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Abstract Protein glycosylation and other post-translational
modifications are involved in potentially all aspects of human
growth and development. Defective glycosylation has adverse
effects on human physiological conditions and accompanies
many chronic and infectious diseases. Altered glycosylation
can occur at the onset and/or during tumor progression.
Identifying these changes at early disease stages may aid in
making decisions regarding treatments, as early intervention
can greatly enhance survival. This review highlights some of
the efforts being made to identify N- and O-glycosylation
profile shifts in cancer using mass spectrometry. The analysis
of single or panels of potential glycoprotein cancer markers
are covered. Other emerging technologies such as global
glycan release and site-specific glycosylation analysis and
quantitation are also discussed.
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Introduction

Cancer is a major cause of death in most parts of the world
[1-4]. In the USA alone, more than 500,000 deaths are
projected to be associated with cancer and about 1.6 million
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new cancer cases are expected to be diagnosed in 2016 [5].
These deleterious effects of cancer continue despite the fact
that when cancer is diagnosed early, it can be contained or
even cured. Efforts to identify biomarkers that can detect can-
cer early and discriminate a given type of cancer from other
diseases face many challenges. Some of these challenges in-
clude the complexity of biological samples from which poten-
tial biomarkers are derived, extensive heterogeneity of poten-
tial analytes among different diseases, and limitations of the
current analytical methods [6].

A biomarker is a biologically important signature that un-
ambiguously identifies a certain physiological condition. It
could be a single measured entity or a panel of indicator sub-
stances [6]. A biomarker can be used to screen for a given
disease condition, monitor patients undergoing therapy, or
even identify the reoccurrence of a disease condition.
Markers are also useful in identifying people who are at a
higher risk of developing certain diseases. The progress being
made in cancer research raises hopes for identification of early
detection markers.

Screening for biomarkers requires a thorough investigation
of the potential indicator analytes to ensure that they meet
specific requirements. For example, they should be able to
identify when the condition exists (sensitivity) and when it
does not exist (specificity). Most potential cancer biomarkers
do not pass this test, resulting in false positives and false
negatives, which are not favorable for the patients as well as
those seeking prognosis [7, 8]. The samples should be amena-
ble to robust and reproducible instrumentation to minimize
errors that may lead to incorrect diagnosis. Where possible,
the samples should be easily obtainable in a noninvasive man-
ner, and the assay should be affordable so that it can be acces-
sible to a large population of people. It is also important that a
biomarker is validated across a broad range of populations and
at different sites (laboratories).
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The current methods for discovering cancer biomarkers
have been reviewed recently [9]. These methods include gene
expression measurements using DNA, RNA, and microRNA
gene arrays [9, 10] and protein microarray technologies
[L1, 12]. For proteins, 2D-gel electrophoresis has been widely
used because it is readily available. Although it remains a very
useful technique, it requires large amounts of samples due to
poor sensitivity, and it is a laborious and slow process. Mass
spectrometry has essentially replaced gels because of its ver-
satility in profiling biological compounds. The methods for
proteomics, peptidomics, metabolomics, proteoglycomics,
glycomics, and MS imaging are all generally based on MS
[12].

Several biological fluids have been used for cancer bio-
marker research, including saliva [13], urine [14], nipple as-
pirate fluid [15], cerebrospinal fluids, and tumor intestinal
fluids [16], However, serum and plasma are the most com-
monly used human biological fluids for cancer biomarker re-
search partly because obtaining blood is relatively noninva-
sive compared with other methods like biopsy [9, 17],
Additionally, blood can provide multiple molecular elements
of cancer in the form of circulating cells, proteins, peptides,
metabolites, and cell-free DNA and RNA [18]. The proteins in
serum and plasma have been the major target analytes for
cancer diagnosis. Advancements in proteomics technologies
have enabled more accurate profiling of proteins [19].
However, the dominance of a few proteins in serum/plasma
and the presence of post-translational modifications make
their complete characterization more challenging than analysis
of the genes [20].

Protein modifications, which occur as translational, post-
translational, regulatory, and/or degradation products, increase
the amount of useful cancer-related information that can be
obtained from the proteins. The common post-translational
modifications (PTMs) include but are not limited to glycosyl-
ation, phosphorylation, sulfation, and acetylation. These
PTMs play important roles in biological processes, including
regulation of proper protein folding, host pathogen interac-
tions, immune responses, and also in inflammation. In this
review, we highlight the recent efforts in identifying potential
glycosylated proteins and released glycans as cancer bio-
markers using mass spectrometry (MS). We will begin with
a basic introduction to the mass spectrometry technology and
its utility in identifying single glycoprotein markers, panels of
glycoprotein markers, and released glycan markers. We will
then discuss advancements in site-specific glycosylation anal-
ysis for cancer diagnosis.

Mass spectrometry

Mass spectrometry is a versatile technique that has increasing-
ly been used in cancer biomarkers discovery because of its
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sensitivity, potential for high throughput, and the capability
for tolerating diverse biological mixtures [21-27]. MS has
been used in the analysis of various analytes in many fields,
including but not limited to proteomics, metabolomics,
lipidomics, glycoproteomics, glycomics, and
proteoglycomics [28—31]. Samples can be introduced to the
mass spectrometer via direct infusion; however, most of the
potential cancer markers are found in biological mixtures re-
quiring some pre-separation method. Separation techniques
such as liquid chromatography (LC), ion mobility, and capil-
lary electrophoresis (CE) are typically used in conjunction
with mass spectrometry.

Recent developments in microchip-based separation and
ionization methods have enabled analysis of extremely small
amounts of samples with high sensitivity and reproducibility
[32, 33]. This capability is particularly important because
most of the analytes in biological samples are found in minute
amounts that are not readily amenable to other analytical tech-
niques. MS analysis generates a tremendous amount of data
that requires the development of bioinformatics methods that
can aid with data interpretation and expedite the analysis of
large data sets [34, 35].

Lone (Glyco)protein markers for cancer

Most of the Food and Drug Administration (FDA) ap-
proved cancer biomarkers are single proteins derived from
serum [36], and the majority of these proteins are glyco-
sylated. CA 125 antigen, for example, is a well-
documented glycoprotein standard marker for ovarian
cancer [37-39]. CA 19-9 has been used as a pancreatic
cancer biomarker [40]. CA 15-3 is a useful breast cancer
biomarker, especially for monitoring patients who have
already been diagnosed with the disease in evaluating
the recurrence of the disease [41].

Other glycosylated protein markers include prostate-
specific antigen (PSA), which is present in elevated
amounts in seminal fluids and plasma, for screening and
monitoring prostate cancer patients [42, 43]. Carcino
embryonic antigen (CEA), which has been found to
change in colorectal, bladder, breast, pancreatic, and lung
cancer, is highly N-glycosylated [44—46]. Multiple studies
have also indicated that haptoglobin, which is also glyco-
sylated, could be used as a cancer biomarker [47-49]. In
one study using in-house ELISA, haptoglobin was found
to be correlated with the clinical stage of epithelial ovar-
ian cancer and patient survival [50]. Using statistical anal-
ysis, the study found that elevated serum haptoglobin
levels were associated with poor outcome in overall pa-
tient survival. The isoforms of haptoglobin-1 precursor
have been found to be significantly upregulated in all
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groups of ovarian cancer patients by other researchers
[51].

Another study that identified single glycoprotein potential
cancer markers utilized 2-D differential gel electrophoresis (2-
D DIGE) and MALDI-TOF/TOF to identify depleted serum
markers for breast cancer. Proapolipoprotein Al, transferrin,
and hemoglobin were found to be elevated in breast cancer
compared with control samples while apolipoprotein A1, apo-
lipoprotein C-III, and «-2-haptoglobin were decreased.
Immunochemical reactions were used to validate the selected
candidate markers. In this work, it was demonstrated that 2-D
DIGE can separate protein isoforms that are not amenable to
immunochemical separation due to lack of isomer specific
antibodies [52].

(Glyco)protein panels as markers for cancer

A single protein biomarker may not provide the specificity
and sensitivity necessary for disease identification. In this re-
gard, identifying a number of individual potential markers
that, when combined, would identify a certain disease condi-
tion is a common approach. Although it is a huge challenge to
assemble and validate a panel of biomarker proteins [17],
Table 1 shows representative studies that have identified
panels of potential cancer protein markers that are all post-
translationally modified. Ralhan et al. [53] identified a panel
of proteins by multidimensional LC-MS/MS that were differ-
entially expressed when head and neck cancer patient samples
were compared with the controls. For the analysis, the samples
were labeled with isobaric mass tags for relative and absolute
quantitation (iTRAQ) on a QSTAR Pulsar i MS. Using this
approach, a panel of three cancer protein markers that are
potentially modified on their serine residues were identified
that achieved remarkable sensitivity of 0.92 and specificity of
0.91: 14-3-3 protein zeta/delta (phosphorylated), stratifin

(phosphorylated), and S100-A7 (some serine residues are
acetylated). These MS results were confirmed using immuno-
precipitation. When evaluated individually, the sensitivity and
specificity of each of the proteins were poor [53].

In another study combining 2D-DIGE and MALDI-
TOF analysis, serum samples from 50 lung cancer pa-
tients and 50 controls were screened for protein bio-
markers. A panel of four proteins was able to discriminate
healthy controls from patients who had lung cancer. This
panel of four biomarkers included carcinoembryonic anti-
gen, retinol binding protein, «-1-antitrypsin, and squa-
mous cell carcinoma antigen. The first three proteins are
glycosylated whereas the latter is phosphorylated. The
authors used an independent blinded validation set of sera
from 49 lung cancer patients and 48 matched controls.
The protein markers were able to classify most of the
cancer patients in the independent validation set with sen-
sitivity of 77.8 % and specificity of 75.4 % [54].

Selective capture of glycoproteins using lectins or other
glycan-binding antibodies is another complementary
method for the discovery of potential glycoprotein bio-
markers. Lectins are proteins that recognize and bind spe-
cific glycan moieties and can be used to isolate target
glycoproteins from a sample mixture. Thus, they provide
the advantage of minimizing the number of compounds to
be analyzed by MS [55-57]. Lectin-based methods have
been used to detect differential glycosylation between
cancer and healthy controls [58—61]. In a recent study, a
glycoprotein binding lectin array was used to identify gly-
cosylation changes in the sera of patients with benign
diseases compared with those with stage III ovarian can-
cer. Lectins whose binding response differed significantly
between benign conditions and cancer were used to pull
isotopically tagged glycoproteins for cancer biomarker
screening. Quantitative LC-MS/MS on an LTQ-ion trap
was used to distinguish between 15 healthy controls, 19

Table 1 Contains a group of

proteins that have been identified Cancer type Panel of protein markers Technique Reference
as potential biomarkers when no.
combined. The columns represent
the cancer type, the protein Lung Carcinoembryonic antigen, retinol 2D-DIGE and MALDI-TOF [54]
marker panel, the analytical binding protein, «-1-antitrypsin
technique that was used for the and squamous cell carcinoma
analysis, and the reference antigen
number in the review Ovarian Corticosteroid-binding globulin (CBG), Lectin array, and quantitative [58]
serum amyloid p component (SAP) and LC-MS/MS
complement factor B (CFAB)
Head and neck  14-3-3 protein zeta/delta (YWHAZ), Multidimensional LC-MS/MS [53]
stratifin and S100-A7
Pancreatic «-1-antichymotrypsin (AACT), Label-free and TMT strategies,  [67]
cancer thrombospondin-1 (THBS1) and LC-MS/MS

haptoglobin (HPT)
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benign ovarian diseases, 21 stage I/Il ovarian cancer, and
30 stage III ovarian cancer cases. A panel of four glyco-
proteins, including corticosteroid-binding globulin (CBG),
serum amyloid p component (SAP), complement factor B
(CFAB), and histidine-rich glycoprotein (HRG) were
found to differentiate ovarian cancer patients from benign
diseases and healthy controls. Combining CBG, SAP, and
CA 125 showed improved discrimination of stage III
ovarian cancer from benign diseases compared to CA
125 alone (Fig. 1) [58].

N-acetylglucosaminyltransferase-V (GnT-V) catalyzes
the formation of an unusual -1,6-linked N-
acetylglucosamine, which has been found to be upregulat-
ed in cancer cells [62—64]. A breast cancer investigation
used the lectin phytohemagglutinin-L4 (L-PHA), which
binds specifically to 3-(1,6)-branched N-linked structures
on glycoproteins [65]. This lectin showed selective bind-
ing to breast epithelial cells as the disease progresses to
invasive carcinoma, but not to normal healthy cells. Using
this lectin, (3-1,6-N-acetylglucosamine (f3-1,6-GIcNAc)
branched N-linked glycan-containing glycoproteins were
enriched from the tissues of normal healthy controls and
invasive carcinoma patients. In contrast to the healthy
controls, 12 glycoproteins were enriched in the tissues
of all four patients with invasive ductal breast carcinoma
tissues [65].

Tandem mass tags (TMT) are chemical labels used to
quantify multiple peptides or proteins in biological sam-
ples simultaneously [66]. Quantitative proteomics using
TMT labeling was performed to identify a panel of three
glycoproteins that could potentially distinguish pancreatic
cancer and other pancreatic conditions like diabetes, cyst,
chronic pancreatitis, and obstructive jaundice from con-
trols [67]. Depletion of the 14 most abundant proteins
was first carried out and fucosylated glycoproteins were
extracted using agarose-bound Aleuria aurantia lectin
(AAL). A combination of «-1-antichymotrypsin
(AACT), thrombospondin-1 (THBS1), and haptoglobin
(HPT) showed good sensitivity in diagnosing pancreatic
cancer compared with the following conditions: normal
controls (AUC =0.95), diabetes (AUC =0.89), cyst
(AUC=0.82), and chronic pancreatitis (AUC =0.90).
Adding CA 19-9 to the panel distinguished pancreatic
cancer from patients with and without obstructive jaun-
dice [67].

The studies highlighted in the above discussions are
additional proofs that modified proteins have an influence
in cancer, and their modifications could potentially be
used as cancer biomarkers. Owing to this fact, substantial
method development efforts are being made to identify
the protein modifications and profile their levels in bio-
logical fluids in a high throughput manner. Some of these
efforts have begun to bear fruits but a lot remains to be
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Fig.1 ROC curve analyses of significantly changed proteins detected by P>

ELISA. (a) ROC curve for differentiating stage III ovarian cancer from
normal healthy controls; (b) ROC curve for differentiating stage 111
ovarian cancer from benign diseases; (¢) ROC curve for distinguishing
stage I/II ovarian cancer from normal healthy controls. Reprinted from
ref. [58]. Copyright © 2012, American Chemical Society

done. In the subsequent text we highlight some of the
progress made to identify and profile protein modifica-
tions, especially O- and N-linked carbohydrates in the
search for cancer biomarkers.

Post-translational modifications of proteins in cancer

PTMs of proteins include the covalent attachment of the mol-
ecules to amino acid(s) enzymatically during protein biosyn-
thesis [68]. PTMs provide valuable additional details to the
biological functions of proteins. The most common PTMs
include the following: glycosylation (N- and O-linked), phos-
phorylation, acetylation, methylation, and sulfation [68, 69].
Differential expression of modifications between normal and
cancerous cells occurs at the onset or during cancer progres-
sion [70,71]. These changes could be due to a single modifi-
cation or multiple modifications.

Glycosylation is a substantial PTM with respect to size
and occurrence, where more than 50 % of proteins are
estimated to be glycosylated [25, 72]. For humans, this
value may be larger, and for some fluids such as human
milk, glycosylated proteins may be as high as 80 % [73].
Glycans are often found attached to proteins on the cell
surface and in the extracellular matrix where they mediate
many biological activities [74, 75]. Major types of glycans
include N-linked glycans attached to the nitrogen atom in
the asparagine side chain within a consensus amino acid
sequence Asn-X-Ser/Thr (X should not be proline), and
O-linked glycans attached to the oxygen atom of several
amino acid residues including serine and threonine. Other
types of glycans include glycosaminoglycans usually
found attached to the proteins (proteoglycans) and also
lipid chains as in glycolipids [76]. There is now a consid-
erable body of work showing that glycans released from
cancer cells differ from those in healthy cells [7, 75,
77-80]. Tumors have been found to overexpress certain
types of glycoproteins and glycolipids [79, 81]. For
example, there is an increase in the size and branching
of N-glycans in tumors [75]. High mannose glycans have
also been found to increase in other cancers (Fig. 2) [82].

Glycan analysis is more challenging compared with
proteins. The non-template nature of their biosynthesis
and involvement of a wide variety of essentially compet-
ing enzymes during their synthesis leads to more diverse



Glycans and glycoproteins as specific biomarkers for cancer

399

Stage III vs. Healthy controls

1.00 s - 1.00
2" weest mease s F_d_'
.-I..-.I" LA R L J ]
:.I.:...:-..ll::z....
-75 :I: L B R B J : .7s‘
" ansss M ETEE R
aewy -
= : 2 =
:E so an :-: SAP :g SO‘
Z b «=ss AUC=0.687 2 SAP+CBG
: LA A A J I-mG — +HRG
A : AUC=0.811 % AUC=0.949
254 .l ....CBG 251
= A o5 — SRS
: wsss CA125
000 b2 AUC= 0.936 000 il
0.00 25 50 7s 1.0 0.00 25 S0 JS 1.00
1-Specificity 1-Specificity
Stage III cancer vs. Benign diseases
b
1.00 - — 1.00
o Sgwwms
P ge
f---z -
= e -
s L em=328iI 7
) -
) " .-
= E ot £
E S0 ‘.: :.: — SAP :‘é S0
=" .E AUC=0.655 & SAP+CBG
2 1 «sss CBG . = AUC=0.753
23 Agf:;":“ SAP+CBG+CA125
' . - LR N J
p == AUC=0.821 AUCR0846
0.00 - . - 0.00
0,00 25 S0 7S 1.00 0.00 25 S0 Js 1.00
1-Specificity 1-Specificity
Stage I/II vs. Healthy controls
c 1.00 - 100
| I
NN i — —
ssgussnnPad | f
75 4 LI | an ¥ Js
CLE LR ML
| an & —
1 =
'Q : : :.ll.ll.. :E
he el CBG z "
8 LR J LR RN
32 AUC=0.667 & Ay
-zs < LA BB I-IRG 25 i
AUC=0.819 —— CBG+HRG
wess CA125 +CA125
020 AUC=0.829 00 AUC=0.911
0.00 25 S0 Js 1.00 0.00 25 S0 Js 1.00
1-Specificity 1-Specificity

@ Springer



400 M.J. Kailemia et al.
: ¥ ¢ o Ty
"0 0 Week 0 ? ? 109 Week 0 f ? ?
2 g ' 2 | ¢
=q T I -1 O Bl ® | 3 | )% |
'gi Weok 2 1% Week 2
e l 2
24 . l ' o - 1 e |
7 90 Weok 4 705 JWeek 4
z % l = 2%: l
; xo) | 1 al lA_ 2 8 alas A A l l B 2? l l l l
- g Week 6 3 1g§: Week &
s W % 60
g P 0
% A i AL al l Ala 4 - 1 A l a }g | l A A l A
.giwmﬂ l ‘%iw-mna
w 6o
0 &0
IOJ 2 L P 1 1 23 1 P |
00 weex 10 199 JWeek 10
fla 60
5 £ |
o Lfrr#r'fv-ﬂw*rm-. O rrrrrrrrrprr T e ey 11..1-.,‘vvvv.-...|
1000 1200 1400 1600 1800 2000 1000 1200 1800 1600 1800 2000
mnz e
C =
1"
g a Wk
- Nark
2 -
S 5 -O-waro
~@- M=t
B Wi O Héx
%
CONTROL MOUSE CONTROL MOUSE TUMOR MOUSE
Intact Mouse 8B89 Mock Surgery Mouse 8820 Transplanted Mouse 8893
25

Q 2 - 6 8 10 © 2 4

& "0 ] 2 K e 8 10

Time, in weeks

Hghmannose N.giycans: fums ?.Mlnﬁ Man7
1257 423 1418.475 1581.528

Fig. 2 Representative MALDI FT-ICR mass spectra of A, mock surgery
control and B, tumor-transplanted mouse sera at different points; m/z
10002000 region of 10 % acetonitrile fraction taken in the positive ion
mode is shown. C, Change in intensities from MALDI FT-ICR MS of
high-mannose N-linked glycans in sera of an intact control mouse, mock
surgery control mouse, and a tumor-transplanted mouse during breast

glycan molecules having minor structural differences.
Glycans are, however, easier to quantitate in relative
amounts. Recent developments in liquid chromatography
separation, ionization, and mass spectrometry methods
have enabled extensive characterization of oligosaccha-
rides and high throughput analysis of larger sample sizes
[83]. These developments could potentially lead to the
discovery of glycan specific cancer biomarkers.

@ Springer

Mard+Hax
2067 687

Mang i Marg
1743581 1805634

cancer progression. All values relative to week O intensity. Error bars
are expressed as standard error of the mean (S.E.) from three spectral
scans per mouse sample. Symbol representations of glycans: N-
acetylglucosamine, blue square; mannose, green circle; glucose, blue
circle. Reprinted from ref. [81]. Copyright © 2011, by the American
Society for Biochemistry and Molecular Biology

Global N- and O-glycan analysis

Efforts to identify cancer biomarkers from released glycans
have been reviewed recently [40, 78, 84, 85]. The common
approach is a global analysis of glycosylation involving cleav-
ing the glycans from the proteins using enzymatic or chemical
means. Usually, peptide-N-glycosidase F (PNGase F) enzyme
is used to cleave the N-glycans from purified proteins or from
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biological mixtures. O-Glycans can be cleaved from the pro-
teins using alkaline sodium borohydride (NaBH,) in a f3-
elimination reaction, whereas both N- and O-glycans can be
cleaved simultaneously using hydrazinolysis (Fig. 3) [78, 86].
This step is usually followed by glycan enrichment using solid
phase extraction (SPE) on a porous graphitized carbon (PGC)
or hydrophilic interaction chromatography (HILIC) column.
The samples are then analyzed using methods such as
MALDI-TOF, MALDI-Fourier transform ion cyclotron reso-
nance (FTICR), Chip-TOF, and Chip-Q-TOF mass spectrom-
etry for compositional or structural analysis. The glycans can
be analyzed in their native state or chemically reduced to
minimize the multiplicity of MS peaks due to different glycan
anomeric configurations, especially when a high resolving
column (e.g., PGC) is used for separation. Glycans may also
be derivatized through permethylation or acetylation to
achieve uniform ionization in the mass spectrometer [33, 86,
87]. There are numerous important studies involving glycan
analysis in the search for cancer biomarkers [33, 40, 78, 85,
86, 88-91].

MALDI-MS has been widely used to profile glycans as
potential cancer biomarkers because of its sensitivity and
high ionization efficiency even at higher mass range [83,
88, 92-98]. In a study to identify distinguishing features
between ovarian cancer patients and healthy persons, O-
glycans were cleaved from conditioned media and from
serum and profiled using high resolution MALDI-FTICR-
MS. Tandem mass spectrometry was used for further
structural identification of glycans using infrared multi-
photon dissociation (IRMPD). Several unique glycans ob-
served in ovarian cancer patient serum samples, mostly
neutral structures composed only of hexose and N-
acetylhexosamine residues, were absent in the controls
[88]. This work also investigated four ovarian cancer cell
lines, OVCAR-3, Caov-3, SK-OV-3, and ES-2, and

Biological
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Fig. 3 The general procedure for the released glycan analysis

obtained similar glycan profiles. Multiple oligosaccha-
rides observed in the supernatants of the cancer cell lines
were also observed in the patient sera. This was one of the
first studies to show that glycans harvested directly from
cells or serum can be used as potential cancer markers
without requiring isolation of proteins using antibodies
[88]. Recent work has identified stage-specific N-glycans
released from case-control plasma samples that could po-
tentially be used as ovarian cancer markers [99].

In a related study, O-glycans were chemically cleaved from
breast cancer tumor cell lines, sera from mice transplanted
with mammary tumors, sera from breast cancer patients, and
those collected from healthy individuals. This was accom-
plished using [3-elimination with sodium borohydride dis-
solved in sodium hydroxide solution [100]. High resolution
MALDI-FTICR-MS and IRMPD were used to characterize
the glycan structures. Differences in intensities were found
in the O-glycan profiles that distinguished breast cancer pa-
tients from the controls. This study also identified changes in
specific structures during tumor growth, which may be used as
potential indicators of disease onset [100].

Global release methods have also been conducted for the
analysis of N-glycans. Using MALDI-MS, permethylated N-
glycans from 10 healthy males and 24 prostate cancer patients
were compared using statistical methods, principle component
analysis (PCA), ANOVA) and receiver operating characteris-
tic (ROC). Out of the 50 N-glycans identified, 12 glycan
structures, half of which were fucosylated, were found to vary
significantly between disease and control specimens [95]. The
relative abundances of high mannose and complex
biantennary structures decreased in cancer while the
fucosylated complex biantennary and complex tetraantennary
N-glycans were elevated in cancer in comparison to the
healthy controls. A separate study by the same group noted
increased fucosylation of serum N-glycans in breast cancer
patients [96].

A recent study investigated the possibility of using
permethylated N-glycans from serum and isolated immu-
noglobulin G (IgG) as ovarian cancer markers. The sam-
ples were obtained from healthy controls and from pa-
tients with late-stage recurrent ovarian cancer (OC) before
they started an experimental drug treatment (baseline) and
prior to the second treatment cycle. Compared with the
controls, the level of bisecting glycans decreased in late
stage recurrent ovarian cancer patients, and this trend was
accentuated in patients who underwent the first cycle of
the trial treatment. Triantennary and tetraantennary gly-
cans that were sialylated and fucosylated seemed to in-
crease in the baseline OC samples and also showed fur-
ther increases in the patients’ serum after the experimental
drug treatment [101]. Given that patients exhibited in-
creased tumor burden post-experimental treatment, these
glycan changes were further assessed as potential markers
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for disease progression. Contrastingly, when IgG-specific
glycans were investigated, fucosylation seemed not to be
a strong determinant. Galactosylated glycan levels de-
creased whereas the agalactosylated glycans increased in
patients with OC when compared to the healthy controls
[101]. Other studies have reported increased agalac
tosylated IgG glycans in ovarian cancer [102], lung cancer
[103], and non-small cell lung cancer (NSCLC) patients
[104].

As researchers seek more specific and sensitive markers for
cancer, there is a greater need to increase the amount of infor-
mation obtained from the samples. In this regard, efforts to
identify the structures of the glycan biomarkers are gaining
interest. Porous graphitized carbon (PGC), which separates
glycans based on their size, polarity, and three-dimensional
structure, is a good platform for released glycan separation.
PGC has high sensitivity, low sample consumption, minimal
ion suppression, and large instrumental dynamic range, which
are all important for clinical glycomics [105-107].

A novel method that uses rapid throughput nano-flow
liquid chromatography on a PGC column to separate iso-
meric glycans from serum was recently developed. Using
this method, more than 100 unique N-glycan composi-
tions having more than 300 glycan species were identi-
fied, and their abundances analyzed in two classes of
prostate cancer patients. It was found that fucosylated,
non-sialylated complex/hybrid glycans were significantly
higher in the good prognosis (G) group (four subjects)

Fig. 4 Human serum “glycan
wheel” based on the relative
abundances averaged from nine
individual sera. Reprinted with
permission from Ting Song,
Danielle Aldredge, Carlito B.
Lebrilla. ref. [108]. Copyright ©
2015, American Chemical
Society
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compared with the four subjects in the poor prognosis
group (P). In addition, sialylated, non-fucosylated
complex/hybrid glycans were more abundant in the P
group compared with the G group [105]. This strategy
increases the level of information obtained for biomarker
analysis and may lead to structural specific markers.
Advanced chip-based LC separations have also enabled
the analysis of N-linked glycans from serum with very
high reproducibility [108]. A library composed of serum
N-glycans, including fine details like the residue linkages,
was recently created [109]. The library was created by
first utilizing PNGase F to release the glycans from whole
serum. The glycans were then reduced using NaBH, and
enriched using graphitized carbon cartridges. The samples
were analyzed using nano-LC-chip-TOF MS. The reten-
tion times and accurate mass derived from the library
enable rapid sequencing of serum N-glycans. This library
provides additional structural specific information that can
be very useful in cancer biomarker research. The library
contains diverse N-glycan groups, including high man-
nose, sialylated, fucosylated, biantennary, and triante
nnary complex and hybrid structures (Fig. 4). The library
included approximately 50 complete structures and 170
compositions with nearly complete structures were eluci-
dated using this method. This technology provides a
deeper level of analysis of the glycan structural species
that change with disease, which aids in understanding the
mechanisms underlying these biological changes [109].
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Protein-specific glycan markers

Another way to analyze glycosylation is to first isolate the
possible glycoprotein targets from biological mixtures, cleave
off the glycans, and analyze them using mass spectrometry
[89, 90, 110]. The glycans obtained from this method are
assumed to be from the glycoproteins isolated. This procedure
does not provide site-specific information about the
glycoforms. Nonetheless, the information obtained is useful
in protein-specific biomarker studies. This method was used
to investigate possible glycan stomach cancer markers by first
isolating the most abundant serum proteins IgG,
haptoglobulin, transferrin, and «-1-acid glycoprotein using
affinity purification or 2D gel electrophoresis. The study
employed LC-MS/MS to identify the proteins and then ultra-
performance liquid chromatography (UPLC) with UV detec-
tion to separate and identify the glycans on a HILIC stationary
phase. Core fucosylated biantennary glycans were found to be
elevated in IgG with increased disease progression while
sialylated and galactosylated core fucosylated biantennary
glycans decreased with disease progression. Contrastingly,
sialylated glycans in haptoglobin, transferrin, and «-1-acid
glycoprotein increased with disease progression [90].

Another glycan study was conducted to distinguish be-
tween non-atrophic gastritis (NAG), duodenal ulcer (DU),
and gastric cancer (GC) cases. IgG was isolated from the
serum using protein G. The N-glycans were released from
IgG using PNGase F, purified by PGC, and analyzed
using nHPLC-chip-TOF-MS. A total of 48 IgG glycans
were observed in this research. Statistical data analysis
showed that among these, eight glycans were significantly
altered between GC and NAG. These changes include
increased levels of truncated glycans and decreased levels
of biantennary galactosylated glycans in the GC group
compared with the NAG group. In addition, lower
sialylation was observed in GC compared with the DU
and NAG [110].

In a pancreatic cancer study, a Western blot using Aleuria
aurantia lectin (AAL), which preferentially binds to
fucosylated structures, was used to identify fucosylated pro-
teins in the serum of cancer patients and healthy controls.
Among these proteins, fucosylated haptoglobin was found to
be elevated in pancreatic cancer patients compared with the
controls. Subsequently, haptoglobin was purified from serum
and analyzed using LC-ESI-MS and MALDI-TOF, which
showed that «~(1-3)-, alpha-(1-4)-, and «-(1-6)-fucosyl link-
ages increased in pancreatic cancer patients compared with the
controls [48]. Although fucosylation has been identified to
change in other diseases, the elevation of these analytes was
more pronounced in pancreatic cancer patients. It has also
been observed that haptoglobin-« subunit levels change with
the small-cell lung cancer stage and could also be a potential
biomarker [89].

From the above discussion, it is clear that global glycan
analysis provides useful information about potential cancer
biomarkers. Isolation of specific glycoproteins from biologi-
cal sample mixtures is also gaining interest. From the glyco-
sylation analysis of IgG isolated from serum, similarities in
glycan patterns are observed in a protein-specific manner in
different cancer types. For instance, increased levels of trun-
cated glycans without galactose have been reported in gastric
cancer, ovarian cancer, and lung cancer. Similar studies from
other serum glycoproteins may uncover protein-specific gly-
cosylation changes that may serve as potential cancer
indicators.

Site-specific glycan markers

Although the analyses of global glycosylation changes pro-
vide useful information about cancer and other diseases, one
drawback of this method is that the glycan cannot be traced
back to the protein site of origin. In order to identify subtle
glycosylation differences between disease conditions and gain
more knowledge about cancer biology, it is important to not
only identify the glycan but also its site of attachment within
the protein. This information is obtained by thoroughly inves-
tigating the glycosylated peptides (glycopeptides) identified
from tandem mass spectrometry of the glycoproteins.

Glycopeptide analysis is more challenging than protein or
global glyco-analysis due to several reasons. A single glycan
composition in a peptide may contain a large number of iso-
meric structures because of differences in glycosidic linkages
between monosaccharides, branching, and the existence of
many monosaccharides bearing the same mass. The presence
of multiple unique glycans that share the same peptide back-
bone causes the MS signal to be split into various glycoforms,
thus lowering their individual abundances compared with the
peptides that are not glycosylated. It is also challenging to
obtain comprehensive glycopeptide fragmentation for both
the glycan and the peptide moieties as they have different
fragmentation efficiencies [111]. Nonetheless, recent advance-
ments in mass spectrometry technologies have enabled char-
acterization of the glycans with their peptide backbone
[112-114].

Owing to the above-mentioned problems, it has been chal-
lenging to develop algorithms that can automatically identify
glycans and their peptide moieties from the tandem MS data.
Despite these limitations, progress is being made in our labo-
ratory and elsewhere to develop software that can identify
glycopeptides spectra [111, 115-122]. Site-specific glycosyla-
tion information can be obtained directly from tandem mass
spectrometry of intact proteins (top-down) [123]. Molecular
ions from intact glycoproteins are selected and subjected to
multiple stage MS (MS") analysis (Fig. 5). This method has
been limited to few types of MS instruments that can detect

@ Springer



404

M.J. Kailemia et al.

Fig. 5 The glycoprotein and
glycopeptide analysis procedure

ions at high mass range and the ones equipped with electron-
based fragmentation techniques. These techniques include
electron capture dissociation (ECD), electron transfer dissoci-
ation (ETD), and negative electron transfer dissociation
(NETD) that retain labile protein modifications in the peptide
backbone [124].

Alternatively, another common strategy for site-specific
glycosylation analysis involves digesting the proteins using
specific or nonspecific proteases to produce glycosylated
and non-glycosylated peptides (bottom-up). The samples can
then be analyzed by MS directly to identify the glycopeptides.
However, since the glycopeptides ionize relatively less effi-
ciently compared with the non-glycosylated peptides, a frac-
tionation step can be added to enrich for the glycopeptides
[125]. The fractionation step, although a useful step, may af-
fect the levels of analytes in different proportions, which may
lead to inaccurate quantitative information. Tandem mass
spectrometry (MS/MS or MS") is used to fragment glycopep-
tides to help in identifying both the glycan and its peptide
moiety. Diagnostic glycan and the peptide backbone frag-
ments are necessary for unambiguous identification of the site
of glycosylation [112, 126]. Another aspect of glycosylation
analysis is the extent to which the site of glycosylation is
occupied with the glycans (site occupancy). The common
method to measure the glycosylation site occupancy involves
releasing the N-glycans using PNGase F, which deaminates
the glycosylated asparagine residues (N) to aspartic acid (D).
The mass difference between the N and D (0.984 Da) allows
them to be distinguished using MS [127].

The assignment of the glycopeptides is usually carried out
using computer algorithms designed to identify the unique
fragmentation patterns of the glycopeptides [112, 128].
Glycopeptides produce abundant glycan diagnostic protonat-
ed fragments such as HexNAc (204.08 Da), Hex (163.06 Da),
Hex + HexNAc (366.14 Da), Neu5Ac-2H,0 (274.09 Da), and
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NeuSAc-H,0 (292.10 Da). We provide a few but not exhaus-
tive examples where site-specific analysis of the glycans pro-
vided useful information about potential glycopeptide
biomarkers.

In a recent study, the protein clusterin was pulled from the
plasma of clear cell renal cell carcinoma (ccRCC) patients
before and after curative nephrectomy for localized disease
using immunoaffinity purification. Site-specific N-glycan het-
erogeneity analysis was carried out using LTQ-Orbitrap elite
tandem mass spectrometry. Biantennary digalactosylated
disialylated oligosaccharides with and without fucose found
in glycosite N374 were significantly decreased in disease
RCC (+) samples [129].

As mentioned earlier, global analysis of the glycosylation
of haptoglobin show elevation of fucosylation in pancreatic
cancer patients’ serum [48]. Another study was carried out to
identify the sites where fucosylation changed. Among the four
sites of glycosylation, fucosylation of the biantennary glycans
in two sites (N207 and N241) increased, whereas that of the
triantennary glycans increased in all the sites [49].

A method for screening and quantifying core fucosylated
(CF) peptides in the depleted serum was recently developed
[130]. The method uses lens culinaris agglutinin (LCA) to
enrich for the core fucosylated peptides. The presence of metal
ions Na*, Ca®*, and Mn?" increased the lectin binding. The
same metal ions were added during the elution step to increase
the elution of CF. This work identified 630 sites containing
core fucosylated structures in 322 proteins using the Orbitrap
Elite MS. Additionally, eight potential CF glycopeptide can-
cer markers that differed between pancreatic cancer and
healthy controls or chronic pancreatitis were identified.

Another method to measure the level of core fucosylation
in o-2-macroglobulin (A2MG) extracted from serum using
immunoprecipitation was recently developed. This method
utilizes endoglycosidase F to release a portion of the glycan,
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Fig. 6 Differential analysis of peptide and glycopeptide variables from
immunoglobulins in epithelial ovarian cancer (EOC). Closed dots
indicate significantly different abundance levels between EOC cases
and healthy controls, whereas open dots indicate no significance was
achieved at the false discovery rate (FDR) < 0.05. Red dots indicate
increased levels in EOC cases compared with controls, whereas blue

leaving the inner core GIcNAc residue attached to the peptide.
The heterogeneity due to multiple glycan structures per pep-
tide was reduced, the ionization efficiency was increased, and
the analysis of the data was simplified [131]. Nano-LC-linear
trap quadrupole (LTQ)-MS was used to analyze the samples.
The study found lower levels of core-fucosylation at sites
N396 and N1424 in both chronic pancreatitis and pancreatic
cancer compared with normal controls [131]. The method
used in this work can be used for researchers targeting core
fucosylation, which has been found to change in different
types of cancer [48, 132, 133].

Multiple reaction monitoring for glycopeptide
analysis

Multiple reaction monitoring (MRM) is a targeted analytical
method used for quantitation of biomolecules. MRM is usu-
ally performed on a triple quadrupole mass spectrometer
(QqQ). The precursor of interest is isolated in the first quad-
rupole, fragmented in the second, and only specific fragment
ions are transmitted through the third quadrupole for detec-
tion. This method can quantify analytes from biological sam-
ples with high accuracy and precision. MRM, which has been
widely applied in quantification of small molecules and also

dots indicate decreased levels in EOC compared with controls.
Reprinted with permission from ref. [137]. L. Renee Ruhaak,
Kyoungmi Kim, Carol Stroble, Sandra L. Taylor, Qiuting Hong,
Suzanne Miyamoto, Carlito B. Lebrilla, and Gary Leiserowitz J.
Proteome Res (2016) 15:1002—1010. Copyright © 2016, American
Chemical Society

proteins, is gaining interest in the glycoproteomics field
[134-139].

Stable isotope standards and capture by anti-peptide anti-
bodies (SISCAPA) is a useful technique to enrich specific
peptides for quantitation [140]. This method was used in com-
bination with the lectin L-PHA (described above) to investi-
gate aberrantly glycosylated metallopeptidase inhibitor 1
(TIMP1) as a marker for colon cancer [141]. First, L-PHA
was used to enrich for serum glycoproteins containing 31,6-
GlcNAc N-linked glycans. A monoclonal anti-peptide TIMP1
antibody coupled to magnetic beads was used to enrich for a
specific TIMP1 peptide that was subsequently analyzed using
MRM with isotopically labeled standards. Using this method,
an aberrantly glycosylated TIMP1 isoform was quantified at a
level of 0.8 ng/mL in the serum of colorectal cancer patients.

An MRM method to quantify IgG and its subclasses direct-
ly from un-depleted serum was recently developed in our lab-
oratory [137]. In this method, trypsin digested IgG glycopro-
tein standard was used to optimize the QqQ-MS response for
glycopeptide analysis. The LC solvent gradient, the MS front
end ionization parameters, and the fragmentation energy for
the glycopeptides were optimized. The method is able to mea-
sure the amount of the protein and how its site-specific glyco-
sylation changes between samples. Robust nonglycosylated
peptides found in all the IgG subclasses were used to obtain
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the total amount of IgG in the serum. The glycopeptides from
the four IgG subclasses (IgG1, IgG2, 1gG3, and 1gG4) were
normalized to the response of their respective protein sub-
classes. Normalizing the glycopeptide to the level of the pro-
tein helps to identify the actual glycosylation changes irre-
spective of the changes in the level of protein expression be-
tween samples [137]. This method has been extended to in-
clude other glycoproteins in serum[142] and it is currently
applied in our laboratory to screen for disease biomarkers
for cancer [143] autoimmune conditions and other diseases.
A recent study investigated the immunoglobulins in ovarian
cancer patients compared with the controls. Several glycopep-
tides were found to vary significantly between the ovarian
cancer cases and controls (Fig. 6).

Conclusions and overview

Glycosylation is a post-translational modification of proteins
that affects the biochemical activities of the glycoproteins, and
plays a substantial role in cancer biology. Glycomics and
glycoproteomics methods are less developed than proteomics
partly because of the inherent challenges associated with their
analysis. However, as the awareness of the roles of glycosyl-
ation and other PTMs in cancer biology continues to increase,
multidisciplinary efforts are likely to expand the field.
Advanced analytical instruments will enable scientists to de-
velop new and robust methods that will uncover potential
cancer biomarkers. The complex and laborious glycosylation
data analysis process will be improved by applying new or
improved bioinformatics methods. These methods are likely
to unravel hidden information that would otherwise be lost
and also enable fast data analysis to increase the MS obtain-
able glycan and glycopeptide structural details. Global glycan
analysis and protein-specific analysis from human fluids
would ultimately add more specific potential cancer markers.
A relatively more challenging but useful site-specific glyco-
sylation analysis is likely to provide crucial and detailed in-
formation about protein glycosylation patterns. Targeted
methods like MRM are gaining interest in the
glycoproteomics field. These methods are expected to provide
precise quantitative information about the glycosylation site
heterogeneity in cancerous cells, tissues, or bio-fluids com-
pared with non-cancerous ones.

Despite the advances in glycan analysis, there remain chal-
lenges in developing glycan markers. Further progress in anal-
ysis will be made to yield exact structures with extensive site-
specific heterogeneity in a quantitative manner. The major
limitation is that these methods require considerable expertise
as well as expensive instrumentation. Their implementation
may be limited to selective groups for some time. To obtain
truly relevant clinical markers, extensive multidisciplinary
and collaborative efforts between those with analytical tools
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and clinicians are necessary today. Furthermore, considerable
efforts should also be placed in making these methods more
widely available and easier to use.
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