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Abstract
Glycosylated proteins play important roles in a broad spectrum of biochemical and biological
processes, and prior reports have suggested that changes in protein glycosylation occur during
cancer initiation and progression. Ovarian cancer (OC) is a fatal malignancy, most commonly
diagnosed after the development of metastases. Therefore, early detection of OC is key to
improving survival. To this end, specific changes of the serum glycome have been proposed as
possible biomarkers for different types of cancers. In this study, we extend this concept to OC. To
characterize differences in total N-glycan levels, serum samples provided by 20 healthy control
women were compared to those acquired from patients diagnosed with late-stage recurrent OC
who were enrolled in an experimental treatment trial prior to receiving therapy (N = 19) and one
month later, prior to the second treatment cycle (N = 11). Additionally, analyses of the N-glycans
associated with IgG and characterization of the relative abundance levels of core vs. outer-arm
fucosylation were also performed. The N-linked glycomic profiles revealed increased abundances
of tri- and tetra-branched structures with varying degrees of sialylation and fucosylation and an
apparent decrease in the levels of “bisecting” glycans in OC samples compared to controls.
Increased levels of a-galactosylated structures were observed on N-linked glycans derived from
IgG, which were independent of the presence of fucose residues. Elevated levels of outer-arm
fucosylation were also identified in the OC samples. These results allowed the control samples to
be distinguished from the baseline ovarian cancer patients prior to receiving the experimental
treatment. In some cases, the pre-treatment samples could be distinguished from the post-
experimental treatment samples, as many of those patients showed a further progression of the
disease.
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Introduction
It has long been recognized that changes in glycosylation occur in different cancer cell types
and tissues,1-6 although it has been less clear which glycoproteins are affected and which
specific glycan structures are involved in the normal vs. pathological distinction of different
cancer types. While both the membrane-bound and soluble glycoproteins can acquire
unusual types of glycosylation in pathological tissues, a certain fraction of these
biomolecules may enter the blood stream where they potentially may be detected as distinct
components of plasma or serum fractions. If carefully detected and/or quantified, these
glycoproteins or their controlled-degradation products, i.e. different released glycan
structures, could be utilized as disease markers for early detection or, alternatively, as
criteria of disease progression/regression during different treatments.

During the last several years, mass-spectrometric (MS) glycomic measurements have been
pursued as a structurally-informative adjunct to the more clinically-established
immunological assays7-11 and array approaches9,12-17 to biomarker discovery. Interestingly,
one FDA-approved cancer biomarker is CA-125, a large mucinous glycoprotein abundantly
secreted in the serum of women with OC.18-20 While the mucin-type molecules currently
remain poorly characterized from the structural point of view, there are additional blood
serum glycoproteins, including different globulins and acute-phase proteins which bear
glycosylation changes that could be indicative of the presence or state of cancer.4,21-25 This
has been demonstrated recently with hepatocellular,26-28 breast,29,30 esophageal,31 and
prostate cancers,32 where the ratios of certain N-linked oligosaccharides appear indicative of
different patients’ conditions. Due to the recent advances in sample treatment/glycan
permethylation/MS methodologies, microliter volumes of serum now suffice for reliable
profiling of numerous glycans. Blood serum has thus become a convenient sample medium
for glycomic measurements pertaining to cancer investigations.

OC is an aggressive malignancy with high fatality rate, which has been attributed to
difficulty in detection at early stage, when the disease is largely asymptomatic or frequently
misdiagnosed.19,20 Over 70% of new OC cases are detected after the disease has already
metastasized and the five-year survival for patients with stage III-IV ovarian cancer is
significantly lower (15-30%)18-20 than that for women diagnosed at early stage
(80-95%).18-20 The need for developing non-invasive technologies to enable the early
detection of OC is thus critical. While the recognized biomarker CA-125 has the utility of
monitoring a response to therapy and disease progression in women with ovarian cancer, its
low specificity limits its suitability for detection of an early-stage ovarian cancer.19,20,33

Interestingly, CA-125 is a large glycoprotein featuring extensive O-linked glycosylation,
whose carbohydrate structures have been at least partially characterized.34

While several current attempts at developing additional tests for ovarian cancer have
centered around proteomics,35-39 quantitative glycomic profiling provides another promising
avenue of investigation, as shown by Lebrilla and co-workers in their preliminary
studies.40,41 Using 1-ml aliquots of blood serum and β-elimination as the glycan release
procedure, these authors tentatively identified both N- and O- linked oligosaccharides in the
MS-based measurements. In comparing their results with the CA-125 test, the authors
deemed their glycomic procedure as superior to the measurements based only on CA-125.
Further studies employing liquid-chromatographic separation and fluorescence detection
conducted by Saldova et. al. have also highlighted increased levels of outer-arm fucosylation
associated with the so-called “acute-phase” proteins and a decrease in galactosylation levels
in IgG-derived glycans.23
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In this report, we focus on the quantitative profiling of asparagine-linked oligosaccharides
(N-linked glycans) extracted from only microliter volumes of blood serum samples provided
by patients diagnosed with late-stage recurrent OC before and after receiving an
experimental drug treatment (i.e. a combination of docetaxel and imatinib mesylate).42

Following the treatment, many of the patients enrolled in the experimental study showed
increased tumor burden.42 These samples were used to evaluate the possibility of employing
glycomic methods to monitor disease progression. Additionally, the glycans associated with
immunoglobulin G (IgG) were profiled using a similar technique. A further structural
elucidation of the fucosylated N-glycan structures through the use of selective enzymatic
digestions and MS measurements was also performed. This quantitative methodology takes
advantage of the recent technical improvements in glycan extraction and permethylation,
which ensures reliable detection of sialylated structures.30,43

Following the sequence of statistical comparisons of the different states-of-health
established for MS glycan profiling in our laboratory for other cancer
investigations,26,29,31,32 baseline OC blood serum samples from 19 women, who were
enrolled in an experimental drug trial prior to receiving the treatment, and 11 samples,
obtained from patients prior to commencing a second treatment cycle and most frequently
coinciding with disease progression, were rigorously compared with 20 aged-matched
control samples.42 In the original experimental treatment study, a total of 23 patients were
enrolled, with 14 patients demonstrating increased tumor burden at first tumor assessment,
ultimately leading to a discontinuation of the experimental treatment.42 The resulting data
were first subjected to a one-way analysis-of-variance test (ANOVA) and information for
those structures providing acceptable results (p-values less than 0.05) were further processed
by a receiver-operator characteristics test, resulting in an area-under-the-curve (AUC) value.
Since certain sialylated and fucosylated structures were prominently displayed in these
comparisons, the data were also evaluated through the notched-box plots44 as the general
structural types.

The results presented in this communication further support the notion that the information
gathered from various glycomic analyses potentially could be a beneficial addition to the
frequently-used CA-125 test for OC detection.23,40 Furthermore, it is possible that such
glycomic changes can be useful as biomarkers for early cancer detection, though further
testing of serum from women diagnosed with earlier stages of OC needs to be performed.
Further structural characterization of the disease-associated N-glycans may provide some
information toward understanding the pathogenesis of OC.

Experimental
Materials

N-Glycanase F (PNGase F), used to enzymatically-release oligosaccharides from their
protein backbones, was acquired from Northstar Bioproducts (East Falmouth, MA), while
the additional exoglycosidases, a non-specific sialidase gene from Arthobacter ureafaciens,
expressed in E. coli (Sialidase A) and a β1-4,6 galactosidase isolated from the jack bean,
were purchased from Prozyme (Hayward, CA). Sodium hydroxide beads, methyl iodide,
ammonia-borane complex, and β-mercaptoethanol were products of Sigma Chemical Co.
(St. Louis, MO). The empty micro-spin columns used to construct the permethylation
reactors, along with the graphite columns employed for sample purification, were obtained
from Harvard Apparatus (Holliston, MA). The MALDI matrix, 2,5-dihydroxybenzoic acid
(2,5-DHB), was received from Alfa Aesar (Ward Hill, MA). Sodium dodecyl sulfate (SDS)
was acquired from Bio-Rad Laboratories (Hercules, CA), while Nonidet P-40 was purchased
from Roche Diagnostics (Indianapolis, IN). EMD Chemicals, Inc. (Gibbstown, NJ) was the
source of HPLC-grade water and trifluoroacetic acid (TFAA), while HPLC-grade
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acetonitrile (ACN), chloroform, and N,N-dimethylformamide were acquired from
Mallinckrodt Baker (Phillipsburg, NJ).

Blood Serum Samples
Blood samples were collected from healthy women (control samples), or from patients
diagnosed with late-stage recurrent OC who were enrolled in an experimental clinical trial
using docetaxel in combination with imatinib mesylate.42 The patient samples were
collected using standard operating procedures at two time points: before receiving a first
round of the treatment (baseline) and prior to the beginning of the second cycle.42 Blood
was collected into sterile Vacutainer tubes and allowed to clot for 30 min at the ambient
temperature. The serum layer was removed, centrifuged, aliquoted, and stored at -80° C until
its use. Blood collection was approved through institutional review board-approved clinical
protocols (HOG-Breast120 and HOG-Gyn062).

Isolation of IgG
The Agilent Multiple Affinity Removal System (MARS) column (Agilent Technologies,
Palo Alto, CA) was utilized in this study to isolate immunoglobulin G (IgG), along with
albumin, from the blood serum samples. Aliquots of blood serum (20 μl) were first diluted
to 200 μl using a proprietary buffer recommended by the manufacturer (buffer A) and
filtered using low-retention 0.22 μm cellulose acetate filters to remove any insoluble
particles. The samples were next injected onto the column at flow rate of 0.25 ml/min and
the flow-through fractions containing the albumin- and IgG- depleted blood serum were
collected. The bound proteins (albumin and IgG) were subsequently eluted from the column
using the proprietary buffer B at a flow-rate of 1.0 ml/min and this fraction was also
collected. Each sample was then desalted and buffer-exchanged into 10 mM sodium
phosphate solution (pH = 7.5) using 5 kDa molecular-weight cut-off spin filters (Agilent
Technologies, Palo Alto, CA). The protein concentration of each fraction was estimated
against bovine serum albumin by a bicinchoninic acid (BCA) test (Thermo Fisher Scientific,
Rockford, IL).

PNGase F Digestion, Solid-phase Extraction, and Reduction
Aliquots of blood-serum proteins (5 μl of blood serum or a total of 50 μg of albumin and
IgG) were diluted to 25 μl with a buffer composed of 10 mM sodium phosphate (pH = 7.5)
containing 0.1% β-mercaptoethanol, and 0.1% SDS. The samples were denatured and their
disulfide bonds were reduced by incubating the samples at 60° C for 60 min. After allowing
the samples to cool to the ambient room temperature, a 2.5-μl aliquot of 10% Nonidet P-40,
a non-ionic, non-denaturing detergent, was added and allowed to equilibrate for 5-10 min to
ensure that the SDS molecules had been sufficiently partitioned into the surfactant micelles.
The N-linked glycans were liberated from their protein backbones by adding 5 mU of
PNGase F and incubating the samples for 18 hrs at 37° C.

Following the digestion, the released glycans were isolated from the digestion-buffer
components and deglycosylated proteins by employing graphite micro-spin columns. The
medium was first conditioned with three 300-μl aliquots of a solution composed of 85%/
15%/0.1% ACN/water/TFAA (solution B), then re-equilibrated with three 300-μl aliquots of
a solution composed of 5%/95%/0.1% ACN/water/TFAA (solution A). The samples were
first diluted to 250 l with solution A, then loaded onto the graphite medium, centrifuged, and
reapplied to the same material a second time, and centrifuged again. The medium then was
washed twice with 200-μl aliquots of solution A. Next, the glycans were eluted using two
200-μl aliquots of a solution consisting of 25%/75%/0.1% ACN/water/TFAA (solution C).
Each sample was then fractionated into two equal aliquots and dried completely using a
vacuum centrifuge. (The IgG samples were not fractionated; they were only dried.)
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After being completely dried, the glycan samples were reduced to their alditol forms by
adding a 10-μl aliquot of an aqueous 10 mg/ml solution of ammonia-borane complex and
incubating the samples for 60 min at 60° C. After allowing the samples to cool to the
ambient temperature, excess ammonia-borane complex was disrupted by the addition of
three 1-μl aliquots of glacial acetic acid, added over a 3-hour time period. The samples were
then dried under vacuum and borate salts were removed as their methyl esters by the
addition of three 100-μl aliquots of methanol, followed by drying under vacuum.

Exoglycosidase Digestion
The exoglycosidase digestions required a re-release of the glycans from their respective
proteins, as previously described in this communication. These samples were also purified
with graphite spin columns. However, following the loading of the samples onto the medium
and a thorough washing with solution A, any neutral structures were eluted with two 200-μl
aliquots of a solution composed of 25%/75% ACN/water (no acid was included). Following
this elution step, a further elution of the acidic structures was performed, as previously
described. The elution of the neutral oligosaccharides was deemed necessary, since
structures generated by the exoglycosidase digestion were also attached to IgG (for example,
the glycan present at an m/z value of 1851.96, a core-fucosylated, a-galactosylated bi-
antennary glycan). After drying, the samples were reconstituted in a 10-μl aliquot of a 10-
mM sodium acetate buffer (pH = 5.5). To determine the location of a fucose unit, which
could be located on either the chitobiose core of the glycan or on an outer arm, a non-
specific sialidase, capable of removing both α2,3- and α2,6- linked sialic acids, (5 mU) and a
β1-4,6 galactosidase (0.05 U) were added and the samples were incubated for 36 hrs at 37°
C. Following the digestion, the samples were dried under vacuum and permethylated.

Solid-phase Permethylation
The N-linked glycans from each analysis (total N-linked, exoglycosidase digestions, or IgG)
were permethylated statically in N,N-dimethylformamide (DMF), according to our
previously published protocol.30 Briefly, microscale spin-column reactors were prepared by
first loading the empty spin-columns (Harvard Apparatus, Hollister, MA) with sodium
hydroxide beads that were suspended in ACN. The reactors were then thoroughly washed
with DMF. Concurrently, the dried N-linked glycan samples were resuspended in a reaction
solution consisting of 70 μl of DMF, 25 μl of methyl iodide, and 5 μl of water. The samples
were then applied to each reactor and incubated for 15 min at room temperature. Next, the
samples were centrifuged at a low speed and a second 25-μl aliquot of methyl iodide was
added. Subsequently, the reaction solutions were reapplied to the reactors for a second 15-
min period, after which time, they were collected by centrifugation. The permethylated
structures were recovered from the reaction solution by a liquid/liquid extraction procedure
using chloroform and repeatedly washed with a 0.5 M NaCl solution and HPLC-grade
water. Following the extraction, the chloroform layer containing the permethylated N-linked
glycans was dried in a vacuum centrifuge.

MALDI-TOF Mass-spectrometric Analysis
Prior to their MALDI MS analyses, the samples were reconstituted in a 5-μl aliquot of an
80%/20% water/methanol solution. A 0.5-μl aliquot of each sample was spotted on a
standard MALDI plate and allowed to dry. Subsequently, a 0.5-μl aliquot of the matrix
solution, 2,5-DHB prepared at a concentration of 10 mg/ml in a 50%/50% water/methanol
solution and supplemented with 1 mM of sodium acetate, was spotted and dried under
vacuum, resulting in a uniform layer of thin, fine crystals. Each sample was spotted in
triplicate. The samples were interrogated automatically in a “batch mode” by an Applied
Biosystems 4800 MALDI-TOF/TOF mass spectrometer (Forster City, California), operated
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in its positive-ion mode, monitoring the m/z range spanning from 1500 to 5000. A total of
5,000 laser shots were acquired for each sample spot.

Data Processing and Statistical Analysis
The resulting MALDI MS spectra were base-line corrected, a noise filter was applied, and
exported as text files using Data Explorer (version 4.0), a software tool included with the
instrumental software package. The data were then normalized by expressing the intensity of
each glycan ion as a percent of the total intensity for all glycans included in this study. (For
a list of these glycans, see Table 1.) Following normalization, the three spectra for each
sample were averaged, and then subjected to a battery of statistical tests. The “diagnostic
potential” of the individual glycans was assessed by first performing a one-way analysis-of-
variance (ANOVA) using Microsoft Excel. Glycomic data resulting in statistically-
significant p-values (less than 0.05) were further processed by the receiver-operator
characteristics (ROC) test using Origin 8.5 (OriginLab Corporation, Northampton, MA). In
this test, the true-positive rate, also called the “sensitivity,” was plotted against the false-
positive rate, or the “1-specificity.” The resulting area-under-the-curve (AUC) value ranged
from 0-1, where 0 was a perfectly negative test for the condition and 1 was a perfectly
positive test. Using a slight modification to the arbitrary guidelines proposed by Swets,45 the
significance of the remaining AUC values was assigned. Using these recommendations, if
the AUC value was greater than 0.9 (indicating a “positive” test) or less than 0.1 (suggesting
a “negative” test), the tests were considered “highly accurate,” while values between 0.8-0.9
or 0.1-0.2 were deemed “accurate.” When the AUC value was between 0.7-0.8 or between
0.2-0.3, the test was concluded to be “moderately accurate.” An “uninformative” test
resulted in an AUC value that was between 0.5 and 0.7 or between 0.3 and 0.5.

Results
Serum samples were provided by healthy, control individuals (N = 20) and patients with
late-stage recurrent OC (N = 19, baseline) and prior to the second cycle (N = 11).42 Many of
the patients demonstrated increased tumor burden during the treatment course, ultimately
leading to a discontinuation of the treatment.42 Reasoning that the trends observed between
the control samples and those provided before the treatment should be accentuated in the
patients following the treatment, the post-treatment samples were included in this study to
evaluate the hypothesis that glycomic methods could be helpful in monitoring disease
progression. The serum samples were subjected to a battery of glycomic tests, based on a
combination of quantitative solid-phase permethylation and MALDI MS analysis. These
tests included a comprehensive N-linked glycomic analysis to determine which subclasses of
glycans (for example, fucosylated and sialylated or sialylated-only) and which specific
glycans were altered in their relative abundances between the different sample sets. An
analysis of the IgG-associated glycans was also performed, in addition to a study utilizing a
non-specific sialidase and a β1-4,6 galactosidase to examine potential changes in the
abundances of the possible locations of fucose units in the glycans of the pathological
sample sets. The resulting data for each experiment were compared using a series of
statistical measurements to evaluate the significance of any alterations between the different
sample sets, which could indicate the overall state-of-health of an individual.

In any study of a comparative nature, several analytical figures-of-merit need to be
considered. Perhaps most importantly, these are the reproducibility and repeatability of the
methods employed. Through the development of our permethylation methodology employed
in this study, we have previously refined our approach to result in average relative standard
deviations for the glycans derived from blood-serum glycoproteins to be approximately
5%,30 a value which seems to be suitable for disease-related glycomic comparisons.
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N-linked Glycomic Analyses
The N-linked glycomic analyses of serum samples resulted in the detection of nearly 50
distinct mass signals that corresponded to the generally recognized glycan structures (for a
list of the oligosaccharides detected in this study, see Table 1.) Many of the individual
signals observed may be the compilation of a mixture of isomeric structures; for example,
the signal observed at an m/z value of 3792.9 can be due to triantennary trisialylated
structures with either core or outer-arm fucosylation. This type of positional isomer does not
alter the overall level of branching. However, isomers that result from the different locations
of a GlcNAc residue, being located on the α1,3 or the α1,6 branched mannose of the core, or
linked in a β1-4 manner to the core mannose, yielding the so-called “bisecting” structures,
that will resulting in carbohydrates with differing levels of branching (for example a
triantennary glycan or a bisected biantennary oligosaccharide.) Such possibilities could
result in some problems with assigning a definitive structure to a given m/z value. To
address this issue, our laboratory, in the past, has conducted extensive studies based on
exoglycosidase digestions, capillary electrophoretic separations, and high- and low-energy
collision-induced dissociation tandem MS experiments to confirm the nature of the structure
observed at a given m/z value.

The observed MS peaks were associated with high-mannose type glycans, various neutral
structures (both fucosylated and a-fucosylated), bisecting oligosaccharides, fucosylated and
sialylated glycans, and sialylated-only analytes. These types of oligosaccharides can be seen
as a profile in in Figure 1a and b, which presents a representative MALDI mass spectrum for
the N-linked glycomic profile acquired for a control individual and an OC patient,
respectively. In general, a comparison of these types of spectra for the different sample sets
indicated that they appeared to be quite similar in the relative intensities of many of the
more intense ions. (Compare Figure 1a and b.) However, several structures producing lower
ion signals seemed to be capable of distinguishing the different states-of-health. Several of
these key oligosaccharides appeared in the higher end of the mass range (see the insets of
Figure 1a and b), where many of the tri- and tetra-antennary structures, with varying degrees
of sialylation and fucosylation, were detected. While these higher-mass analytes were barely
detectable in control sample (Figure 1a), their levels were significantly elevated in the
baseline samples from OC patients (Figure 1b). Interestingly, many of these structures
appear to be further increased in their intensities in the samples provided by the patients
following the first cycle of experimental treatment (data not shown).

Analysis of Different Glycan Subclasses
As an initial test to identify potential differences between the different sample sets, the pool
of approximately 50 structures was divided into specific subclasses based on characteristic
structural features. These subclasses included glycans that were bisecting, neutral
fucosylated, sialylated and fucosylated, sialylated-only, tri-antennary, and tetra-antennary
structures. After summing the normalized intensities of each subclass’ constituents and
performing the statistical analyses on these resulting values, only the bisecting, sialylated
and fucosylated, tri-antennary, and tetra-antennary subclasses passed both statistical criteria
(p-values less than 0.05 and AUC scores that were at least moderately accurate) when the
control samples were compared to the baseline OC samples. The bisecting, tri- and tetra-
antennary subclasses appeared to be further altered in their relative intensities when the
baseline ovarian cancer samples were compared to the post-treatment cohort. The
comparisons for these subclasses are displayed as the notched-box plots in Figure 2a-d,
respectively.

As shown in Figure 2a, a decrease in the relative abundance of the bisecting structures
appeared to be associated with late-stage recurrent ovarian cancer, which is further
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supported by a p-value of 0.00216 and an AUC score of 0.224, a moderately accurate result.
While such statistical comparisons could be viewed as somewhat debatable, there seemed to
be a further trend in the suppression of these structures in the samples collected following
the first cycle of the trial treatment. Further studies using a larger number of specimens or
techniques that specifically target these types of structures need to be undertaken to verify
this class of glycans as a potential indicator of cancer progression. It will be also important
to understand the effects of the drug combinations on the various glycosyltransferases and
acute-phase proteins synthesized and secreted by the liver.

The opposite trend was observed for the sialylated and fucosylated subclass, which can be
seen in Figure 2b. These types of glycans appeared to be increased in their relative
abundance in the baseline ovarian cancer samples. The data collected for this subclass
produced a p-value of 0.0101 and a moderately accurate AUC score of 0.726, when this
sample set was compared to the control specimens. Interestingly, these types of glycans did
not appear to be further elevated in post-experimental treatment samples.

Additionally, the tri-antennary glycans (given as Figure 2c) also appeared to be increased in
their relative abundance in the baseline serum OC samples, and further elevated in the
samples following the experimental treatment. The p-value associated with this class was
determined to be 0.00184 and the calculated AUC score was 0.747, classified as moderately
accurate, when the control samples were compared to the baseline set of samples. When the
baseline pool was compared to the post-experimental treatment samples, a p-value of 0.0165
was calculated and the AUC score was determined to be 0.710, indicating these types of
glycans could potentially be used to follow disease progression, though further more
detailed studies may need to be conducted to verify the validity of these results.

As suggested by the representative MALDI mass spectra presented as Figure 1a and b, the
tetra-antennary subclass was significantly elevated in its relative abundance in the larger
groups of the pathological samples (see Figure 2d). In the control cohort, these structures
contributed only about 0.13% to the total normalized intensity, while in the baseline ovarian
cancer sample set, this value was 0.45% and was further increased to 0.88% in the post-
experimental treatment sample set. The data collected for these types of structures resulted
in a p-value of 2.49 × 10-5 and an AUC score of 0.955 (highly accurate) when the baseline
ovarian cancer samples were compared to the control pool. However, the samples collected
following the first cycle of the experimental treatment resulted in a wide spread of the data,
and while the p-value was acceptable at 0.00938, the AUC score was only 0.695. This value
is just outside the cut-off for a moderately accurate test and was therefore classified as
uninformative when this set of samples was compared to the baseline ovarian cancer cohort.
However, these results suggest that a more targeted monitoring of these types of structures at
least shows potential to track disease progression.

Analysis of Specific Structures
A more detailed examination of the mass-spectral data indicated that a total of 15 structures
were altered in their expression levels between the control samples and the baseline ovarian
cancer set. The results for the statistical comparisons are listed in Table 1. The data for five
glycans produced p-values that were less than 0.05 and AUC figures that were moderately
accurate, while 10 others resulted in acceptable p-values and accurate or highly accurate
AUC scores. From these ten structures, two were neutral, fucosylated biantennary
oligosaccharides possessing one or two galactose units and were observed at m/z values of
2056.03 and 2260.16, respectively. Both of these oligosaccharides appeared to be
suppressed in their abundance levels in the baseline pathological samples, when compared to
the control samples, with their p-values both being in the 10-4 range and their associated
AUC scores which were both deemed to be accurate at 0.166 and 0.150, respectively.
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However, these structures did not appear to be different between the baseline ovarian cancer
samples and those collected following the experimental treatment. These two structures
were also observed in the analysis of the IgG-associated glycans and their normalized
relative intensities were similarly determined to be suppressed in both pathological sample
sets in this study.

The remaining eight glycans were all tri- or tetra-branched structures with varying levels of
sialylation and fucosylation. Each of these structures was increased in their relative
abundance in the baseline ovarian cancer samples. For the tri-antennary structures,
fucosylation appeared to be a key feature (refer to Figure 3a and b) in determining the
altered abundance levels in these pathological samples. Neither of the a-fucosylated, tri-
antennary structures (present at m/z values of 3257.65 and 3618.82 for bi- and tri-sialylated
oligosaccharides, respectively) appeared to be significantly changed in their expression
levels between the different sample sets. This was highlighted by the structure present at an
m/z value of 3618.82, shown as Figure 3a, which resulted in average normalized intensities
of 3.23% in the control samples, 3.74% in the baseline ovarian cancer samples, and 4.91%
in the samples collected following the first cycle of the experimental treatment. A statistical
comparison of the data associated with this structure produced p-values that were greater
than 0.05, indicating that the apparently increased abundance levels in the baseline
pathological sample set was not a reliable indicator of an individual's state-of-health, nor
could it accurately reflect disease progression or regression. Further comparisons between
the pre- and post- experimental treatment samples did not produce satisfactory statistical
figures. (Refer to Table 1.)

The presence of a fucose moiety seemed to result in increased normalized abundances in the
pre- and post- experimental treatment sample sets for the fucosylated, di- and tri-sialylated,
tri-antennary glycans (observed at m/z values of 3431.71 and 3792.91, respectively). This
finding was exemplified by the structure producing an ion observed at an m/z value of
3792.91, as is demonstrated in Figure 3b. This particular glycan accounted for an average
normalized intensity of about 0.66% in the control samples and was responsible for about
1.8% of the total intensity in the baseline ovarian cancer samples. This oligosaccharide was
further elevated in its abundance in the samples obtained following the first cycle of the
experimental therapy and contributed about 2.8% to the total intensity in this sample set.
Further evidence supporting these increased abundances was provided by the statistical
calculations, which resulted in a p-value of 3.42 × 10-5 and an AUC score of 0.887, when
the baseline ovarian cancer samples were compared to the control cohort. When the post-
experimental treatment samples were compared to the baseline ovarian cancer samples, a p-
value of 0.0143 was determined and an AUC value of 0.775 was returned, indicating this
structure could be a key analyte to monitor the disease progression.

A total of six tetra-antennary structures were observed in this study and appeared to be key
oligosaccharides in differentiating the different states-of-health. Three of these glycans were
sialylated-only, featuring two, three, or four sialic acid units and were present in the MALDI
spectra at m/z values of 3706.86, 4068.04, and 4430.03 respectively. The remaining tetra-
branched structures were fucosylated and also possessed two, three, or four sialic acids that
were recorded at m/z values of 3880.97, 4243.13, and 4603.32, respectively. All six of these
highly-branched structures were observed at very low intensities in the control samples,
oftentimes barely detectable. However, many of them appeared to be significantly elevated
in their abundance levels in the baseline ovarian cancer samples, and were further increased
in their expressions in the samples obtained following the first cycle of the experimental
treatment. This trend was demonstrated for the a-fucosylated, tetra-antennary tetra-sialylated
glycan (observed at an m/z value of 4428.22), the analogue of which produced the most
intense average signal among the a-fucosylated tetra-branched structures, as can be seen in
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Figure 4a. This oligosaccharide contributed only 0.038% of the normalized intensity in the
control pool and was not present in many of these samples. However, this structure
accounted for 0.17% and 0.38% of the normalized intensities in the baseline ovarian cancer
and post-experimental treatment cohorts, respectively. A statistical comparison of the data
for this structure between the control samples and baseline ovarian cancer pool generated a
p-value of 4.29 × 10-4 and an AUC score of 0.895, suggesting a high probability of this
analyte to accurately predict presence of the pathological condition. Similarly, the statistical
evaluation for this structure between pre-experimental treatment samples and those collected
following the experimental therapy resulted in a p-value of 0.0149 and a moderately
accurate AUC score of 0.713, which may allow the progression of the pathological condition
to be followed. The statistical calculations for the bi- and tri-sialylated versions of this
glycan also indicated a diagnostic potential to distinguish the control sample set from the
ovarian cancer samples, based on p-values between 10-4 and 10-5 and accurate AUC scores.
While the p-values were acceptable for the comparison between baseline ovarian cancer and
the post-experimental treatment samples, only the information pertaining to the di-sialylated
structure generated an adequate AUC score and was determined to be moderately accurate.

Similarly to the tri-antennary structures, fucosylated tetra-antennary analytes were detected
with elevated abundance levels in the baseline ovarian cancer samples and their abundances
could be possibly correlated with the progression of the disease. This finding was reflected
by the fucosylated tetra-antennary tetra-sialylated structure (recorded at an m/z value of
4603.32), representing an oligosaccharide that was present at very low intensities in the
control samples, contributing only 0.015% to the total intensity. However, its abundance
was increased to 0.083% and 0.172% of the normalized intensity in the baseline ovarian
cancer samples and post-experimental treatment samples, respectively, as shown in Figure
4b. Further statistical analyses for this glycan added additional support for the observed
increased expression levels; a p-value of 0.00181 and an AUC score of 0.979 were
calculated when the control samples were compared to the baseline ovarian cancer set. The
comparison demonstrating the progression of the disease resulted in a p-value of 0.0498 and
an AUC value of 0.766. The other fucosylated tetra-antennary structures also seemed
capable of distinguishing the control samples from the baseline ovarian cancer cohort. A
statistical comparison between these sample sets for these analytes (observed at m/z values
of 3882.97 and 4243.13) resulted in p-values less than 0.05 and accurate or highly accurate
AUC scores. However, a comparison between baseline ovarian cancer samples and those
acquired following the first cycle of the experimental treatment resulted in p-values greater
than 0.05, indicating a limited potential for these incompletely-sialylated structures to follow
disease progression.

Glycomic Analysis of IgG
IgG was co-isolated with albumin from blood serum samples using an Agilent albumin/IgG
depletion column. While the glycans associated with IgG were observed in the conventional
glycomic profiles, the possibility also existed that many of these structures may be
associated with other proteins, hindering a more definitive analysis of the glycomic changes
associated only with IgG. Therefore, a more reliable understanding of the possible glycomic
alterations associated with this protein required its isolation from the remaining
glycoproteins present in blood serum samples.

In the circulatory system, one of the primary roles of serum albumin is to function as a
“transporter” of various small and macromolecular entities. To ensure that the observed
glycans originated only from IgG and that the contributions from glycoproteins potentially
complexed with albumin were minimal, a total of eight samples, chosen at random, were
subjected to a tryptic digestion procedure and subsequently separated by nano-flow LC and
detected and characterized by a Thermo LTQ-FT MS instrument. Based on our label-free
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quantitation method,46 more than 99.5% of the total signal observed in these runs were
associated with albumin and IgG. On average, 32.5 peptides were observed for albumin,
while about 8 peptides in each analysis were associated with IgG. Only an average of 0.5
peptides were observed from other proteins; these were all associated with tax1-binding
protein 1. Therefore, we are confident that the particular glycans of interest in this part of the
study (primarily neutral structures with varying degrees of galactosylation, as discussed
later), originate only from IgG. Supplementary Table 1 presents the results of these runs,
along with further details concerning data-base searching.

In total, 28 ions corresponding to known glycan structures were observed in the analysis of
the IgG glycans. From this larger pool, 20 structures were neutral and could be further
classified into high-mannose type structures (five were observed), galactosylated (nine of
these structures were observed) and a-galactosylated (six of this type were detected). The
remaining eight oligosaccharides were sialylated. In total, 13 different oligosaccharides
possessed a fucose monosaccharide and these types of structures were sialylated,
galactosylated, or a-galactosylated. Representative MALDI mass spectra for a control
individual, a woman with late-stage OC prior to receiving the experimental treatment and
following the first round of the experimental therapy, are presented as Figure 5a-c, showing
many of these types of glycans.

When the baseline ovarian cancer sample set was compared to the control cohort, 10
structures passed both criteria (a p-value less than 0.05 and an AUC score that was at least
moderately accurate). Six of these structures were galactosylated, three glycans were a-
galactosylated, and one oligosaccharide was sialylated. The information collected for three
of these 10 structures resulted in AUC values that were accurate or highly accurate, while
the remaining seven were determined to be moderately accurate. None of these glycans
associated with IgG appeared to be significantly altered when the baseline ovarian cancer
samples were compared to those collected following the first cycle of the experimental
treatment. Table 2 summarizes the statistical figures for the IgG glycans and includes
average normalized intensities, p-values, and AUC scores.

Interestingly, no significant differences in the level of fucosylation were observed between
the various sample types. Rather, for IgG-associated glycans, the presence (or lack thereof)
of galactose residues appeared to be the more important factor for determining alterations in
the relative intensity levels of glycans between the different sample sets. In this study, a total
of nine galactosylated structures were detected and five of these oligosaccharides were
statistically verified to be decreased in their relative abundances in the pathological sample
sets (relative to the control samples). However, these structures appeared at similar
abundances in both pre- and post- experimental treatment sample sets.

Further evidence of a significant decrease in the level of galactosylated glycans was
observed by summing the normalized intensities of the nine members of this subclass. After
performing this procedure, an average value of 49.9% was associated with these structures
in the control pool, while only 39.4% of the normalized intensity was contributed by these
glycans in the baseline ovarian cancer samples. Interestingly, this value was further
decreased to 34.0% in the patients following the experimental treatment for the pathological
condition. These decreases were shown to be statistically relevant, as based on a p-value of
2.92 × 10-6 and an AUC score of 0.124 when the control samples were compared to the
baseline ovarian cancer set. When the baseline ovarian cancer and post-experimental
treatment samples were compared, a p-value of 0.0228 was calculated and an AUC score of
0.220 was calculated. The results of these comparisons are presented as Figure 6a.
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Among the glycans that contributed the most to the decreased expression levels were those
that were observed at m/z values of 2056.03 and 2260.16, and are shown as Figure 6b-c,
respectively. These structures are both neutral fucosylated bi-antennary glycans with one or
two galactose units, respectively. In the control samples, these structures contributed 30.0%
and 10.6% to the total ion intensity, while in the baseline ovarian cancer samples, these
values were 24.4% and 6.81%, respectively. These figures for the specific glycans were
approximately the same in the samples that were provided by the women following the
experimental treatment. The data collected for these structures resulted in p-values in the
10-4-10-5 range and accurate AUC values, when the baseline ovarian cancer patients were
compared to the control group of women. However, since the information collected for these
glycans resulted in p-values greater than 0.05, when the baseline ovarian cancer samples
were compared to those collected following the first cycle of the experimental treatment, it
appears that these structures could not be used to follow the disease progression.

Conversely, the level of a-galactosylated glycans appeared to be increased in their relative
abundances in the baseline ovarian cancer samples, as shown in Figure 6d. Four of these
types of glycans were observed, however, only two passed both statistical tests and the
resulting AUC scores were determined to be moderately accurate. To determine the changes
associated with all four structures, their normalized intensity values were summed and
statistically compared. This procedure demonstrated that 34.3% of the total signal was
associated with these structures in the control sample set, while these oligosaccharides were
responsible for 44.5% of the total signal in the baseline ovarian cancer samples. This value
was about 39.5% for those samples obtained from the patients following the first cycle of
the experimental treatment. The increased values between the control samples and baseline
ovarian cancer appeared to be statistically significant, based on a p-value of 1.00 × 10-3 and
an AUC score of 0.768, while the apparent decrease between the baseline ovarian cancer
samples and those collected following the first cycle of the experimental therapy was
determined to be insignificant.

The core-fucosylated, a-galactosylated biantennary structure was a representative glycan of
this class that demonstrated an increased abundance of a-galactosylated structures in the
pathological samples. In the control cohort, this structure contributed 28.7% to the total ion
intensity, while in the baseline ovarian cancer samples, this glycan contributed 36.2% and
was approximately the same in the samples provided by the women following the
experimental treatment for the disease. The observed increased expression level between the
control and baseline ovarian cancer samples was statistically supported by a p-value in the
10-3 range and a moderately accurate AUC score. Because of the very similar abundances of
this oligosaccharide in both sets of pathological sample types, the information collected for
this structure did not provide a reliable p-value. Figure 6e presents the notched-box plots
comparing the normalized intensities of this structure for each state-of-health.

Analysis of Fucosylated Structures
The levels of fucosylation have been shown to be elevated in a number of
cancers22,23,26,27,29,31,32 and some evidence indicates increased fucosylation occurs in
ovarian cancer as well.23 Moreover, changes in the abundances of the location of the fucose
unit may also be important in cancer progression, since this monosaccharide is important in
sialyl Lewis epitopes. To understand in more detail the abundances of fucose units in its
different locations (either on the reducing terminal GlcNAc of the chitobiose core or on an
outer-arm), the previously-released glycan samples were subjected to an exoglycosidase
digestion using a non-specific sialidase and a β1-4,6 galactosidase. During this digestion,
fucose monosaccharides located on an outer-arm inhibit the action of the β-galactosidase,
leaving the galactose attached to its GlcNAc. Therefore, two isomeric structures that
differed only in the location of a fucose moiety will acquire different molecular masses as a

Alley et al. Page 12

J Proteome Res. Author manuscript; available in PMC 2013 April 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



result of the digestion procedure. This mass difference is observable by MALDI MS and
allows changes in the ratios of core- to outer-arm fucosylation to be monitored.

Following the exoglycosidase digestion and subsequent permethylation and mass-spectral
interrogation, a total of 11 distinct m/z values were observed that could be correlated to
products of the digestion procedure. Three a-fucosylated products were observed, which
were determined to be bi-, tri-, and tetra-antennary features, while their three core- and
outer-arm fucosylated analogues were also seen. Additionally, signals were observed that
could be associated with tri- and tetra-antennary doubly-fucosylated (both core and outer-
arm) structures.

The data collected for two structures were observed to be elevated in the baseline ovarian
cancer samples relative to the control set, as is shown in Figure 7a-b. These two ions were
detected at m/z values of 2301.18 and 2546.31, i.e. the masses which corresponded to tri-
and tetra-branched structures possessing an outer-arm fucose unit. However, the abundance
levels of both of these structures appeared to be approximately equal in the baseline cancer
and post-experimental treatment sample sets. In the control sample set, the ion observed at
an m/z value of 2301.18 (shown as Figure 7a) accounted for only 2.0% of the average
normalized intensity, while in the baseline ovarian cancer sample set, this structure
contributed on average nearly 4% to the total intensity. Further statistical testing resulted in
a p-value of 5.02 × 10-3 and an AUC score of 0.800. While an average intensity value of
nearly 5.0% was seen in the samples collected from the individuals following the first cycle
of the experimental treatment, any further elevated levels of this structure could not be
statistically supported.

Similar results were obtained for the ion recorded at an m/z value of 2546.31 (refer to Figure
7b). In the control sample set, this ion accounted for an average of 0.68% of the total
intensity and was responsible for nearly 1.3% of the total intensity in the baseline ovarian
cancer sample set. The statistical calculations for the comparison between these two cohorts
resulted in a p-value of 6.00 × 10-3 and an AUC score of 0.800. Similarly to the ion
observed at an m/z value of 2301.18, the ion appearing at an m/z value of 2530.31 seemed to
be further enhanced in its expression level in the samples provided by the women following
the experimental therapy, but once again, the comparison between the different pathological
sample sets did not meet the statistical criteria for significance.

The analysis of the products of the exoglycosidase digestions revealed that two core-
fucosylated structures, observed at m/z values of 1851.96 and 2097.08, which corresponded
to core-fucosylated bi- and tri-antennary structures, respectively, were suppressed in their
expression levels in the post-treatment sample cohort, when compared to the baseline
ovarian cancer sample set. This trend is depicted in Figure 7c-d. Interestingly, the abundance
levels of both of these structures did not appear to be different when the control sample set
was compared to the baseline ovarian cancer samples. The bi-antennary feature (see Figure
7c) accounted for average normalized intensity values of 10.9% and 9.5% in the control and
baseline ovarian cancer cohorts, respectively, and this structure contributed an average of
only 7.2% to the total intensity in the samples collected following the first cycle of the
experimental treatment. The subsequent statistical comparison between the pre- and post-
experimental treatment sample cohorts produced a p-value of 0.0100 and AUC score of
0.222.

The core-fucosylated tri-antennary digestion product (see Figure 7d) followed a similar
trend as the bi-antennary feature. This structure was associated with average normalized
intensity values of 4.1% and 3.8% in the control and the baseline ovarian cancer sample sets,
respectively, while a statistical evaluation of the data indicated that such a slight decrease
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was not significant. This particular structure contributed only an average normalized
intensity of 2.6% in the post-experimental treatment samples and when this group was
compared to the baseline ovarian cancer sample set, acceptable statistical figures were
calculated. For this comparison, the p-value was determined to be 0.0260, while the AUC
score was 0.217.

Discussion
In this study, microliter volumes of serum samples were sufficient for extracting meaningful
glycomic profiles. The samples were provided by healthy individuals and women with
recurrent OC and significant alterations in their glycomic profiles were identified.42 The
highly reproducible measurements were subjected to a battery of statistical evaluations to
determine the significance of any glycomic alterations between the various sample sets.
Each sample was analyzed by a “traditional” glycomic profiling experiment,43 as well as an
investigation of the glycans associated with IgG, and a more detailed assessment of the
location of fucose residues has also been added. Each of these tests demonstrated several
variations in their respective MALDI MS recordings of the oligosaccharide patterns that
could distinguish the various states-of-health.

Perhaps most notably, the N-linked glycomic profiles revealed increased expression levels
of the tri- and tetra-antennary oligosaccharides with varying degrees of sialylation and
fucosylation in the baseline samples provided by women diagnosed with ovarian cancer
before receiving the experimental treatment. This trend was oftentimes further accentuated
in the samples following the first cycle of the experimental treatment. Concomitantly, the
abundance levels of the bisecting structures were suppressed and could be tentatively
correlated with the progression of the pathological condition, while, conversely, the overall
level of fucosylation was increased in the samples provided by ovarian cancer patients. The
analysis of the IgG-associated glycans demonstrated an increased expression level of a-
galactosylated structures, while the galactosylated oligosaccharides generally appeared to be
suppressed in their abundances, which is in good agreement with a previous
(methodologically different) study of blood serum samples provided by patients diagnosed
with ovarian cancer.23 However, in this study, the total levels of both of these classes of
IgG-derived glycans were very similar in both the pre- and post- experimental treatment
sample sets. This study also demonstrates that the level of outer-arm fucosylation increases
due to the pathological condition, as also noted in the previous investigation using a
different analytical methodology.23 Interestingly, following the experimental treatment,
patients with advanced ovarian cancer appeared to feature lowered abundance levels of core
fucosylation.

While many of the patients enrolled in the experimental drug trial did not respond favorably
to the drug combination, resulting in cancer progression,42 which may be reflected in the
glycomic data presented here, the ability of the drug combination (imatinib and docetaxel) to
induce an apparent acute-phase protein response and alter glycosylation patterns is
unknown, and their combined effects on the liver cannot be discounted. However, when
different abundance levels of various glycans or their subclasses were observed, the trend
between the control samples and the baseline ovarian cancer samples were often accentuated
in the post-experimental treatment samples, at least partly suggesting a further progression
of the disease. Further experiments using these drugs in tandem conducted on liver cell lines
may provide some insight into their effects on the glycobiology of the liver.

The glycomic changes observed in this study most likely occurred due to the altered activity
of various glycosyltransferases. The mRNA expression levels of several of these enzymes
have been studied in both healthy ovarian and cancer tissues.47 According to this study, the
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transcripts encoding the gene for GlcNAc-transferase III (GnT III), which catalyzes the
addition of the “bisecting” GlcNAc, were elevated in the diseased tissue, along with those
for GlcNAc-transferases IV and V, the enzymes which create the tri- and tetra-antennary
structures.47 To confirm that the enhanced mRNA expression abundances resulted in
different oligosaccharides levels in the different tissues, the products of the
glycosyltransferase actions were quantitated by monitoring differential binding levels of
tissue-derived glycoproteins to various lectins. These studies indicated that the relative
abundances of the bisecting structures, tri- and tetra-antennary oligosaccharides, and the
highly-branched structures possessing a core-attached fucose were increased in the
pathological tissues. Further targeted glycoproteomic studies of blood serum revealed
increased levels of core fucosylation associated with the protein POSTN in samples
provided by women diagnosed with ovarian cancer.48 The core-fucosylated analogue of this
protein was only observed in the cancer patients; thus, this protein most likely originated
from the tumor cells after being released into the circulatory system.48

With the current state-of-the-art glycomic technology, it seems unlikely that alterations of
the carbohydrate patterns of proteins directly associated with the tumor, which are expected
to present in the serum at pg/ml concentrations,49 will be observed in whole serum
containing many glycoproteins present at low- to mid-mg/ml concentrations. Therefore, the
altered abundance levels of the glycans are observed in this work are most likely associated
with glycoproteins synthesized and secreted by the liver, whose glycosylation machinery is
oftentimes altered by various diseases, including various cancers and inflammatory
conditions.4 Altered glycosylation patterns have been demonstrated by stimulating the
hepatic cell line HuH-7 with interleukin 6,50 a signaling molecule also secreted by the
ovarian cancer cells. Following stimulation, increased levels of more highly-branched α1-
acid glycoprotein (AGP) were observed,51 which seems to suggest the increased levels of
tri- and tetra-branched structures observed in this study could be partly associated with
aberrantly glycosylated AGP. Additionally, increased branching and elevated levels of
fucosylation have also been reported for haptoglobin in the sera of patients diagnosed with
ovarian cancer,52-54 which may also partially explain the increased levels of the more
highly-branched structures observed in our work. These previous studies seem to hint that
increased abundances of the highly-branched oligosaccharides observed in this study may be
at least partly associated with an acute-phase response.

A rigorous evaluation of the changes in the oligosaccharide patterns associated with the
acute-phase glycoproteins and their abundances appears to be an important next step, since a
number of these types of analytes have been implicated to be altered in various diseases.
While haptoglobin is often observed to have increased levels of fucosylation associated with
its glycan chains in several different cancers,55-59 their degree of branching also appears to
be enhanced in several examples. A recent report demonstrated that increased levels of tri-
antennary structures were present in serum samples provided by the patients diagnosed with
prostate cancer and were not readily observable in control individuals or those with benign
prostate conditions.58 Interestingly, the same research group reported that haptoglobin did
not appear to be modified with increased levels of tri-branched structures in colorectal
cancer,59 indicating that there might be a certain level of specificity that is associated with
the glycan profiles associated with individual glycoproteins for different pathological
conditions. Increased abundances of tri- and tetra-branched structures and fucosylation of
glycans attached to haptoglobin have also been recently reported for lung cancer.55,56 Using
a complementary technique, increased levels of sialylation, which may suggest increased
branching, have also been observed for haptoglobin derived from the sera of lung cancer
patients and were found to be correlated to the stage of malignancy.60
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Increased branching has also been observed on other acute-phase proteins. Elevated levels of
fucosylated- and a-fucosylated-triantennary glycans and tetra-branched structures were
previously reported for transferrin in serum samples collected from hepatocellular
carcinoma patients and their levels significantly lower in control samples.61 Using an ultra-
sensitive fluorescence-based detection scheme, increased levels of tetra-antennary
oligosaccharides were detected on hemopexin purified from serum samples provided by
patients diagnosed with hepatocellular carcinoma.62 Hemopexin isolated from sera donated
by control individuals and those with confirmed cirrhosis did not exhibit this type of
structure.62

At the present time, the specific glycoproteins which are responsible for the increased levels
of tri- and tetra-antennary structures detected in this study remain unknown. However, an
active area of research in our laboratory is the development of suitable microscale methods
to study in more detail the classes of glycoproteins and, ultimately, the specific proteins that
feature the enhanced glycosylation patterns for OC and other pathological conditions.

The increased levels of tri- and tetra-antennary structures may also at least partially explain
the decreased abundances of the bisecting structures. The enzymes that catalyze the addition
of the bisecting GlcNAc (GnT III) and the addition of the third branching monosaccharide
(GnT IV) compete for the same substrate. Once becoming bisected, the action of GnT IV is
inhibited and, conversely, tri- and tetra-branched structures appear to inhibit the activity of
GnT III. Therefore, increased levels of tri- and tetra-antennary structures should correlate
with a decrease in the abundances of bisected glycans. Interestingly, in this study, the
bisected structures associated with IgG did not appear to be altered among the various
states-of-health; only in the N-linked profiles were these types of glycans lowered in their
abundances.

Even though the bisecting structures associated with IgG did not appear to be altered in the
different states-of-health, differences in the glycomic profiles provided by this protein were
observed. The main alteration to the IgG-associated profiles was a general increase in the
levels of a-galactosylated structures, most notably for the core-fucosylated, a-galactosylated
bi-antennary structure observed at an m/z value of 1851.96. A similar increase in the level of
this IgG-associated glycan has been previously reported for ovarian cancer24,63 and it
appears that this structure is also elevated in a number of diseases, including prostate
cancer,64 as well as rheumatoid arthritis.65 Therefore, elevated levels of this particular
structure may be associated more generally with chronic inflammation. Immunoglobulins
possessing this feature have been proposed as possible substrates for the mannose-binding
lectin (MBL). After binding, MBL may activate the complement factor response system.
Increased levels of these types of glycans associated with IgG may aid in this response
system.

A primary topic of investigation in our laboratory focuses on the specificity of the glycomic
changes associated with a particular cancer. Considering that late-stage cancer typically
induces an acute-phase response that mimics inflammation,4 where the levels of several
highly-abundant serum glycoproteins are increased in the concentrations (and a few
abundant glycoproteins, most notably transferrin, are decreased in their amounts), it may
seem logical that certain alterations may be shared among different cancers. This
observation was noted for a comparison between our previous serum-based analyses for
breast cancer patients29,30 and the present OC study, in which the patients enrolled in both
studies were approximately the same age. Perhaps most significantly, our data for both
pathological conditions indicates an increased abundance of fucosylated and sialylated
glycans in both ovarian and breast cancers.29,30 Interestingly, a fucosylated, tri-antennary
tri-sialylated structure was observed to be significantly elevated in both conditions,29,30
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indicating that its increased levels in pathological conditions is not specific to any given
cancer. This particular glycan was also observed to be increased in its relative abundance in
breast cancer blood serum samples in a study conducted by a different laboratory using
different detection methods.22 Additionally, this structure was also observed as elevated in a
breast cancer cell line and upon treatment with antibody drugs, its abundance level was
suppressed.66 This seems to hint that even though similar trends for some structures may
exist between different diseases, glycomic measurements based on mass spectrometry show
potential to track disease progression and regression.

However, a comparison of the results with our breast cancer studies29,30 to those presented
in this report indicate that alterations associated with certain classes of glycans did appear to
be unique to ovarian cancer, when compared to breast cancer. The glycomic testing of blood
serum samples provided by the patients diagnosed with breast cancer indicated that the
levels of the tri-antennary structures were decreased in their expression levels and their
abundances could be correlated to disease progression.29,30 The results of the present study
demonstrate that these types of structures were increased in their abundances in ovarian
cancer. Additionally, the glycomic studies of breast cancer reported that the amounts of total
sialylation decreased as the breast cancer progressed to its later stages.29,30 Even though the
trend could not be statistically confirmed for ovarian cancer, the total level of sialylation
appeared to be increased in its abundance level during its apparent progression in the
samples used in this study, perhaps due to the increased levels of tri- and tetra-branched
structures, which would provide additional locations for sialylation. Further, another class of
glycans that may potentially differentiate ovarian and breast cancers is the group composed
of the neutral fucosylated structures.30 In breast cancer, these types of glycans appeared to
be increased in their relative abundances, while patients diagnosed with ovarian cancer
tended to feature decreased expression levels of these carbohydrates. This finding was
significantly different in the later stages of breast cancer. Our breast cancer results also
showed a general increase in the bisecting class of glycans, which could be correlated with
disease progression, while the results presented here indicate that these types of structures
are actually decreased in their abundance levels and their levels may potentially be
associated with the progression of the disease. A comparison of these two studies seems to
indicate that the possibility exists that glycomic measurements may be capable of
distinguishing different disease states, though a more in-depth investigation is warranted.

Conclusions
In this study, serum samples were obtained from control individuals and patients with late-
stage recurrent ovarian cancer enrolled in an experimental therapeutic trial (before and after
first cycle of treatment). Each of these specimens was subjected to a battery of glycomic
tests, including a comprehensive N-linked glycomic analysis, an investigation of IgG-
associated glycans, and a more in-depth analysis of the location of the fucose units. The N-
linked glycomic analysis indicated a general increase in the level of tri- and tetra-antennary
structures with varying degrees of sialylation and fucosylation. A concomitant decrease in
the levels of the bisecting oligosaccharides was also observed in these profiles. The analysis
of the IgG-associated glycans demonstrated an increase in their abundance levels of a-
galactosylated structures in the cancer samples, which is in good agreement with previous
glycomic analyses of ovarian cancer patient sera. The levels of galactosylated
oligosaccharides derived from IgG appeared to be decreased in their expression levels in the
pathological samples. Using a non-specific sialidase and a β1-4,6 galactosidase, the location
of the fucose monosaccharides were monitored. In the cancer samples, outer-arm
fucosylation appeared to be the favored location. Interestingly, the levels of core-fucosylated
structures appeared to be decreased in their expression levels and this change was only
observed in samples following the experimental treatment. While these results were
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obtained from samples provided by women diagnosed with late-stage ovarian cancer, further
studies utilizing serum from women with stage I/II disease are warranted to determine if
changes in glycomic profiles or the abundance levels of various glycoproteins can be used
for early detection of OC.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A representative MALDI MS-based N-linked profile acquired for (a) a control individual,
the high-mass region of the spectrum collected for a control individual is shown as the inset;
(b) a baseline ovarian cancer patient, the inset depicts the high-mass region of the spectrum.
Symbols: blue square, N-acetylglucosamine; green circle, mannose; yellow circle, galactose;
purple diamond, N-acetylneuraminic acid; red triangle, fucose.
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Figure 2.
Notched-box plots depicting changes in the relative abundances of (a) the bisecting subclass
of glycans; (b) the fucosylated and sialylated oligosaccharide subclass; (c) the tri-antennary
subclass of carbohydrates; and (d) the tetra-antennary subclass of structures for the control
samples, baseline ovarian cancer samples, and the post-experimental treatment cohort. The
symbols are the same as those described in Figure 1.

Alley et al. Page 24

J Proteome Res. Author manuscript; available in PMC 2013 April 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Notched-box plots showing the relative abundances of (a) the tri-sialylated tri-antennary
structure (observed at an m/z value of 3618.82); and (b) the fucosylated tri-sialylated tri-
antennary oligosaccharide (observed at an m/z value of 3792.91). The symbols are the same
as those described in Figure 1.
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Figure 4.
Notched-box plots showing the relative abundances of (a) the tetra-sialylated tetra antennary
structure (observed at an m/z value of 4429.22); and (b) the fucosylated tetra-sialylated tetra-
antennary oligosaccharide (observed at an m/z value of 4603.32). The symbols are the same
as those described in Figure 1.
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Figure 5.
Representative MALDI MS-based profiles of IgG-associated glycans collected for (a) a
control individual; (b) a baseline ovarian cancer sample; and (c) a post-experimental
treatment sample. The symbols are the same as those described in Figure 1.
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Figure 6.
Notched-box plots demonstrating (a) the overall decreased abundance of galactosylated
structures in the baseline ovarian cancer and post-experimental treatment sample sets; (b)
the decreased abundance of the mono-galactosylated biantennary structure due to the
pathological condition; (c) the decrease level of the di-galactosylated glycan in the disease
samples; (d) the increased abundance of the a-galactosylated structures in the pathological
samples; and (d) the increased level of the core-fucosylated, a-galactosylated bi-antennary
structure in the samples associated with the baseline ovarian cancer samples and the post-
experimental treatment set. All of these subclasses and structures were derived from IgG.
The symbols are the same as those described in Figure 1.
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Figure 7.
Notched-box plots presenting changes in abundance levels of structures generated by the
exoglycosidase digestion of glycans using a non-specific sialidase and a β1-4,6
galactosidase. The increased levels of outer-arm fucosylation are shown in (a) for the tri-
antennary digestion product; and (b) for the tetra-antennary structure. Decreased levels of
core fucosylation in the post-experimental treatment samples were observed for (c) the bi-
antennary product; and (d) the tri-antennary structure. The symbols are the same as those
described in Figure 1.
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