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ABSTRACT

Aberrant glycosylation has been observed for decades in essentially all types of cancer, and is now well
established as an indicator of carcinogenesis. Mining the glycome for biomarkers, however, requires ana-
lytical methods that can rapidly separate, identify, and quantify isomeric glycans. We have developed a
rapid-throughput method for chromatographic glycan profiling using microfluidic chip-based nanoflow
liquid chromatography (nano-LC)/mass spectrometry. To demonstrate the utility of this method, we
analyzed and compared serum samples from epithelial ovarian cancer cases (n=46) and healthy control
individuals (n=48). Over 250 N-linked glycan compound peaks with over 100 distinct N-linked gly-
can compositions were identified. Statistical testing identified 26 potential glycan biomarkers based on
both compositional and structure-specific analyses. Using these results, an optimized model was created
incorporating the combined abundances of seven potential glycan biomarkers. The receiver operating
characteristic (ROC) curve of this optimized model had an area under the curve (AUC) of 0.96, indicating
robust discrimination between cancer cases and healthy controls. Rapid-throughput chromatographic
glycan profiling was found to be an effective platform for structure-specific biomarker discovery.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Glycosylation is an important determinant of protein function,
yet it is highly sensitive to its biochemical environment. Major
biological changes such as cancer have been repeatedly associated
with aberrant glycosylation in humans [1,2]. These alterations in
turn modulate many cancer-related processes, including apoptosis
[3,4], angiogenesis [5,6], growth factor receptor binding [7,8],
integrin-cadherin function [9,10], etc. The glycome, thus, serves as
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arich source of potential biomarkers for cancer and other diseases
[11].

Global profiling of human serum glycans has already identified
potential biomarkers for several types of cancer [12-24]. However,
many of these studies focus on compositional glycan profiling. In
contrast, structure-specific glycan profiling has the potential to
uncover more robust glycan biomarkers with higher specificity
than compositional profiling alone. For example, changes in the
glycosidic linkages of single monosaccharide residues have been
associated with Alzheimer’s disease and pancreatic cancer [25,26].
Additionally, since each glycan composition can comprise multi-
ple glycan structures, structure-specific glycan profiling provides a
significantly larger set of potential biomarkers [27,28].

In order to gain structure-specific information about the
glycome, analytical methods for isomer differentiation and char-
acterization must be applied. Tandem mass spectrometry has
historically been used to differentiate between certain targeted
glycan linkages [23,29,30]; however, this typically requires extra
derivatization steps (commonly, permethylation) to render gly-
cans amenable to analysis and furthermore provides only partial
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information about possible isomers. More recently, ion mobility
spectroscopy has been used to attain partial separation of glycan
isomers [22,31]. Chromatographic separation, however, has been
the most universally successful method of isomer-specific glycan
profiling to date [19-21,32-34].

Chromatographic glycan profiling utilizes isomer-sensitive sta-
tionary phases to chromatographically separate complex glycan
mixtures. In contrast to tandem MS-centric methods, chro-
matographic glycan profiling can be performed on native
glycans with minimal sample processing [19,35]. In particular,
MS/MS structural elucidation as well as linkage-specific gly-
cosidase digestions have previously shown chip-based porous
graphitized carbon (PGC) nano-LC to be highly effective at
separating isomeric oligosaccharides, glycans, and glycopep-
tides with high chromatographic resolution and retention time
reproducibility [36-40]. LC provides a second dimension of sep-
aration that complements our previously-developed strategy
for compositional glycan profiling by high-resolution MS. By
coupling together reproducible isomer-sensitive LC with accu-
rate mass MS, glycan isomers can be separated and rapidly
identified according to both retention time and exact mass
[33,34,36-38,41,42].

Chip-based nano-LC/MS has proven extremely effective for the
global separation of serum glycans [19,43]. Nano-LC/MS offers
significantly improved sensitivity over conventional LC/MS or
MALDI-MS [16,17]. In addition, nano-ESI generally produces lower
energy ions and therefore yields less in-source fragmentation
than MALDI. Integration of these features within a microflu-
idic chip vastly simplifies analysis while providing unparalleled
retention time reproducibility [19,44]. Coupling chip-based nano-
LC with a time-of-flight (TOF) MS detector imparts the added
benefits of high mass accuracy and dynamic range of detection
[45-48].

Some groups have previously reported that porous graphitized
carbon can separate not only glycan isomers, but also alpha and
beta anomers [34]. One common sample preparation technique
is to chemically reduce native N-glycans, removing the possi-
bility of anomerization and simplifying analysis of the resulting
chromatogram [33,34,41,43]. However, the high chromatographic
resolution and retention time reproducibility exhibited by the
chip-based nano-LC format enable a technological rather than
chemical solution to this problem - using a combination of accu-
rate mass and retention time, native glycan isomer peaks, including
anomers as well as regioisomers, may be easily compared and
quantified across many chromatographic runs [19]. Additionally,
analysis of native glycans sidesteps the additional sample handling,
extended sample cleanup, and inevitable chemical artifacts asso-
ciated with chemical derivatization strategies. As a result, native
glycans can be isolated and analyzed with less sample processing
and greater quantitative precision than reduced or otherwise-
derivatized glycans, making them the ideal analyte for biomarker
applications.

We have developed a rapid-throughput method for compre-
hensive, isomer-specific chromatographic profiling of native serum
glycans and applied it to glycan biomarker discovery. Chip-based
porous graphitized carbon nano-LC/MS was used to quickly sepa-
rate and quantify native, underivatized N-glycans. Serum samples
from epithelial ovarian cancer cases and healthy control individ-
uals were profiled and compared both by overall compositional
abundance and in relation to specific isomers. Statistical tests
were performed to detect significant differences in cancer cases vs.
healthy controls as well as determine the discriminatory power of
potential glycan biomarkers. Rapid-throughput chromatographic
glycan profiling was shown to be a powerful platform for glycan
biomarker discovery, providing rapid yet detailed characterization
and quantitation of large sample sets.

2. Materials and methods
2.1. Acquisition of human sera

Human sera were acquired from (a) Sigma-Aldrich, for method
development and reproducibility studies; and (b) the Gynecological
Oncology Group (GOG) tissue bank, for cancer biomarker studies.
All GOG sera, including both cancer cases and healthy controls, were
collected using a standardized protocol approved by the institu-
tional review board (IRB) of each participating institution.

GOG sera originated from females that had been diagnosed with
epithelial ovarian cancer (cancer cases, n=46) as well as normal,
healthy females (controls, n=48). There were four samples from
early stage cancer cases (Stage [, n=1; Stage II, n=3) and 42 from
late stage cancer cases (Stage III, n=34; Stage IV, n=8). As the num-
ber of early stage cancer cases was very limited, analysis by stage
was not performed in this biomarker discovery set. To minimize
potential confounding effects, epithelial ovarian cancer histology
was kept uniform (serous and papillary serous), and cases and con-
trols were age-matched by 5-year blocks (40-45, 46-50, 51-55,
56-60, and 61-65 years). Samples were blinded for processing,
analysis, and data extraction.

2.2. Enzymatic release of N-glycans

N-glycan release and associated processing steps were per-
formed according to previously published rapid-throughput
procedures developed by Kronewitter et al. [49]. To denature the
serum proteins and facilitate enzymatic N-glycan release, 50 L of
serum were added to an equal volume of aqueous 200 mM ammo-
nium bicarbonate and 10 mM dithiothreitol solution. The mixture
was thermally denatured by alternating between a 100 °C and 25 °C
water bath for six cycles of 20s each. Next, 2.0 wL (or 1000 U) of
peptide N-glycosidase F (New England Biolabs) were added and the
mixture was incubated in a microwave reactor (CEM Corporation)
for 10 min at 20 watts. Finally, 400 L of cold ethanol were added
and the mixture was chilled at -80°C for 1 h in order to precipitate
out the deglycosylated proteins. Following centrifugation, released
N-glycans were isolated in the supernatant fraction and dried in
vacuo.

2.3. N-glycan enrichment with graphitized carbon SPE

N-glycan enrichment was performed according to previously
published rapid-throughput procedures developed by Kronewitter
et al. [49]. Released N-glycans were purified by graphitized carbon
solid-phase extraction using an automated GX-274 ASPEC liquid
handler (Gilson). Graphitized carbon cartridges (150 mg, 4.0 mL,
Grace Davison) were washed with 3.0 mL of 80% acetonitrile and
0.10% trifluoroacetic acid (v/v) in water, followed by conditioning
with 6.0mL of pure water. Aqueous N-glycan solutions (200 L)
were loaded onto the cartridge and then washed with 7.0 mL of pure
water at a flow rate of approximately 1 mL/min in order to remove
salts and buffer. Serum N-glycans were eluted with 8.0 mL of 40%
acetonitrile and 0.05% trifluoroacetic acid (v/v) in water. Samples
were dried in vacuo.

2.4. Chromatographic separation and MS analysis of the serum
N-glycome

Samples were reconstituted in water and analyzed using an Agi-
lent HPLC-Chip/Time-of-Flight (Chip/TOF) MS system comprising
an autosampler (maintained at 6 °C), capillary pump, nano pump,
HPLC-Chip/MS interface, and the Agilent 6210 TOF MS detector.
The chip used consisted of a 9 x 0.075mm i.d. enrichment col-
umn and a 43 x 0.075 mm i.d. analytical column, both packed with
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5 wm porous graphitized carbon as the stationary phase, with an
integrated nano-ESI spray tip. For each sample, 1.0 L (correspond-
ing to 200 nL of serum) was loaded onto the enrichment column
and washed with a solution of 3.0% acetonitrile and 0.1% formic
acid (v/v) in water at 4.0 wL/min. A rapid glycan elution gradient
was delivered at 0.4 pL/min using solutions of (A) 3.0% acetoni-
trile and 0.1% formic acid (v/v) in water, and (B) 90.0% acetonitrile
and 0.1% formic acid (v/v) in water, at the following proportions
and time points: 5% to 32.8% B, Omin to 13.3 min; and 32.8% to
35.9% B, 13.3min to 16.5 min. Remaining non-glycan compounds
were flushed out with 100% B at 0.8 pL/min for 5 min. Finally, the
analytical column was re-equilibrated with 5% B at 0.8 wL/min for
10 min, while the enrichment column was re-equilibrated with 0%
B at 8 wL/min for 10 min. The drying gas temperature was set at
325°C with a flow rate of 4L/min (2 L of filtered nitrogen gas and
2 L of filtered dry compressed air).

MS spectra were acquired in positive ionization mode over a
mass range of m/z 600-2000 with an acquisition time of 1.5s per
spectrum. Mass correction was enabled using reference masses of
m/z 622.029, 922.010, 1221.991, and 1521.971 (ESI-TOF Calibrant
Mix G1969-85000, Agilent Technologies).

MS/MS spectra were acquired in the positive ionization mode
over a mass range of m/z 100-3000 with an acquisition time of
1.5s per spectrum. Following an MS scan, precursor compounds
were automatically selected for MS/MS analysis by the acquisition
software based on ion abundance and charge state (z=2, 3, or 4)
and isolated in the quadrupole with a mass bandpass FWHM (full
width at half maximum) of 1.3 m/z. Collision energies for CID frag-
mentation were calculated for each precursor compound based on
the following formula:

m/z
Veollision = 1.8V ( / ) —4.8V

100Da

where Vqyision 1S the potential difference across the collision cell.

Data for all 94 samples were acquired over a continuous period
of 55 h, at a rate of 35 min per run. To minimize possible bias due
to injection order and/or instrumental drift, samples were blinded
and injected in randomized order, using the same solvents, over
the course of a single instrument session.

3. Results and discussion
3.1. Nano-LC/MS method reproducibility

To supplement previous studies on the reproducibility of the
serum processing steps [49], the reproducibility of the nano-
LC/MS analysis was tested. N-glycans were released from a
commercially-bought serum standard. Fig. 1 shows overlaid total
ion chromatograms (TICs) of ten replicate injections from the
same serum N-glycan sample. In order to quantify the run-to run
reproducibility, TICs were analyzed by a computer algorithm in
which every single X-Y coordinate (n=628) of the TIC function
was compared to its corresponding X-Y coordinate in every other
TIC function (n=10), and the distance between each was recorded.
From this data, average errors in the X axis (retention time) and
the Y axis (intensity) were calculated. Average retention time error
was only 1.67s+0.06s, while average peak intensity error was
2.43%+0.12%, representing a significant improvement over pre-
vious methods for chromatographic separation of N-glycans [19].
The propagated error resulting from combined uncertainties due
to serum processing [49] and nano-LC/MS analysis was calcu-
lated for statistically significant glycans (Table 1) and found to be
much lower (on average, 6.85%) than detected biological differ-
ences (i.e. fold change) between cancer cases and healthy controls.
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Fig. 1. Overlaid total ion chromatograms (TICs) for ten replicate injections of serum
N-glycans isolated from commercially-bought serum. Each injection corresponded
to 200 nL of serum.

Thus, the method was deemed appropriate for glycan profiling and
biomarker discovery applications.

3.2. Detection and identification of N-glycans

In order to obtain N-glycan profiles of each serum sample,
commercially-available computerized algorithms first extracted a
generalized list of compound peaks in the sample and then identi-
fied the N-glycan compositions by accurate mass.

Raw LC/MS data was filtered with a signal-to-noise ratio of 5.0
and parsed into a series of extracted ion chromatograms (XICs)
using the Molecular Feature Extractor algorithm included in the
MassHunter Qualitative Analysis software (Version B.03.01, Agi-
lent Technologies). Using expected isotopic distribution and charge
state information, XICs were combined to create extracted com-
pound chromatograms (ECCs) representing the summed signal
from all ion species associated with a single compound (e.g. the
doubly protonated ion, the triply protonated ion, and all associ-
ated isotopologues). Thus, each individual ECC peak could be taken
to represent the total ion count associated with a single distinct
compound.

Each ECC peak was matched by accurate mass to a glycan
library. Our laboratory has developed theoretical glycan mass
libraries that cover all possible complex, hybrid, and high-mannose
glycan compositions based on known biological synthesis path-
ways and glycosylation patterns [50]. Deconvoluted masses of
each ECC peak were compared against theoretical glycan masses
using a mass error tolerance of 20 ppm. As the sample set orig-
inated from human serum, only glycan compositions containing
hexose (Hex), N-acetylhexosamine (HexNAc), fucose (Fuc), and N-
acetylneuraminic acid (NeuAc) were considered. These parameters
confined the number of potential glycan masses to a finite list of
possibilities which, combined with the high resolution and mass
accuracy of the TOF MS, enabled automated detection of glycans
with a false discovery rate of 0.6% (calculated as the proportion of
possible glycan masses, +20 ppm, within the total MS mass range).

On average, our nano-LC/MS method was able to identify over
250 N-linked glycan compound peaks with over 100 distinct N-
linked glycan compositions. Each of the identified compositions
included two or more peaks corresponding to either structural
and/or linkage isomers (regioisomers) or, in some cases, anomeric
isomers. Fig. 2 shows ECCs of the serum N-glycans identified in a
commercially-bought serum standard. Separation of the different
N-glycan types may be easily observed - truncated complex/hybrid
glycans (blue) eluted first, followed by high mannose (green) and
fucosylated complex/hybrid glycans (red). Complex/hybrid glycans
exhibiting sialylation (purple) or sialylation/fucosylation (orange)
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Table 1

Serum N-glycans that are differentially expressed in epithelial ovarian cancer cases vs. healthy control individuals.
Monosaccharide composition Relative abundance (%) Fold change T-test
Hex HexNAc Fuc NeuAc Control Cancer (Control to cancer) (p-Values)
High mannose (and core)
3 2 0.521 0.319 -1.63 1.18 x10°8
4 2 0.695 0.563 -1.23 6.60 x 106
5 2 1.10 0.889 -1.24 1.02x 104
6 2 1.29 1.06 -1.21 2.05x 1074
7 2 0.630 0.504 -1.25 5.63 x 10—
8 2 1.33 1.10 -1.20 747 x 1073
Complex/hybrid (undecorated)
5 0.246 0.175 -141 2.59 x 107>
4 4 0.707 0.515 -1.37 6.19x 1076
6 3 0.222 0.144 -1.55 3.09x 10~
5 5 0.769 0.535 —1.44 1.52 x 10-10
Complex/hybrid (fucosylated and/or sialylated)
4 3 1 0.355 0.278 -1.28 3.24x 10~
4 4 1 3.17 2.41 -1.31 434 %107
6 3 1 0.0156 0.00556 -2.80 1.17 x 107
4 4 1 0.637 0.558 -1.14 2.46 x 10~*
5 4 1 2.03 1.29 -1.58 6.22 x 108
4 5 1 0.875 0.660 -1.32 9.84x 107
5 5 1 0.807 0.605 -1.33 3.42x10°°
5 4 1 1 4.05 3.40 -1.19 2.99 x 10-°
6 6 1 0.00857 0.00234 -3.66 7.62x10°°
5 5 2 1 0.517 0.210 -2.46 5.56 x 10~
5 6 4 0.0372 0.00434 -8.56 447 x 10712
6 5 1 2 0.808 2.05 2.54 3.77x 1078
7 6 1 1 0.0365 0.0826 227 6.02 x 107>
7 6 1 2 0.103 0.346 3.36 1.15x107°

All glycans listed show statistically significant differences in abundance (p<6.33 x 10~4). Glycan compositions were assigned based on accurate mass. Abundance was
calculated relative to the total glycan abundance. Fold change is a measure of the change in glycan abundances between healthy controls and cancer cases. Positive fold
changes denote the ratio of cancer to control, whereas negative fold changes denote the ratio of control to cancer.

eluted last. Highly-sialylated glycans with up to three or four sialic
acid residues were detected by MS and confirmed by MS/MS; how-
ever, they were excluded from analysis due to extremely poor
peak shapes and chromatographic resolution. Previous research
[51] as well as our own experiments with the PGC chip indicate
that this issue may be resolved by modification of solvent pH or
ionic strength with minimal effect on MS sensitivity. Since tri- and
tetra-sialylated species have previously been associated with can-
cer[52-55],improved separation of highly sialylated glycan species
will be a significant focus for future refinement of the present
method.

A cursory examination of Fig. 2a shows that approximately
three-quarters of the glycan signal originated from a set of only
about 30 high-abundance glycans. However, a closer look at the
zoomed-in view provided by Fig. 2b reveals that hundreds of low-
abundance glycans were also detected simultaneously. Despite the
extreme dynamic range of serum glycans, our nano-LC/MS method
was able to detect, identify, and precisely quantify glycans with
chromatographic peak abundances spanning five orders of magni-
tude.

3.3. Glycosylation changes in epithelial ovarian cancer

Overarching changes in the glycosylation machinery were
detected by grouping together glycans of similar composition or
structure and analyzing them as a correlated set. Groupings were
based on three criteria: (1) N-glycan type; (2) fucosylation and/or
sialylation; and (3) degree of branching. In order to minimize the
effects of any potential sample processing or injection errors, abun-
dances were calculated relative to the total ion abundance of all
N-glycans in a particular nano-LC run; i.e. relative abundance. In
order to determine whether differences between cancer cases and

healthy controls were significant, standard unpaired, two-tailed
T-tests were performed [56].

To compare different N-glycan types, glycans were grouped into
complex, hybrid, and high mannose types. Fig. 3a shows the aver-
age relative abundances and standard errors associated with each
glycan type in cancer cases vs. healthy controls. When compared
to controls, sera from cancer cases contained significantly higher
abundances of complex type glycans (p=4.09 x 10-6), significantly
lower abundances of hybrid type glycans (p=4.80 x 10~4), and
significantly lower abundances of high mannose type glycans
(p=5.13x1075)

Terminal glycosyltransferases (such as sialyltransferases or
fucosyltransferases) are often overexpressed in cancerous cells,
leading to differential expression of fucose and sialic acid [57-61].
Thus, global sialylation and fucosylation were compared in can-
cer cases vs. healthy controls. Fig. 3b shows the average relative
abundances and standard errors associated with the sialylated,
fucosylated, and undecorated (complex type) glycans in cancer
cases vs. healthy controls. Since some glycans were both sialylated
and fucosylated, the total of these relative abundances is greater
than 100%. When compared to controls, sera from cancer cases
contained significantly higher abundances of sialylated glycans
(p=7.56 x 10~4) and significantly lower abundances of undeco-
rated glycans (p=8.03 x 10~7). These results are consistent with
previous research and support evidence that sialyltransferases are
upregulated with epithelial ovarian cancer [57,58].

Increased glycan branching is another hallmark of cancer, par-
ticularly (1,6)-GlcNAc branching [62,63]. The degrees of glycan
branching in cancer cases and healthy controls are compared in
Fig. 3c. Average relative abundances and standard errors associated
with mono-, bi-, tri-, tetra-, and penta-antennary complex type
glycans are shown. When compared to controls, sera from cancer
cases contained significantly higher abundances of biantennary
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Fig. 2. (a) Extracted compound chromatograms (ECCs) of N-glycans found in a commercially-bought serum; and (b) a magnified view of a short segment of the glycan elution
profile, showing the high sensitivity and resolution achieved by nano-LC separation. Colors denote different glycan classes - high mannose (high Man); complex/hybrid
undecorated (C/H); complex/hybrid fucosylated but not sialylated (C/H Fuc); complex/hybrid sialylated but not fucosylated (C/H Sia); and complex/hybrid fucosylated and
sialylated (C/H Sia & Fuc). Structures shown are merely putative assignments based on previously published structural characterization of common serum glycans [40]. (For
interpretation of the references to color in the artwork, the reader is referred to the web version of the article.)

(p=0.0302) and tetraantennary (p=0.0304) complex type gly-
cans. The relatively low significance of these p-values is likely
influenced by statistical interference from other factors such as
sialylation/fucosylation (or lack thereof).

3.4. Glycan mass profiling for compositional biomarker discovery

While grouped analysis of the serum N-glycome provides clues
about biochemical changes to the glycosylation pathway, more
detailed information is typically required for sensitive and spe-
cific detection of disease states. For example, previous studies
have linked ovarian cancer to significant increases in certain fuco-
sylated serum glycoproteins [64,65]. Serum N-glycome profiling
could uncover cancer-related changes in specific fucosylated gly-
cans associated with these glycoproteins. Conversely, association
of specific serum glycans with ovarian cancer might suggest the
involvement of specific glycoproteins that are known to display
these glycans.

Specific changes to the serum N-glycan profile were uncovered
by separately considering each individual glycan composition. As
before, T-tests were performed on each individual composition in
order to determine whether differences between cancer cases and
healthy controls were significant. Not all glycans were detected
above the limit of quantitation in all samples; thus, glycans were
only considered for statistical testing if they were above the limit
of quantitation in more than one third of the samples from at least

one of the two groups. Adjusting for multiple comparisons (n=79)
using a simple Bonferroni correction, the critical p-value at a 5%
significance level was set at 6.33 x 104, below which the differ-
ence between cancer cases and healthy controls was taken to be
significant.

Fig. 4 shows the average relative abundances and standard
errors associated with the top ten most abundant glycan
compositions in cancer cases vs. healthy controls. When com-
pared to controls, sera from cancer cases contained significantly
lower abundances of HexsHexNAc4FucNeuAc (p=2.99 x 10~) and
Hex4HexNAcsFuc (p=4.34 x 10~°) but significantly higher abun-
dances of HexgHexNAcsFucNeuAc; (p=3.77 x 10-8). Statistically
significant differences between cancer cases and healthy controls
were also evident for less-abundant glycan compositions. When
compared to controls, sera from cancer cases showed significantly
different abundances (p<6.33 x 10~%) of 24 glycan compositions,
including high mannose, complex, and hybrid type glycans. These
statistically significant glycans have been listed in Table 1.

3.5. Chromatographic glycan profiling for structure-specific
biomarker discovery

The isomer separation capabilities of porous graphitized carbon
have been well-established by both MS/MS and exoglycosidase-
based structural studies, particularly with the chip-based nano-LC
platform [36-39]. Chromatographic profiling, thus, provides
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controls (checkered blue, n =46). Note that error bars are present for all data, though
extremely small. *Denotes a statistically significant difference between cancer cases

and controls. (For interpretation of the references to color in the artwork, the reader
is referred to the web version of the article.)
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Fig. 5. (a) Average relative abundances and standard errors associated with five
structural isomers of Hexs HexNAcsFucNeuAc; and (b) average relative abundances
and standard errors associated with four structural isomers of Hex;HexNAcs in can-
cer cases (striped pink, n=48) and controls (checkered blue, n=46). T-test p-values
are shown for each isomer as well as for the overall composition. Note that error bars
are present for all data, though extremely small. *Denotes a statistically significant
difference between cancer cases and controls. (For interpretation of the references
to color in the artwork, the reader is referred to the web version of the article.)

structure-specific information about glycans that can be used to
uncover more robust biomarkers. Identification of glycan structural
isomers that exhibit statistically significant differences in abun-
dance may provide a window into the up- and down-regulation of
glycosyltransferase activity under changing biological conditions.

Our nano-LC method was able to easily separate and baseline
resolve up to 7 different glycan structural isomers for each com-
position. Commercially-available computerized algorithms (see
Section 3.2) parsed the MS chromatograms and calculated the
abundances of each isomer relative to the total glycan abundance.
Due to the reproducibility of the method, equivalent isomers in
different samples were easily matched by retention time, enabling
separate consideration of each glycan structural isomer. As before,
T-tests were performed on each individual isomer in order to
determine whether differences between cancer cases and healthy
controls were significant. Eligibility for statistical testing was deter-
mined by the same criteria previously described, i.e. whether the
isomer was detected above the limit of quantitation in more than
one third of the samples from at least one of the two groups. Since
there were many more glycan structures (n~250) than compo-
sitions, the Bonferroni correction was recalculated. Adjusting for
multiple comparisons with n =250, the critical p-value at a 5% sig-
nificance level was set at 2.00 x 10~4, below which the difference
between cancer cases and healthy controls was taken to be signif-
icant.

Chromatographic glycan profiling was found in many instances
to increase the specificity and power of statistical comparisons
between cancer cases and healthy controls. Each glycan compo-
sition is made up of two or more glycan isomers, but not all of
these isomers show statistically significant differences in cancer
cases vs. healthy controls. By considering only the relevant glycan
structures, chromatographic profiling enables a more focused view
of the changes in the serum glycome.

For example, Fig. 5a shows the average relative abundances
and standard errors associated with five structural isomers of
HexsHexNAc4FucNeuAc for cancer cases vs. healthy controls. Sep-
arate T-tests comparing the relative abundances in cancer cases
vs. healthy controls of each isomer revealed that different isomers
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Fig. 6. Isomer-specific MS/MS spectra (taken in positive mode) for two isomers
of biantennary monosialylated glycan HexsHexNAcsNeuAc eluting at 7.5 min (top)
and 8.0 min (bottom), showing unique fragmentation patterns for each. All ions are
singly protonated unless marked otherwise.

had different p-values. For the change in abundance of the spe-
cific structural isomer eluting at 10.19 min, the p-value was just
2.72 x 1078, In contrast, for the overall composition, the p-value
was 2.99 x 10-°. Thus, when focusing on specific isomers, the dif-
ferences between cancer cases and healthy controls were more
pronounced.

Fig. 5b shows a similar application of chromatographic glycan
profiling. Average relative abundances and standard errors associ-
ated with four structural isomers of Hex3HexNAcs are shown for
cancer cases and healthy controls. For the change in abundance of
the specific structural isomer eluting at 2.15 min, the p-value was
just 1.68 x 10~>.In contrast, for the overall composition, the p-value
was 0.0636, which is not significant. In this way, isomer-specific
analysis was able to uncover a statistically significant difference
between cancer cases and healthy controls that was overlooked by
compositional profiling.

It should be noted that, in some instances, the glycan iso-
mers separated by porous graphitized carbon may include alpha
and beta anomers [34]. Given the exceptionally high retention
time reproducibility demonstrated by this nano-LC method, detec-
tion and identification of any potential anomer peaks may easily
be addressed in the future with the use of retention time and
tandem MS libraries [36-38]. For instance, Fig. 6 shows the isomer-
specific MS/MS spectra for two isomers of HexsHexNAcsNeuAc
eluting at 7.5 min (top) and 8.0 min (bottom). Stark differences
can be seen between the two spectra — for example, m/z 274.09
(NeuAc-H;0), 292.10 (NeuAc), and 657.24 (HexHexNAcNeuAc) are
relatively more abundant in the bottom spectra, while m/z 528.19
(HexyHexNAc) and 1567.56 (HexsHexNAcszNeuAc) are relatively
more abundant in the top spectrum. While these differences do
not permit de novo identification of the isomer, the unique frag-
mentation patterns do serve as an identifier. Future tandem MS
libraries that match these mass spectral fingerprints with specific
glycan structures may eventually assist in the rapid identification
of glycan isomers.

Table 2 summarizes the instances in which chromatographic
glycan profiling was found to be more effective than compositional
profiling alone. In all, 12 instances were found where differences
between cancer cases and healthy controls were more pronounced
with specific glycan structural isomers than with glycan compo-
sitions. Of these, nine statistically significant differences between

cancer cases and healthy controls were best described by a single
isomer, whereas the other three statistically significant differences
were best described by the summed abundance of two related iso-
mers (identified in Table 2 by retention times). In two instances,
chromatographic profiling uncovered a statistically significant dif-
ference that compositional profiling did not have the power to
detect.

3.6. Statistical evaluation of potential glycan biomarkers

Although statistically significant correlations can provide valu-
able insights into the biological role of glycosylation in epithelial
ovarian cancer, they are not necessarily indicative of clinical utility
[66-68]. In order for a compound (or combination of compounds)
to be useful as a diagnostic indicator, it (or they) must exhibit both
sensitivity (i.e. a low false negative rate) and specificity (i.e. a low
false positive rate).

Receiver operating characteristic (ROC) curves graphically plot
the sensitivity vs. specificity of a binary diagnostic test as discrimi-
nation threshold is varied. The area under the curve (AUC) of a test’s
ROC curve is used as an indicator of the accuracy of the test, with an
AUC of 1.0 corresponding to a perfectly accurate test while an AUC
of 0.5 corresponds to a completely uninformative test [69]. In order
to evaluate the usefulness of the most statistically significant gly-
cans (Table 1) as epithelial ovarian cancer biomarkers, ROC curves
were generated for each glycan, and AUCs calculated for each ROC
curve [70].

Table 3 lists the AUCs of the ten glycans with the greatest statisti-
cal significances when comparing cancer cases vs. healthy controls
(i.e. those with the ten lowest p-values). The AUCs ranged between
0.77 and 0.87, indicating that (for this sample set) any of the ten
individual glycans listed could be applied to diagnostic discrimina-
tion of cancer cases and healthy controls.

To assess the complementary performance of the potential gly-
can biomarkers in Table 3, a composite score was derived using
multivariate logistic regression [71-73]. First, the abundance of
each glycan in each sample was normalized so that low- and high-
abundance glycans would be weighted equally. To calculate the
normalized abundance, the following formula was used:

n = ri,j - Fcancer,j

+J

rcontrol,j - rcancer,j

where n;; is the normalized abundance of glycan j in sample i, rj; is
the relative abundance of glycan j in sample i, Feapcer,j is the mean
abundance of glycan j among all cancer cases, and Feancer,j 1S the
mean abundance of glycanjamong all controls. Then, the composite
score was calculated according to the following formula:

Ci = E A

jes

where ¢; is the composite score of sample i, A; is the regression
coefficient for glycan j, S is the set of all glycans in Table 3, and
n;j is (as before) the normalized abundance of glycan j in sam-
ple i. To select an optimal set of glycans that would maximize the
discrimination between cancer cases and healthy controls while
minimizing overfitting, a simplified logistic regression was used in
which relevant glycans were each given equal weight by confining
the regression coefficient A; to either 1 (indicating that glycan j was
beneficial to the index) or 0 (indicating that glycan j was detrimen-
tal or irrelevant to the index). The results of the logistic regression
determined which glycans were included in or removed from the
composite score.

The optimized composite score incorporated the normalized
abundances of seven different glycans with ROC curve AUCs
between 0.77 and 0.87 (Fig. 7(a)-(g)). However, the ROC curve
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Table 2
Comparison of T-test p-values associated with compositional vs. structure-specific profiling of selected serum N-glycans.
Monosaccharide composition Compositional Structure-specific Ret. time
Hex HexNAc Fuc NeuAc Fold change T-test Fold change T-test (min)
3 5 1.20 6.37 x 102 1.65 1.68 x 107> 2.21
5 5 -1.37 6.19x 1076 -1.49 2.81x10°6 3.68
7 2 -1.25 5.63 x 102 -1.24 137 x 107> 4.24 and 4.77
8 2 -1.20 7.47 x 1073 -1.20 3.64x 107 4.28 and 4.85
6 2 -1.21 2.05x 1074 -1.27 7.57 x 103 4.60
5 3 -1.41 2.60x 1073 -1.50 1.75x 1076 4.61
6 3 -1.55 3.09x 10°1 -1.56 7.21x 10712 5.20 and 5.82
5 2 -1.24 1.01x 1074 —-1.40 2.55%x107° 5.86
4 4 1 -1.31 434 x 107> -1.36 142 x 107> 6.04
6 5 1 1 1.32 1.20x 1073 1.39 1.83x10* 8.58
5 6 4 -8.56 447 x 10712 -8.74 2.51x 10712 9.55
5 4 1 1 -1.20 2.99 x 107> -1.36 2.72x 1078 10.22

All glycans listed show statistically significant differences in the abundance of at least one structural isomer (p <2.00 x 10~-4). Glycan compositions were assigned based on
accurate mass. For most compositions, relative abundances in cancer and control cases were given previously in Table 1. Retention times identify specific glycan structural
isomers that were found to be most statistically significant. Fold change is a measure of the change in glycan abundances between healthy controls and cancer cases. Positive
fold changes denote the ratio of cancer to control, whereas negative fold changes denote the ratio of control to cancer.

Table 3

Receiver operating characteristic (ROC) curve areas and T-test p-values for the ten serum N-glycans considered for inclusion in an optimized composite score for diagnostic

discrimination of cancer cases and controls.

Monosaccharide composition Fold change T-test ROC Inclusion in composite
Hex HexNAc Fuc NeuAc (Control to cancer) (p-Values) (AUC)

5 6 4 -8.56 447 x 10712 0.87 J
6 3 -1.55 3.09 x 10~ 0.85 N
5 5 2 1 -2.46 5.56 x 10~ 0.87 N
5 5 -1.44 1.52 x 10710 0.77 J
7 6 1 2 3.36 1.15x 1072 0.85 N
3 2 -1.63 1.18 x10°8 0.83

6 5 1 2 2.54 3.77 x 1078 0.82 v
5 4 1 -1.58 6.22x 1078 0.82

6 3 1 -2.80 1.17 x 1076 0.79 N
4 4 -1.37 6.19x 1076 0.86

Composite index: —2410 2.46 x 10-20 0.96

Glycan compositions were assigned based on accurate mass. Fold change is a measure of the change in glycan abundances between healthy controls and cancer cases.
Positive fold changes denote the ratio of cancer to control, whereas negative fold changes denote the ratio of control to cancer. AUC denotes area under the ROC curve (out

of a maximum of 1.0000).

of the optimized composite score had an AUC of 0.96 (Fig. 7h),
demonstrating the dramatic improvement in diagnostic power
provided by combining multiple glycan tests.

The seven glycans that contributed to the optimized compos-
ite score included complex and hybrid type glycans. Five were
fucosylated, three were sialylated, and two were undecorated. The
remaining three glycans (out of the ten most significant) were
found to be unhelpful for distinguishing between cancer cases
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and healthy controls and were thus excluded from the compos-
ite score. The three excluded glycans were (in order of decreasing
abundance): HexsHexNAc4Fuc, HexgsHexNAc,4, and HexsHexNAc;.
Interestingly, the first two excluded glycans are associated pri-
marily with serum immunoglobulins, while the third is simply the
unmodified N-glycan core [38].

h) 1.0 —rl_l"—_.
E composite
g AUC =0.9638
[2]
0.0
0.0 1 - Specificity 1.0

Fig. 7. Individual ROC curves for (a) HexgHexNAcs; (b) HexsHexNAcgFucs; (c) HexsHexNAcsFuc;NeuAc; (d) Hex;HexNAcgFucNeuAc;; (e) HexgHexNAcsFucNeuAc;; (f)
HexgHexNAcsFuc; (g) HexsHexNAcs; and (h) the combined ROC curve for the optimized seven-glycan composite score, based on their relative abundances in cancer cases

vs. controls.
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4. Conclusion

We have developed a rapid-throughput method for comprehen-
sive, isomer-specific chromatographic profiling of serum glycans.
Chip-based porous graphitized carbon nano-LC/MS was used to
quickly separate and quantify native, underivatized N-glycans. In
order to accommodate a biomarker discovery workflow, nano-LC
gradients were optimized to minimize run time yet preserve sen-
sitivity, reproducibility, and isomer specificity. Over 250 N-linked
glycan compound peaks with over 100 distinct N-linked glycan
compositions were identified from the equivalent of only 200 nL
of serum. Retention times varied from run to run by only a few
seconds, facilitating isomer-specific quantitation of selected gly-
cans across all sample injections.

Application of this method to serum samples from epithelial
ovarian cancer patients (n=46) and healthy control individuals
(n=48) revealed altered glycosylation trends, while compositional
and structure-specific glycan profiling each identified a number of
potential biomarkers. Based on an optimized model incorporating
the combined abundances of seven potential biomarkers, a ROC
curve was generated with an AUC of 0.96, indicating exceptionally
robust discrimination between cancer cases and healthy controls.

While compelling, it must be emphasized that these are pre-
liminary findings that will require clinical validation in blinded,
unsupervised studies before they can be developed into a clinically-
applicable diagnostic test. In particular, stratification of future
sample sets into early and advanced stage epithelial ovarian can-
cer cases will help determine the early stage detection capabilities
of glycan-based biomarkers. Additionally, further structural glycan
analysis will be necessary to confirm the exact structures of the
significant glycan isomers identified by chromatographic profiling.
Complete structural annotation of the human serum glycome is
ongoing, enabling rapid future identification of significant glycan
structures according to mass, retention time, and MS/MS fragmen-
tation pattern [38].

However, for now, it seems clear that rapid-throughput chro-
matographic glycan profiling is an immensely powerful platform
for biomarker discovery. The increased power of structure-specific
glycan profiling over compositional profiling highlights the highly
specific nature of the glycosylation changes that take place dur-
ing carcinogenesis. Using this new methodology, we will be able to
identify specific glycan structures that vary with disease, thus aid-
ing the development of effective diagnostic tools for the detection
of cancer.
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