtained by PLS-DA represent a general trend in altered
GSL-glycan expression in colorectal cancer tissues com-
pared with their corresponding control tissues.

DISCUSSION

In this study on alterations in the glycosylation of colorectal
cancer tissues, we combined MALDI-TOF-MS and HILIC-
HPLC with fluorescence detection to investigate glycans re-
leased from GSLs. Tissues from thirteen colorectal cancer
patients were investigated using this biomarker-discovery ap-
proach. To increase the power of the study, paired samples

were used (tumor and control tissues from the same patient)
and a comparative study design was chosen. Within-patient
data was analyzed in a complex multivariate data analysis
revealing significant changes in GSL-glycosylation in tumor
tissues compared with control tissues.

For MALDI-TOF-MS, derivatization of glycans with AA en-
abled negative-mode detection of both, neutral and nega-
tively charged (sialylated and sulfated) glycans, thereby pro-
viding a single, comprehensive glycan profile. In contrast,
analysis of native glycans by MALDI-TOF-MS requires both
positive-mode and negative-mode measurements, to cover
neutral as well as negatively charged glycans, respectively.
Moreover, the rather limited amounts of samples precluded
the application of additional parallel analytical approaches.
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FIG. 6. Box plots illustrating the differences within structural
classes of GSL-glycans derived from tumor tissue and corre-
sponding control tissues. Based on structural classes, normalized
intensities obtained by MALDI-TOF-MS profiling data were summed
within the groups (tumor vs. control) and a two-tailed paired t-test
was performed to reveal changes between GSL-glycans in tumor
tissue (black) and control tissue (white). The box plots show a signif-
icant increase in fucosylation of GSL-glycans in malignant tissue (A).
A more detailed view on structural differences revealed that the
increase in fucosylation becomes evident for GSL-glycans with a
larger amount of N-acetylhexosamine then fucoses (B). In contrast,
acetylated (C) and sulfated (D) GSL-glycans are significantly de-
creased in tumor. Additionally, the appearance of GSL-glycans of the
globo-series, indicated by a difference of the numbers hexoses and
the numbers of N-acetylhexosamines of three (n(Hex)-(HexNAc) � 3),
is shown to be significantly decreased in tumor-derived tissue (E) as
well as the level of disialylated gangliosides (F). The bars demonstrate
the mean normalized intensities of the 13 patients in each group, error
bars indicate the standard error of the mean. * p � 0.05; ** p � 0.01.
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Therefore, the analysis of AA-labeled glycans was preferred
taking advantage of a single step to obtain overall glycan
profiles. However, this method is influenced by a slightly lower
ionization efficacy of neutral glycans compared with sialylated
species and by a partial loss of sialic acids because of some
insource and metastable decay (35). Still, as these phenom-
ena equally affect tumor and control tissues, it allows a com-
parative study, which indeed readily revealed tumor-associ-
ated GSL-glycosylation features. The same holds true for the
enzyme efficiency and its substrate specificity. Because of
limited amounts of sample we were not able to investigate
these issues and the obtained GSL-glycans may not repre-
sent the whole GSL-glycan profile in an unbiased manner.
However, the power of our study lays in the comparative
approach, which allows the identification of differences be-
tween the two tissue types, which one may assume to be
equally effected by potential technical limitations.

HILIC-HPLC was used as a second analytical approach,
and HILIC-HPLC fractions were subjected to nano LC-
MS/MS as well as MALDI-TOF(/TOF)-MS to analyze glycan
compositions (supplemental Fig. S11). Using this approach,
we identified more than 100 GSL-glycan compositions in
tumor and control colorectal tissue present in the fractions.
The glycans detected were for the major part in line with
literature (22, 26, 27, 36). In addition, we were able to char-
acterize larger GSL-glycan structures, which have not been
reported for colorectal cancer tissue before (supplemental
Table S4). The two MS/MS approaches for fragmentation
gave detailed information on GSL-glycans present in each
HPLC fraction and resulted in partially overlapping data, al-
lowing for complementation as well as confirmation of GSL-
glycan compositions (supplemental Table S2, supplemental
Figs. S2 and S11). The statistical analysis of the HPLC data
revealed various discriminating peaks. Peaks for which a
GSL-glycan assignment was possible supported results from
the MS-data based statistics.

In our study we observed an increased fucosylation of
GSLs in the tumor tissues (Figs. 6A and 6B), which is in
accordance with previous studies on alterations in cancer
glycosylation (21, 27). More specifically, sialyl Lewis X antigen
(37) and sialyl Lewis A antigen (15) are considered to be
cancer-associated carbohydrate antigens in colon tumors
and their overexpression correlates with metastasis occur-
rence, recurrence and survival. Fucolipids accumulating in
colorectal cancer were identified by groups around Hakomori
(38, 39, 40), which were also present in the investigated tumor
tissues, but were only slightly increased. We newly detected
highly fucosylated tumor-associated structures above m/z
2200 [M-H]�, which featured high discrimination power on the
basis of statistical analyses (Table I and supplemental Table
S3). These structures may be extended versions of previously
reported fucosylated GSL-glycans, some of which have been
reported for myelomas before whereas their observation in
colorectal tumor tissues is novel (28, 41, 42).

Moreover, a significant decrease of GSL-glycan acetylation
was observed in the colorectal tumor tissues (Fig. 6C). Inter-
estingly, O-acetylation of sialic acids is involved in cell growth
and possibly apoptosis inhibition (30) and has been reported
previously to be associated with malignancy such as mela-
noma and inflammatory events (43). On the contrary, a de-
crease of O-acetylation was found in the colorectal mucosa
(44) and was proposed as an early event in colon cancer
progression (45). Assumptions were made that the acetyl-
groups linked to the sialic acids protect the colon mucosa
from degradation in healthy state (46) and that removal of the
acetyl groups enhances cell migration because of cell contact
inhibition (47). The ganglioside GD3 was claimed to be the
main carrier of acetylated sialic acids (30). Accordingly, we
found acetylated GD3 in the investigated tissues, but addi-
tional acetylated gangliosides were identified such as GM1,
GD2, GD1, and mono- and disialylated gangliosides with up
to eight monosaccharides, as well as their fucosylated
derivatives.

Our comparative study revealed a significant decrease in
sulfation of tumor tissue GSLs (Fig. 6E). This is in line with
studies by Byrd et al. (14) and Vavasseur et al. (48) who
observed decreased sulfation of colorectal cancer mucins.
Likewise, a decreased expression of sialyl 6-sulfo Lewis X in
colorectal cancer cells was reported leading to an increased
presence of sialyl Lewis X epitopes (49, 50), which is associ-
ated with tumor metastasis (8) and tumor angiogenesis (51).
Yusa et al. (50) proposed a decreased transcription of the
diastrophic dysplasia sulfate transporter (DTDST) gene to
cause a reduced expression of 6-sulfated glycans, whereas
others associate an up-regulation of glycan sulfotransferase
activities with tumorigenesis in human gastric cancer (52).
Although decreased sulfation was mainly observed in mucin
glycoproteins (14, 48), Siddqui et al. reported an enrichment
of sulfo-GSLs in the mucosa of human colonic tumors (53).
Alterations in sulfatide composition in colorectal cancer tis-
sues was supposed to be involved in lymph node metastasis
(54). In contrast, an unusual accumulation of sulfated glyco-
sphingolipids of colorectal cancer cells was associated with
low metastatic potential of the cancer (55). Interestingly, N-
glycans in colorectal cancer tumors seem to exhibit an in-
creased sulfation (23) showing that the alteration of glycosy-
lation patterns with malignancies is a complex phenomenon,
which not equally affects the various glycoconjugates. Also
the function of sulfated glycans has not yet been completely
solved: whereas some concluded a protective function
against bacteria and degradation (56), which would cause a
more vulnerable tissue after sulfate loss, others report a bind-
ing of sulfated O-glycans and GSLs to galectin-4 promoting
cell adhesion and facilitating migration and motility of tumor
cells (57). The role and consequences of changes in glycan
sulfation as well as the type of alteration itself remain a con-
tradictory aspect with regard to cancer progression.
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The globo-type glycan Gb3 was shown to be highly ex-
pressed in metastatic colorectal cancer (58). Because Gb3 is
also expressed in the vascular surrounding of the tumor (59),
it is assumed to have a pro-angiogenic feature (60), which is
supported by the observation of enhanced invasiveness with
higher Gb3 expression (58). In our study, we did not detect
Gb3-derived glycans in MALDI-TOF-MS profiling because of
the interference of matrix signals. However, after fractionation
and MS(/MS)-analyses we identified the Gb3 GSL-glycan in
the tumor tissue pool. Notably, we found the overall group of
detected globo-series GSL-glycans, including sialylated as
well as fucosylated structures (supplemental Table S2), to be
decreased (Fig. 6F) in the investigated tumor tissues. Ha-
komori summarized aberrant glycosylation in malignancy in-
cluding the decreased expression or complete deletion of
Gb4, Gb5, and longer neutral glycosphingolipids (61), but to
our knowledge no results on an overall decrease of globo-
type GSL-glycans associated with colorectal tumors were
hitherto reported.

The gangliosides GD3 (Hex2NeuAc2ceramide) and GD2
(Hex2HexNAc1NeuAc2ceramide) were considered as tumor-
associated glycans (62, 63) and Furukawa et al. reported
elevated levels of disialyl gangliosides in melanomas and
small cell lung cancer (64). In our investigations, GD3 turned
out to be one of the discriminators, which was decreased in
tumor tissue and also other discriminating disialylated gan-
gliosides were found to be decreased in tumor. In line with
this, the class comparison of disialyl GSL-glycans revealed a
significant decrease in the colorectal tumor samples (Fig. 6F).
The presence of GSLs with disialyl Lewis A epitope was
shown in colon adenocarcinoma, but only as a minor com-
pound, whereas this structure was found to be enriched on
glycoproteins in adenocarcinoma (65). In accordance with our
findings, Miyazaki et al. reported a loss of disialylated Lewis A
in colorectal cancer cell lines (66). Additionally to the � 2–3-
linked sialic acid of sialyl Lewis A, disialyl Lewis A carries
a �-2–6 linked sialic acid because of sialyltransferase
ST6GalNAcVI activity (67). In their study, Miyazaki et al. found
the activity of ST6GalNAcVI to be dramatically reduced in
colon tumors (66) leading to incomplete synthesis of glycans.
They further identified disialyl Lewis A as a specific ligand for
siglec-7, which is involved in immune response acting as
inhibitory receptor (66). The loss of disialylation results in
accumulation of sialyl-Lewis X and sialyl Lewis A type gly-
cans, which enhances cell adhesion to the vascular endothe-
lium through E-selectin (50) and is associated with a bad
prognosis in colorectal cancer patients (16).

All identified discriminative GSL-glycan compositions were
investigated and confirmed using LC-MS/MS and MALDI-
TOF/TOF-MS fragmentation analysis. Because of the mi-
croscale sample preparation the amounts of analytes were
limited and prohibited a comprehensive characterization of
the discriminators. However, some of the discriminative gly-
cans have previously been reported in literature following

large-scale purification as summarized in supplemental Table
S4. Furthermore, some discriminators represent general dif-
ferences between tumor and control tissues, which were
known to apply to the case of colorectal cancer (14, 16, 37,
44, 45, 48, 66), supporting the relevance of the discriminating
GSL-glycans found here. In addition to former reports, our
approach allowed the detection of GSL-glycans in higher
mass range as well as GSL-glycans so far only described for
other cancers (28) and our analysis newly revealed a general
decrease of globo-type GSL-glycans.

Changes of the glycosylation pattern of cells are well known
to be cancer-associated and the investigation and evaluation
of specific alterations can help to explore the biology of can-
cers and reveal new diagnostic biomarkers and drug targets.
Our results confirmed former findings on aberrant glycosyla-
tion in colorectal tumors, but also provided new insights con-
tribute to a better understanding of colorectal tumors. More-
over, the obtained observations show that glycosylation is
differently affected in various cancers as well as between
glycoconjugates.
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