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Abstract

Background: Ovarian cancer is the leading cause of death
among all gynecological disorders. Aberrant glycosyla-
tion, or more specifically, increased sialylation of proteins
has been observed in ovarian cancer. Several sialyltrans-
ferase genes have been shown to be up-regulated at both
the mRNA and protein levels in a number of cancers,
including that of the ovary. ST6GALI (B-galactosamide
o2,6-sialyltranferase 1) gene expression has previously
been shown to be upregulated in ovarian cancers of all
major subtypes.

Methods: We have identified the sialome (i.e., sialic
acid containing glycoproteins) of biological fluids from
ovarian cancer patients and ovarian cancer cell lines uti-
lizing tandem mass spectrometry as a potential pool of
novel biomarker candidates. The sialoglycopeptides from
four ovarian cancer cell lines, pooled ascites (n=13) and
ovarian cyst (n=14) fluids from ovarian cancer patients
were enriched utilizing affinity to agarose-immobhilized
Elderberry lectin (Sambucus nigra agglutinin) and mag-
netic hydrazide beads folowing periodate-mediated oxi-
dation of sialic acids. Benign ovarian cyst (n=10) and peri-
toneal effusion (n=20) fluids were analyzed in the same
fashion to serve as controls. PNGase F deglycosylated pep-
tides were identified using electrospray ionization-LTQ
Orbitrap tandem mass spectrometry.

Results: In all of the samples analyzed in the glycoprot-
eomic portion of the study, we have identified 579 gly-
cosylation sites on 333 proteins. Of these, 13 were exclu-
sively identified in biological fluids from ovarian cancer
patients, and another eight were common to these fluids
and the ovarian cancer cell line supernatants.
Conclusions: The proteins identified in the present
study could form the basis for future studies examining
and quantifying their sialylation status as biomarkers of
ovarian cancer.
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Introduction

Approximately 30,000 North American women are diag-
nosed with ovarian cancer every year and over 50% of
these women die within 5 years following diagnosis. As
such, ovarian cancer has the highest mortality rate of
all gynecological malignancies in the developed world.
To date, only CA125, a large mucin-type glycoprotein, is
widely used as an ovarian cancer biomarker in the clinical
setting; for monitoring the response of patients to treat-
ment, but has shown less promise as a screening tool since
CA125 can be elevated in a number of other malignancies
and benign conditions, as well as during menstruation
and pregnancy [1, 2]. Therefore, there still exists a need
for new ovarian cancer biomarkers.

Approximately half of all mammalian proteins are
glycosylated with as much as an estimated 3000 different
glycan structures, which can vary to a large degree based
on differences in tissue, cell type and disease state [3]. Dis-
ruption of glycosylation pathways has been established as
a common characteristic of oncologic malignancies and
has been observed in almost all types of experimental and
human cancers. In cells undergoing malignant transfor-
mation under-, over-, or neoexpression of glycan moieties
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can occur on glycoproteins [4]. These changes most often
arise from disturbances in the expression levels of differ-
ent glycosyltransferases.

There is strong evidence that increased sialylation of
glycoproteins occurs in ovarian tumor cells. In addition
to carcinomas of the brain, breast, cervix and colon, the
expression of ST6GALI (a sialyltransferase responsible
for attachment of o2-6-linked terminal sialic acids) is
increased in ovarian tumors [5, 6]. Direct mRNA expres-
sion analysis of multiple sialyltransferases in ovarian
tumor tissues has indicated the preference for the attach-
ment of 02-6- over o2—-3-linked sialic acids on glycopro-
teins produced by cancer cells [6]. Specifically, ST6GALI
levels were shown to be increased while the levels of
ST3GAL6, a competing enzyme which normally attaches
sialic acid in a o2-3 linkage, were decreased. Additionally,
sialyltransferases attaching sialic acid in an 02-3 linkage
to O-glycans were shown to be upregulated while enzymes
with the same linkage specificity for N-glycans were
downregulated [6]. Therefore, the identification, and sub-
sequent characterization and quantification, of proteins
with o2—6-linked sialic acids in ovarian cancer proximal
fluids or cell lines has great potential in the identification
of new and improvement of existing ovarian cancer bio-
markers by including their glycosylation patterns in their
measurement.

Considering the need for additional ovarian cancer
biomarkers, we developed a tandem mass spectrome-
try-based strategy for elucidating potential biomarker
candidates. Due to the well-established upregulation of
sialylation in ovarian cancer, we conducted a study with
the purpose of identifying the N-linked sialome (sialic
acid containing glycoproteins) of ovarian cancer proxi-
mal fluids and cell line conditioned media in an effort
to mine for novel biomarkers of this disease. Towards
this purpose, we analyzed two types of samples from
ovarian cancer patients, ascites and malignant cyst fluids,
in addition to supernatants from four different ovarian
cancer-derived cell lines. As non-malignant controls, we
also analyzed benign ovarian cyst and peritoneal effu-
sion fluids. Proteominer technology and size-exclusion
chromatography were utilized for the enrichment of low-
abundance proteins in the biological fluids analyzed. Sia-
lylated glycopeptides in analyzed samples were enriched
by two well-established methodologies, lectin affinity and
hydrazide chemistry. In total, 333 proteins and 579 distinct
glycosylation sites with the sialic acid moiety were identi-
fied. Of these, 21 were unique to the biological fluids from
ovarian cancer patients and are candidate biomarkers
worth exploring in the future.
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Materials and methods

Microarray profiling

Microarray profiles of normal and cancerous ovarian tissues were ex-
tracted from previously published studies on Affymetrix HGU-133A
platform. The meta-analysis on 5372 human samples representing
369 different tissue types was used to select a total of 104 samples
from human ovary, including normal and pathological tissue [7].
The expression data had been previously normalized using robust
multi-array analysis, and log2 intensities for each probe were used
for the analysis. Probe to gene mappings based on current Affymetrix
annotations were used. In cases where multiple probes hybridize to
the same gene, the most informative probe was selected as the one
having the largest range of expression. Ratios for comparison be-
tween groups were obtained as ratios of the means of each group.
Significance analysis was performed using the limma package [8],
comparing the complete set of tumor (n=87) and benign ovarian
polycystic syndrome (n=5) samples to normal ovarian tissue (n=12).
Tumor samples were derived from patients with clear cell (n=7), se-
rous (n=34), mucinous (n=11) and endometrioid (n=35) subtypes of
ovarian cancer.

Clinical samples

The biological fluids used in the study were collected with in-
formed consent and institutional review board approval and were
leftovers submitted for routine medical testing. All samples used
were stored at —80°C prior to use. Ovarian ascites and malignant
cyst fluids were collected from patients with FIGO stage III and IV
of the major histological subtypes of epithelial ovarian carcino-
mas and pooled-based on total protein content. In total, 13 ascites
fluids from ovarian cancer patients with different histological pres-
entation were used: three serous, three endometrioid, three muci-
nous and four undifferentiated. Fourteen malignant ovarian cyst
fluids were also pooled (4 serous, 4 endometrioid, 3 mucinous and
3 undifferentiated). As non-malignant controls, fluid from benign
ovarian cysts (n=10) and peritoneal effusions from patients with
peritonitis (n=20) were utilized and pooled in the same fashion,
Samples analyzed were from women in the age range between 37
and 76. All pooled biological fluid samples were subjected to size
exclusion chromatography or Proteominer low abundance protein
enrichment (BioRad, Hercules, CA, USA). Size exclusion chroma-
tography was performed using a 0.75x60-cm TSK-Gel G3000SW
column (Tosoh Bioscience, San Francisco, CA, USA) attached to an
Agilent (Santa Clara, CA, USA) 1100 HPLC system. 0.5 mL of pooled
biological fluids was loaded onto the system equilibrated with
PBS and run for 1 h at a flow rate of 0.5 mL/min. Fractions were
collected every minute, and only sub-50 kDa fractions (to avoid
the contamination by high molecular weight high abundance pro-
teins in subsequent steps) were pooled and concentrated using
centrifugal spin columns with a 3 kDa cut-off (Millipore, Billerica,
MA, USA). These were used for subsequent analyses. Proteo-
miner enrichment was performed with 1 mL of pooled bioclogical
fluids, as per the manufacturer’s protocol (BioRad, Hercules,
CA, USA).
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Cells line supernatants

The human ovarian cancer cell lines, OVCAR-3 (HTB-161), ES-2 (CRL-
1978), and TOV-112D (CRL-11731) were purchased from the American
Type Culture Collection (ATCC, Manassas, VA, USA). OVCAR-5 cells
were obtained from the Fox Chase Cancer Centre (Philadelphia,
PA, USA). ES-2, TOV-112D, and OVCAR-5 cells were grown in RPMI
1640 medium supplemented with 10% fetal bovine serum (FBS)
(Thermo Scientific, Waltham, MA, USA). RPMI 1640 containing 20%
FBS was used to maintain OVCAR-3 cells. All cells were cultured in
a humidified incubator adjusted to 37°C with an atmosphere of 5%
CO,. Each cell line was cultured in duplicate using T-175 cm’ flasks.
Upon reaching 80% confluency, culture media was removed and
the attached cells were washed gently three times using 25 mL of
phosphate buffered saline (PBS). Following the washes, cells were
grown in 30 mL of CD CHO chemically defined media (Invitrogen,
Carlsbad, CA, USA) supplemented with 8 mM L-glutamine (Invitro-
gen, Carlsbad, CA, USA) for 48 h. After this period, the conditioned
media were collected and centrifuged at 64xg for 5 min to remove
cellular debris. All cell line supernatants were dialyzed using a 3.5
kDa molecular weight cut-off porous membrane (Spectrum Labora-
tories, Inc., Compton, CA, USA) in 4 L of 1 mM ammonium bicarbo-
nate (NH,HCO,) buffer overnight at 4°C. The buffer was exchanged
for a total of three times before the dialyzed samples were frozen at
—80°C. Frozen samples were then lyophilized to complete dryness
using a ModulyoD Freeze Dryer (Thermo Scientific, Waltham, MA,
USA).

Elderberry lectin sialoglycopeptide
enrichment

A total of 100 ug of total protein from all samples was brought to
300 pL volume and final 50 mM ammonium bicarbonate concentra-
tion. Ten microliters of 400 mM DTT was added and the solution
was incubated at 60°C for 45 min and subsequently brought to room
temperature. At this point, 11 uL of 800 mM iodoacetamide solution
was added and the solution was incubated at room temperature
with no exposure to light for 45 min then 2 pug of sequencing grade
trypsin was added and the solution was left overnight (12 h) at 37°C.,
Following trypsin digestion of the samples, the resulting peptide-
containing reaction mixture was heated to 90°C for 15 min. The sam-
ples were stored at —80°C until further use. One hundred and fifty
microliters of agarose-bound Elderberry lectin slurry (Vector Labs,
Burlingame, CA, USA) was added to 500 uL spin columns (Thermo
Fisher, Waltham, MA, USA). The storage solution was removed by
centrifugation (300xg) and the beads were washed three times with
1x lectin binding buffer (10 mM HEPES, 150 mM NacCl, 0.1 mM Ca++,
pH 8). Trypsinized samples were diluted 1:1 in 2x lectin binding buff-
er (20 mM HEPES, 300 mM NaCl, 0.2 mM Ca++, pH 8) and incubated
with lectin-bound agarose beads for 2 h. Flow-through was removed
by centrifugation (300xg) and the beads were washed six times with
1x lectin binding buffer. The beads were resuspended in 300 pL of
50 mM ammonium bicarbonate containing 500 units of mass spec-
trometry grade PNGase F (New England Biolabs, Ipswich, MA, USA)
and left overnight (12 h) at 37°C with shaking. The eluate was col-
lected by centrifugation (300xg), acidified to pH 3 with formic acid
(0.1%) and used for MS analysis as described below.
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Hydrazide bead sialoglycopeptide
enrichment

A total of 100 pg of total proteins from all biological fluid samples
were brought up to 500 pL volume with phosphate buffered saline
(PBS), sodium periodate (Sigma, St. Louis, MO, USA) was added to a
final concentration of 2 mM and the reaction mixture was incubated
on ice for 10 min. The oxidation reaction was stopped by addition of
5 WL of glycerol. The solution was concentrated to 300 uL and buffer
exchanged with sodium acetete solution (100 mM sodium acetate,
100 mM NaCl, pH 5.5) using ultracentrifugal spin columns with a
3 kDa molecular weight cut-off (Millipore, Billerica, MA, USA). The
sodium periodate-treated samples were added to hydrazide-con-
jugated magnetic beads (Invitrogen, Carlsbad, CA, USA) and incu-
bated at room temperature for 14 h with shaking. The supernatant
was removed and the magnetic beads were washed three times with
a 50 mM ammonium bicarbonate solution containing 8 M urea. The
beads were washed again six times with a 50 mM ammonium bicar-
bonate solution. Four hundred pL of ammonium bicarbonate solu-
tion were added to the beads followed by the addition of 50 uL of
50 mM DTT. The solution was incubated with shaking for 45 min at
60°C and allowed to cool to room temperature. Next, 60 uL of 100
mM iodoacetamide were added and the reaction mixture was left for
45 min at room temperature with no exposure to light. One micro-
gram of sequencing grade trypsin was added and the solution was
incubated at 37°C overnight (12 h) with shaking. The supernatant
was removed from the beads and they were washed six times with
50 mM ammonium bicarbonate. The beads were resuspended in 300
uL of 50 mM ammonium bicarbonate containing 500 units of mass
spectrometry grade PNGase F (New England Biolabs, Ipswich, MA,
USA) and left overnight (12 h) at 37°C with shaking. The eluate was
collected, acidified to pH 3 with formic acid (0.1%) and used for MS
analysis as described below.

ESI-LTQ

Glycosylated tryptic peptides from the different samples described
above were initially desalted by binding to ZipTip pipette tips con-
taining C  beads (Millipore, Billerica, MA, USA) and eluted in 5 uL
of buffer containing 64.5% ACN, 35.4% H,0, 0.1% formic acid, 0.02%
trifluoroacetic acid. Eighty pL of a 95% H,0, 0.1% formic acid, 5%
ACN, 0.02% trifluoroacetic acid was added to the eluate. Tryptic
peptides from 40 pL of each sample were then bound toa2cm C
pre-column with a 5 mm diameter and eluted onto a resolving 5 cm
analytical C, column (3 mm diameter) with a 8 mm tip (New Objec-
tive). The liquid chromatography setup was connected to a Thermo
LTQ Orbitrap XL mass spectrometer with a Proxeon nanoelectrospray
ionization source in data dependent mode (Thermo Fisher, Waltham,
MA, USA). A binary buffer system was utilized where Buffer A (run-
ning) contained 0.1% formic acid, 5% ACN, and 0.02% trifluoroacetic
acid in water and Buffer B (elution) contained 90% ACN, 0.19% for-
mic acid, and 0.02% trifluoroacetic acid in water. Each MS run was
conducted over a 90 min linear gradient and eluted peptides were
scanned once in the Orbitrap (450-1450 m/z range), followed by top
six (by m/z peak intensity) data-dependent MS/MS scans in the LTO.
Unassigned, 1+, and 4+ charge states were ignored. Each sample was
analyzed in quadruplicate.
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Database searches and glycopeptide
assignment

XCalibur RAW mass spectrometry files were processed using Mas-
cot Daemon (version 2.2.0) and extract_msn, and subsequently
searched with Mascot (Matrix Science, London, UK; version 2.2).
The data was searched against the concatenated non-redundant
IPI.Human v.3.71 database with parent and fragment tolerances of
7 ppm and 0.4 Da, respectively. Searches were performed for tryptic
peptides with a fixed carbamidomethylation of cysteines, a single
missed cleavage allowed, variable asparagine deamidation, and
variable methionine oxidation. Resulting data files were uploaded
into Scaffold (Proteome Software Inc., Portland, OR; v.2.6) and a
further search using X!Tandem was conducted. Potential formerly
glycosylated peptides were filtered for in several steps. Only pep-
tides with reported N deamidation within the NxS/T consensus se-
quence were selected for further analysis. Due to reports of chemi-
cal deamidation during trypsin digestion of glycan-unoccupied
asparagines with a glycine in the NxS/T consensus sequence, pep-
tides with NGS or NGT sequences alone were omitted from further
analysis [9]. As well, peptides with R or K in the Nx5/T sequence
where tryptic cleavage had occurred were also included in the
analysis.
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Results

Sialyltransferase expression

Although previous reports have shown the dysregula-
tion of gene expression of some sialyltransferase genes
in ovarian tumors [6, 10], these studies were limited
when considering the number of studied sialyltrans-
ferase genes and the patient samples used (i.e., only the
serous subtype). Therefore, we had undertaken the task
of searching an existing gene expression microarray
database [7] containing information from several differ-
ent subtypes of ovarian cancer and examining the expres-
sion patterns of the most common sialyltransferase
genes. In support of previous reports, only the ST6GALI
gene showed consistent overexpression across different
tumor subtypes when compared to normal tissue and
benign cysts (Figure 1). The expression of the majority of
other sialyltransferase genes was either undisturbed or
decreased in tumor samples.
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Figure1 Sialyltransferase expression in ovarian cancer.

A heatmap of relative sialyltransferase mRNA expression in different tumor subtypes normalized against normal ovarian tissue (A). Box plot
of STEGAL1 mRNA expression in normal and ovarian cancer tissue (B). Values are represented as the log2 corrected raw counts.
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Identification of sialylated glycoproteins

Sialylated glycoproteins were identified in clinical samples
from ovarian cancer patients (ascites and malignant
ovarian cyst fluids), patients with no ovarian malignancy
(peritoneal effusions from peritonitis patients and fluids
from benign ovarian cysts), and conditioned media from
four ovarian cancer cell lines (OVCAR3, OVCARS, ES-2, and
TOV-112D). To increase coverage, sialylated glycoproteins/
peptides were enriched by using Elderberry lectin affinity
(Sambucus nigra agglutinin) or hydrazide chemistry. The
general study outline can be seen in Figure 2.

Initially, close to 700 proteins were identified in all
sample types. However, data filtering steps were under-
taken due to the presence of high-abundance protein con-
taminants, other non-specifically bound proteins, and
environmental contaminants during the sample prepara-
tion process (see Materials and methods). This resulted in
a final list of 333 proteins and 579 sialylated glycosylation
sites identified between the different types of samples
analyzed (Figure 3). Of these, 151 proteins and 291 glyco-
sylation sites were identified in cancer associated fluids,

o = b ey TR
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.Tﬂ. Fﬂn"
e i

l Hydrazide enrichment
Lectin enrichment |
Trypsin digestion

PNGase F release

\,/-—’/

MS/MS peptide
identification

PMNGase F release
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Figure 2 Study outline,

A schematic representation of the general steps taken towards the
identification of sialylated glycoproteins in ovarian cancer proximal
fluids and cell line supernatants. Sialylated glycopeptide were
enriched separately from all sample types by utilizing hydrazide
chemistry or Elderberry lectin affinity (see Materials and methods).
Proteins from biological fluid samples were either untreated or
pretreated with Proteominer or size-exclusion chromatography.
Serum-free media from ovarian cancer cell lines were lyophilized
prior to enrichment. Resulting peptides were subjected to tandem
mass spectrometry analysis.
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Cell line
supernatants

Cancer patient
fluids

Fluids from
benign
conditions

SNA lectin

Hydrazide

Figure 3 Identified sialylated glycoproteins.

Venn diagrams representing the number and distribution of identi-
fied sialylated glycoproteins (large circles) and glycopeptides (small
circles). Comparisons for identified glycoproteins between different
samples analyzed (top) and glycopeptide enrichment methods
(bottom) is presented.

174 proteins and 315 sites in peritoneal effusions and
benign ovarian cysts, and 222 proteins and 329 sites in
conditioned media from ovarian cancer cell lines (Sup-
plementary data, Tables S1-S3, which accompany the
article at http://www.degruyter.com/view/j/cclm.2013.51.
issue-6/issue-files/cclm.2013.51.issue-6.xml). In all
samples analyzed, 279 proteins (465 glycopeptides) were
identified using hydrazide magnetic bead pull-down
methodology and 225 proteins (381 glycosylation sites)
were identified by Elderberry lectin affinity (Figure 3).
When comparing the identified proteins from the three
different sample types (Figure 3), a list of 21 candidate
proteins was produced (Table 1). These were proteins that
were only identified in both the cell line supernatants
and cancer ascites and cyst fluids, or only in the cancer-
associated fluids.

Subcellular localization

For the proteins identified we also performed an anal-
ysis of subcellular localization using Gene Ontology
(GO) annotation (Figure 4), secretion status (pres-
ence of signal peptide) and presence of characterized
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Figure 4 Subcellular localization of identified sialoglycoproteins.

Kuzmanov et al.: Identification of sialylated proteins in ovarian cancer =—— 1473

Cell surface(58)

Chromosome(2)

Cytoskeleton(19)

Cytosol(14)

Endoplasmic
reticulum(37)

Endosome(12)

Number of Gene Ontology annotations to cellular locations associated with all of the sialoglycoproteins identified in the present study.

Extracted from ProteinCentre (Thermo Scientific).

transmembrane domains using the Protein Centre
software (Thermo Scientific). Two hundred and eighty-
eight proteins were shown to have a signal peptide,
which would direct them to for the classical secretory
pathway through the endoplasmic reticulum and sub-
sequent organelles where glycosylation occurs. In total,
175 proteins were shown to have at least a single trans-
membrane domain. Whereas 329, or 98.8%, of the 333
proteins identified in all samples were shown to have
a signal peptide and/or GO subcellular localizations to
the extracellular space, cell surface, or membrane. This
is significant, considering that these characteristics are
highly desirable in potential protein-based cancer bio-
markers, because of the heightened likelihood of their
entry into the circulation.

Discussion

The majority of the most commonly clinically utilized
serological biomarkers for cancer diagnosis and monitor-
ing of malignant progression are glycoproteins. Some of
these include biomarkers widely monitored in patients
with prostate cancer (PSA), colon cancer (CEA), non-
seminomatous testicular carcinoma (hCG-f3), hepatocel-
lular carcinoma (AFP), breast cancer (CA 15-3/MUC1) and
ovarian cancer (CA125). Considering that these proteins
are produced by tumor cells, it is not surprising that these

proteins have shown disturbed glycosylation patterns in
malignancy [4].

Disturbed glycosylation of proteins during the course
of ovarian cancer progression is a well-established phe-
nomenon [11]. Overexpression of the sialyl Lewis-X
antigen has been recorded on several acute phase pro-
teins including haptoglobin, «l-acid glycoprotein and «l-
antichymotrypsin. Disturbances of normal glycosylation
patterns on apolipoprotein B-100, fibronectin, immuno-
globulin Al and IgG have also been shown under malig-
nant conditions [11].

There is strong evidence showing that sialyla-
tion of glycoproteins produced by ovarian tumor cells
is increased [6, 11]. This is also supported by other
data, as shown by our analysis of existing microarray
experiments in Figure 1 [7]. Increased expression of o2—
6-linked sialic acids generally correlates with cancer pro-
gression and metastasis [5]. The part ST6GALI performs
in these events is poorly understood, with possible roles
in enhancing Bl-integrin function [5, 12] and blocking
of Fas- and TNFR1-mediated apoptosis by sialylation of
these receptors [13, 14]. Although the full picture of the
importance of sialic acid in the oncogenic process is not
complete, it is evident that proteins produced by a sub-
population of transformed ovarian cells are enriched
with the o2-6 linked sialic acid moiety. An example of
this is kallikrein 6, one of the glycoproteins identified
in this study, previously shown to exhibit enrichment
in o2-6 linked sialic acid under malignant conditions
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Table 2 Proteins identified in the ovarian cancer proximal fluids
that were previously studied in ovarian cancer.

Gene, protein name Recorded References
sialylation
A2M, o.,-macroglobulin Yes [18, 19]
AFM, afamin precursor No [20, 21]
CD59 Yes [22, 23]
CLU, clusterin Yes [24, 25]
CP, ceruloplasmin Yes [18, 26]
CTSD, cathepsin D No [27]
FGB, fibrinogen Yes [28, 29]
HP, haptoglobin Yes [11, 30]
ICAM1 No [31]
KLKe, kallikrein 6 Yes [15, 16]
LUM, lumican Yes [32, 33]
MSLN, mesothelin No [1]
MUC16, CA125, Mucin 16 Yes [1, 34, 35]
MUC5B Yes [36-38]
ORM1/2, . -acid glycoprotein Yes [39-41]
PLAUR, urokinase plasminogen Yes [42, 43]
activator surface receptor precursor
PTGDS No [44]
RBP4, plasma retinol-binding protein  No [45]
precursor
S100A9 No (19, 36, 46]
SERPINA1 No [47]
SERPINA3Z No [48]
SPON1, spondin No [49]
TF, serotransferrin Yes [11, 50, 51]
THBS 1, thrombospondin-1 precursor No [52]
TIMP1, metalloproteinase inhibitor Yes [53, 54]
1 precursor
ITIH4, isoform 1 of inter-o -trypsin No [22, 55]
inhibitor heavy chain H4 precursor
WFDC2, isoform 1 of whey acidic No [56, 57]

protein four-disulfide core domain
protein 2 precursor

[15, 16]. Therefore, with the a priori knowledge that pro-
teins produced by the tumor cells are enriched with a
particular moiety (i.e., sialic acid), the identification of
proteins with this type of glycan in biological fluids of
ovarian cancer patients would enrich for the proteins
produced by the transformed cells. In the subsequent
studies examining these candidates, the next step would
be the measurement of their protein levels in serum by
ELISA or in tissue by immunohistochemistry, as is the
case with other proteomic data verification studies.
However, considering that a subpopulation of these pro-
teins is uniquely produced by ovarian cancer cells with
the sialic acid-containing glycans, this knowledge could
be used for the development of hybrid, binary assays
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that can measure the levels of both protein and associ-
ated glycan.

Other sialoglycoproteins identified in this study that
did not meet the criteria to be included in the candidate
list (Table 1) should not be discounted. This is due to the
fact that some well-known and previously studied pro-
teins in the context of ovarian cancer were also identi-
fied (Table 2). These include the classical ovarian cancer
biomarker CA125 and others such as mesothelin, WFDC2
(HE4), o2-macroglobulin, cathepsin D, and clusterin,
which have shown promise as ovarian cancer biomarkers
[17]. The glycosylation status of a number of these pro-
teins has been studied in various contexts and some were
reported to be sialylated (Table 2) lending further support
to our methodology.

Some of the most widely recognized and utilized
cancer biomarkers exhibit a highly tissue specific expres-
sion pattern, such as PSA for prostate tissue, hCG for the
placenta, and AFP for the developing fetus. Therefore, the
over- or neoexpression of a protein as a result of malig-
nant transformation can be detected and monitored with
greater confidence and earlier in the progression of the
malignancy in comparison to a protein produced ubiqui-
tously or in multiple tissues. However, such proteins are
rare. If it is taken into account that glycosylation patterns
of individual proteins can be different between tissues,
or between normal and tumor cells, the ability to detect
and quantify these differences could confer tissue/
tumor-specificity on a considerable number of glycopro-
teins. This could greatly widen the number of potential
biomarkers or improve the clinical performance of exist-
ing ones. We believe that the candidate list found in this
study identifies proteins with such properties. Therefore,
these proteins would benefit from further development
of quantitative assays capable of binary measurement
of both protein and associated glycan levels that can be
applied toward diagnostic purposes.
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