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Abstract

Epithelial ovarian cancer is diagnosed less than 25% of the time when the cancer is confined to the
ovary, leading to 5-year survival rates of less than 30%. Therefore, there is an urgent need for early
diagnostics for ovarian cancer. Our study using glycotranscriptome comparative analysis of
endometrioid ovarian cancer tissue and normal ovarian tissue led to the identification of distinct
differences in the transcripts of a restricted set of glycosyltransferases involved in N-linked
glycosylation. Utilizing lectins that bind to glycan structures predicted to show changes, we
observed differences in lectin-bound glycoproteins consistent with some of the transcript
differences. In this study, we have extended our observations by the use of selected lectins to
perform a targeted glycoproteomic analysis of ovarian cancer and normal ovarian tissues. Our
results have identified several glycoproteins that display tumor-specific glycosylation changes. We
have verified these glycosylation changes on glycoproteins from tissue using immunoprecipitation
followed by lectin blot detection. The glycoproteins that were verified were then analyzed further
using existing microarray data obtained from benign ovarian adenomas, borderline ovarian
adenocarcinomas, and malignant ovarian adenocarcinomas. The verified glycoproteins found to be
expressed above control levels in the microarray data sets were then screened for tumor-specific
glycan modifications in serum from ovarian cancer patients. Results obtained from two of these
glycoprotein markers, periostin and thrombospondin, have confirmed that tumor-specific glycan
changes can be used to distinguish ovarian cancer patient serum from normal serum.
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1 Introduction

Epithelial ovarian cancer (EOC) is the deadliest reproductive tract malignancy of women in
Western countries [1]. Approximately 22 000 new cases are diagnosed each year and about
45% of these women will be alive at 5 years [2]. Methods useful for the early diagnosis of
ovarian cancer could significantly improve survival rates. For example, ovarian cancer
survival rates climb to greater than 90% for women diagnosed when the disease is confined
to the ovary [2]. This study focuses on a specific type of ovarian cancer found to comprise
16-25% of ovarian cancer cases known as endometrioid ovarian cancer [3]. This cancer
arises from the outer epithelial lining of the ovary similar to other types of ovarian cancer
such as serous adenocarcinoma of the ovary, clear cell carcinoma, and mucinous carcinoma.
Many endometrioid ovarian cancers are diagnosed at an earlier stage, enabling the study of
early malignant lesions.

Glycosyltransferase expression levels have been shown to change in certain tumors [4-6].
Glycan structures that are added by these glycosyltransferases can be detected by specific
lectins (Fig. 1A). In an earlier study, we used human endometrioid ovarian tissue, as well as
a mouse model of human endometrioid ovarian cancer, and a quantitative real-time PCR
approach to measure quantitative changes in the expression levels of a set of enzymes in the
N-linked biosynthetic pathway [7]. We were able to identify glycosyltransferases within the
N-linked pathway that had significantly increased transcript levels in the tumor tissues
compared with normal. The use of lectins to fractionate complex biological samples such as
tissue and serum for protein identification by MS is becoming a sensitive method to isolate
potential disease markers [8-12]. Our approach targeting specific glycan structures that are
changing in correlation with malignant disease has been used successfully for breast cancer
[9]. In this study, we have extended this technique for normal and malignant human ovarian
tissue using fractionation with multiple lectins. Our MS results have identified tumor-
specific glycosylation changes on glycoprotein markers, not previously identified for ovarian
cancer. In addition, we have validated these glycan changes on glycoproteins in tissue and
serum collected from the patients for this study. Our approach using tissue as the initial
source for glycoproteomic analysis, followed by validation in serum, has enabled us to find
novel tumor-specific glycoprotein markers that may be useful for the early diagnosis of
ovarian cancer.

2 Materials and methods

2.1 Tumor samples and sample preparation

Human endometrioid ovarian cancers (17 =5) and nondiseased human ovary tissue (/7= 4)
were obtained from women as frozen tissue from the Ovarian Cancer Institute (Atlanta,
GA). Institutional Review Board approval was obtained for this research from The Georgia
Institute of Technology, The University of Georgia, and Northside Hospital (Atlanta, GA).
Our analysis included frozen tissue (minimum of 50 mg) wet weight that we were able to
obtain from five tumor and four nondiseased age-matched ovary samples. Frozen tissue was
made into a fine powder in the presence of liquid nitrogen using a mortar and pestle. Tissue
powder was delipidated using a mixture of chloroform/methanol/water (4:8:3, v/iv/v) as
described previously [13]. Delipidated protein pellets were given an additional wash with
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acetone and water (4:1) on ice for 15 min before drying under nitrogen. Delipidated pellets
were stored at —80°C until use.

2.2 Lectin binding and MS sample processing

Intact proteins were extracted from the delipidated tissues using a mild detergent solution as
follows: 20 mg of delipidated protein powder was dissolved in 300 puL of 50 mM Tris-Cl pH
7.5, 0.1% NP-40, 150 mM NacCl, 0.4 mM EDTA, one protease inhibitor tablet, the sample
was sonicated three times for 10 s pulses at setting 5 (Vertis Virsonic microtip). The
supernatant was taken after centrifugation at 10 000 rpm at 4°C for 10 min. The protein
concentration of the sample was determined by BCA assay, and 600 g of total protein
lysate was dialyzed overnight at 4°C into 40 mM ammonium bicarbonate using a 4000
MW(CO tube-O-dialyzer (GBiosciences). Minimal loss of protein occurred following
dialysis due to the use of neutral nonbinding membrane, <5%. The sample was adjusted to
150 mM NaCl, 5 mM CacCls,, and 5 mM MgCl, before the addition of the following lectins:
biotinylated E-PHA (Phaseolus vulgaris erythroagglutinin), biotinylated AAL (Aleuria
aurantid), and biotinylated DSL (Datura stramonium) (Vector Labs, Burlingame, CA) (10 ug
each) were added and the sample was rotated at 4°C overnight. Bound lectin-reactive
proteins were captured using 100 puL paramagnetic streptavidin particles (Promega) at 4°C
for 2 h. After washing in 1 x PBS, captured proteins were eluted with 200 uL of 2 M urea/4
mM DTT/40 mM ammonium bicarbonate at 52°C for 1 h. The eluted fraction was separated
from the paramagnetic streptavidin particles using a magnetic stand. Eluted proteins were
carboxyamidomethylated by adding an equal volume of iodoacetamide (10 mg/mL in 40
mM ammonium bicarbonate) in the dark for 45 min and digested with 5 pg of sequencing
grade trypsin (1:50, Promega) at 37°C overnight. Tryptic peptides were acidified with 200
uL of 1% TFA and desalting was performed using C18 spin columns (Vydac Silica C18, The
Nest Group). Eluted peptides were dried in the speed vac and resuspended in 19.5 pL of
buffer A (0.1% formic acid) and 0.5 pL of buffer B (80% ACN/0.1% formic acid) and
filtered through a 0.2 um filter (nanosep, PALL). Samples were loaded off-line onto a
nanospray column/emitter (75 um x13.5 cm, New Objective) self-packed with C18 reverse-
phase resin in a nitrogen pressure bomb for 10 min. Peptides were eluted viaa 160 min
linear gradient of increasing B at a flow rate of approximately 200 nL/min directly into a
linear ion trap mass spectrometer (Thermo, San Jose, CA, equipped with a nanoelectrospray
ion source). The top eight ions from the full MS (300-2000 /m/2) were selected for CID
fragmentation at 36% with a dynamic exclusion of two repeated counts using an exclusion
time of 30 s.

2.3 Proteomic data analysis

The raw MS data were converted to mzXML using ReAdW, a software written at the
Institute for Systems Biology in Seattle, WA (http://www.systemsbiology.org). MS/MS
spectra were searched against the International Protein Index (IP1) human sequence database
(IPLHUMAN.v.3.26) using MyriMatch [14]. The MyriMatch search criteria included only
tryptic peptides, all cysteines were presumed carboxyamidomethylated, and methionines
were allowed to be oxidized. MyriMatch searches allowed a precursor error of up to 1.25
my/z and a fragment ion limit within 0.5 m/z. All ambiguous identifications that matched to
multiple peptide sequences were excluded. The identified proteins (two+peptides required)
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from each individual tumor and normal sample were filtered and grouped using IDPicker
software [15]. IDPicker software incorporates searches against a separate reverse database,
probability match obtained from MyriMatch and DeltCN scores. Information about IDPicker
tools can be found at http://www.mc.vanderbilt.edu/msrc/bioinformatics/. Variance for
sample processing between normal and tumor samples was calculated by measuring the
number of peptides identified for proteins that adhere to the lectins in a nonglycan-
dependent manner, such as serum albumin. Our results indicate 14.6%+0.16 variance
between normal and tumor cases analyzed.

2.4 Western blot tissue validation

Tissue (50 mg frozen) samples were lysed in RIPA buffer (1 x PBS, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS) containing a mini complete protease inhibitor tablet
(Roche, Indianapolis, IN) using a polytron at setting 3 for 1 min. The lysate was cleared by
centrifugation at 10 000 x g for 10 min. Protein concentrations were determined by BCA
assay (Pierce, Rockford, IL). Lysate (500 pg) was precleared using protein A/G beads and
normal IgG from the species of the primary antibody prior to immunoprecipitation.
Antibodies to indicated biomarkers (2 pg) were added to 500 pg precleared lysate at 4°C for
2 h. Protein A/G beads (50 pL) were added to separate antibody-bound and -unbound
proteins. Proteins bound to protein A/G were separated on 4-12% NuPage Bis Tris gels and
transferred to PVDF membrane at 25 V for 1.5 h. Membranes were blocked overnight in 3%
BSA/TBST buffer before lectin blot detection using a 1:5000 dilution of the following
biotinylated lectins: 2. vulgaris erythroagglutinin (E-PHA), A. aurantia (AAL), and D.
stramonium (DSL), Vector Labs). Bound lectin was detected using a 1:5000 dilution of
streptavidin-HRP (Vector Labs) before washing and detection using Western Lightening
Plus (Perkin Elmer).

2.5 Serum validation

Serum (5 pL) was diluted in a 300 pL volume of 50 mM Tris-Cl pH 7.5, 0.1% NP-40, 150
mM NaCl, 5 mM MgCl,, and 5 mM CaCl,. Biotinylated lectins E-PHA, AAL, or DSL 10
ug were added and the reactions were incubated at 4°C for 2 h. Lectin-reactive proteins were
captured using 100 pL paramagnetic streptavidin particles (Promega) at 4°C for 2 h. Proteins
were separated on 4-12% NuPage Bis Tris gels and transferred to PVDF membrane at 25 V
for 1.5 h. Membranes were blocked overnight in 5% nonfat milk before the detection of
specific proteins using the indicated antibodies.

3 Results

3.1 Multilectin glycoproteomic analysis

Lectins recognizing specific glycan structures within the N-linked glycosylation pathway
(Fig. 1A) were chosen for glycoproteomic analysis based on our results demonstrating that
the MRNA levels of the enzymes that synthesize these glycans were elevated 2- to 18-fold in
ovarian cancer tissue relative to normal ovary [7]. The enzymes showing the largest
elevations in mRNA levels were MGAT 4a, MGAT4b, MGAT5, MGAT3, and FUTS8. As
shown circled in Fig. 1A, the lectin D. stramonium (DSL) can recognize the 3(1,4) branched
N-acetylglucosamine (GIcNAc) added by the glycosyltransferases MGAT4a and MGAT4b,
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as well as the B(1,6) branched N-acetylglucosamine added by the glyco-syltransferase
MGATS5 [16]. The lectin A. aurantia (AAL) has a high affinity for the core a(1,6) fucose-
linked product that results from the activity of the FUT8 glycosyltransferase [17, 18]. 2
vulgaris erythroagglutinin (E-PHA) binds with the bisecting A-acetylglucosamine that is
produced by the activity of the glycosyltransferase known as MGAT3.

Intact glycoproteins were extracted from ovarian tissue (Fig. 1A) before isolating lectin-
reactive proteins using the lectins DSL, AAL, and E-PHA. The cases of ovarian cancer
chosen for analysis are shown in Table 1: five cases of endometrioid ovarian cancer (two
early stage and three later stage) and four cases of normal ovary tissue (age matched with
tumor cases). Following multiple lectin enrichment, eluted intact glycoproteins were
processed to tryptic peptides prior to MS/MS analysis. MS/MS data for each tissue sample
were analyzed using the flow diagram as outlined in Fig. 1B. Myrimatch searches were used
to filter m/z data against the reverse human IPI database to achieve a false discovery rate of
less than 2% for proteins identified with a minimum of two peptides. We identified
cumulatively 504 unique proteins from the ovarian tumor tissue and 315 unique proteins
from normal ovarian tissue after multilectin enrichment. As shown in Fig. 2, more than 60%
of the unique protein identifications were made with three or more peptides. Figure 2 also
indicates that there was a 38% increase in the number of proteins enriched by lectins from
tumor tissues relative to normal ovarian tissues. These results are expected due to the
increased expression of the glycosyltransferases that add these glycan structures in ovarian
cancer tissue versus nondiseased ovary [7]. The proteins identified in tumor and nondiseased
cases were then grouped using the IdPicker software. Proteins that were enriched in tumor
cases at a spectral abundance of 1.5 x (150%) above normal were selected. In addition, a
second criterion that was applied required the protein to be present at a 1.5 x increase in at
least three of the five tumor cases analyzed. Table 2 lists the proteins that remained
following both data filtering criteria. Approximately, 40% of the proteins in this list contain
a signal sequence and are predicted to be glycoproteins. Since we do not elute proteins from
the lectin column with sugar haptens, many of the proteins not predicted to be glycoproteins
by sequence analysis may be associating with glycoproteins that have bound to the lectins.

The database for annotation, visualization, and integrated discovery) was used to annotate
the function of the proteins summarized in Table 2. The top three functional classifications
of the proteins enriched by multilectin affinity chromatography of ovarian tumor tissue
relative to nondiseased ovarian tissue were antioxidant activity (3.2E-8), glucose metabolism
(8.7E-7), and cellular adhesion (9.8E-3). Considering only glycoproteins containing signal
sequences, the functional categories are dominated by the anti-oxidant (e.g. CP, LDHA, LTF,
SERPINH1, CFB, and LAMP1 (lysosomal-associated membrane protein-1)) and cellular
adhesion (e.g. periostin (POSTN), thrombospondin 1 (THBS1), FIBLN5, MUC5b, and
HSPG2) categories. Glycoproteins in these functional categories play significant roles in the
progression and metastatic spread of ovarian cancer. Therefore, strategies to cotarget the
glycan moieties on these glycoproteins as well as their peptide epitopes may contribute to
new therapeutic strategies with greater specificities that could be useful to inhibit ovarian
tumor cell adhesion and spread in the peritoneal cavity.
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Most of the glycoproteins listed in Table 2 have never been exploited as potential biomarkers
for ovarian cancer. The two proteins for which we are presenting further development,
POSTN and THBS1, have been cited as being present in ovarian cancer [19, 20]. These
proteins have not, however, been developed into potential diagnostic assays, likely due to
their presence in the serum of normal patients. Our identification of tumor-specific
glycosylation changes on POSTN and THBS1 for ovarian cancer tissue and patient serum
appears to be novel. By extension, therefore, it is likely that other glycoproteins in Table 2
may be useful as candidate ovarian cancer markers based on glycosylation differences.

3.2 Validation studies

Glycoproteins from Table 2 were chosen for validation studies based on their reported
identification in serum [21]. Since the glycoproteomic studies were performed with three
lectins simultaneously, the glycoproteins markers listed in Table 2 likely have multiple,
distinct glycan structures. A direct method to confirm and characterize glycan changes on
glycoproteins is to immunoprecipitate the protein using an antibody directed against its
polypeptide, followed by SDS-PAGE and Western blotting, then detection of the glycan of
interest using a labeled lectin. In an effort to find markers for early stage disease, a single
stage | case (sample 3, Table 1) was chosen for validation along with a nondiseased case
(sample 7, Table 1). An example of validation is shown for the marker POSTN in Fig. 3A.
Our results indicated that POSTN was reactive with the lectins AAL (panel 2, Fig 3A) and
E-PHA (panel 3, Fig. 3A) only in the tumor tissue. There was no reactivity of POSTN with
the lectin DSL (panel 1, Fig 3A). The tumor-selective reactivity of POSTN with AAL and E-
PHA suggests that this marker would be a good candidate for serum validation.

By contrast to POSTN, the glycoprotein LAMP-1 has elevated reactivity with DSL and AAL
(panels 1 and 2, Fig. 3B) in tumor tissue relative to normal tissue but very little change in E-
PHA reactivity (panel 3, Fig. 3B). Equivalent levels of protein were present in each
immunoprecipitation for normal and tumor tissue, evidenced by the detection of a
streptavidin-reactive protein present on each blot, which was observed without lectin
present. These results confirm the ability of the lectins to recognize and bind to specific
glycan structures and suggest that core fucosylation (AAL reactivity, panel 2) is the most
significantly changing glycan structure on LAMP-1 in ovarian cancer tissue. Although we
did not detect LAMP-1 in normal tissue by proteomic analysis (Table 2), the detection of
LAMP-1 lectin reactivity in normal tissue (panels 1 and 2, Fig. 3B) by immunoprecipitation
and Western blot suggest that this marker is not a prime candidate for further serum
validation. A technical difference in the conditions that produced the MS/MS data in Table 2
and the Western blot data shown in Fig. 3 for LAMP-1 was the denaturation of the protein
prior to lectin blot analysis and not prior to the lectin chromatography/MS analysis.
LAMP-1 is a heavily N-glycosylated protein, at least 17 potential sites of glycosylation, and
it is quite possible that denaturation could render glycosylation sites accessible for lectin
binding that are not exposed under the native conditions used for the multilectin affinity
prior to MS/MS analysis.

During our studies, we also observed that when glycoproteins were highly reactive with E-
PHA, there was low DSL reactivity; conversely, if the protein was highly positive for DSL
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reactivity, the E-PHA reactivity was low (compare DSL data in Fig. 3). These results suggest
that the presence of a bisecting A-acetylglucosamine (detected by E-PHA) could either
inhibit DSL lectin binding or that the presence of the bisecting glycan inhibited
glycosylation reactions on the protein to which DSL binds. The marker POSTN has been
shown to express elevated (1,6) branched N-linked glycans in invasive ductal breast
carcinoma [9]. Our observation that E-PHA and DSL coreactivity does not appear to exist in
a single glycoprotein population suggests that the E-PHA-reactive form of POSTN may be a
selective marker for ovarian cancer. Our results suggest, therefore, that it is possible for a
single glycoprotein, POSTN, to be a marker for two different types of cancer depending on
specific differences in the glycans that it expresses.

Our ultimate goal is to identify glycoprotein markers that can be used to detect early stage
ovarian cancers. Ovarian cancers originate v/a diverse oncogenic signaling mechanisms [22];
therefore, potential markers identified by any study may not be present at detectable levels in
serum from patients with a wide variety of histological types of ovarian tumors. In order to
identify markers for serum validation studies that could have the broadest applicability, we
consulted the extensive microarray data set generated by The Ovarian Cancer Institute
laboratory at The Georgia Institute of Technology. Microarray transcript expression profiling
has been shown to discriminate benign and malignant ovarian tumors [23]. Microarray
expression data were analyzed for those glycoproteins in Table 2 whose sequences predicted
that they could be secreted into serum. As shown in Fig. 4A, microarray expression data
revealed that the majority of potential serum glycoprotein markers identified have increased
MRNA expression levels in tumors above normal. Considering the microarray data, tissue
verification data, and high abundance predicted by MS spectral count analysis in ovarian
cancer cases, we chose POSTN and THBSL1 for initial serum validation. To validate glycan
changes on glycoproteins from serum, biotinylated lectins were coupled to magnetic
streptavidin beads to isolate lectin-reactive proteins prior to Western blot detection using
antibodies directed against specific proteins. The validation of two candidate markers in sera
is presented: POSTN (twofold increase in expression arrays) and THBS1 (fourfold increase
in expression arrays) (Fig. 4A, boxed). The glycoprotein POSTN displays increased
bisecting N-acetylglucosamine glycosylation and core fucosylation in ovarian tumor tissue,
as evidenced by increased E-PHA and AAL reactivity, respectively (Fig. 3A panels 2 and 3).
As shown in Fig. 4B, serum samples from four of five tumor cases have E-PHA-reactive
POSTN detected above normal serum levels (Fig. 4B, panel 1, cases 1,3,4,5). Initial
validation results suggest, therefore, that expression of the bisecting N-linked structure on
POSTN in serum is associated with ovarian cancer. Lower grade tumors such as those in
cases 3 and 4 are positive as well as higher grade tumors. Although only one band migrating
at approximately 98 kDa was observed in tissue (Fig. 3A panels 2 and 3), we observed three
bands migrating at approximately 98, 80, and 65 kDa in serum. The presence of smaller
forms may also be due to proteolytic cleavage in serum. There is one potential N-linked
glycosylation site, and it is located in the C-terminus of POSTN. The reactivity of these
smaller forms of POSTN with the lectin E-PHA indicates that N-terminal cleavage of
POSTN may occur after release into serum. We observed that core fucosylated (AAL
reactive) POSTN was present at variable levels in serum, and its presence in nondiseased
and tumor serum showed no association with the presence of malignant disease (data not
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shown). These results suggest that POSTN with AAL reactivity is released into the serum
from a tissue other than ovary.

The candidate marker THBS1 shows increased core fucosylation in ovarian cancer tissue
relative to normal, based on AAL reactivity (data not shown). AAL precipitation and
antibody analysis of THBS1in serum samples indicates that in four of five tumor cases
(cases 1-4), THBS1 was more reactive with AAL compared with nondiseased serum cases
(Fig. 4B, panel 2). Again, both lower grade and higher grade cases are positive for AAL
reactivity with THBS1. We observed only one form of THBS1 from tissue migrating at
approximately 135-140 kDa (data not shown). However, in serum, we observed a form
migrating at a slightly lower molecular weight~125 kDa, as shown in Fig. 4B. The higher
molecular weight glycoform can be detected at a lower level of expression in some cases,
such as cases 1 and 2. THBSL1 has three—four N-linked sequons, with two-three located
toward the N-terminus region and one in the C-terminus region. The cleavage of THBS1 that
may be occurring in serum does not affect its tumor-specific AAL reactivity, however. In
these experiments, serum input amounts and quality were assessed by measuring the levels
of E-PHA-reactive a-1 acid glycoprotein (Fig. 4B, panel 3). Taken together, these results
identify E-PHA-reactive POSTN and AAL-reactive THBS1 as candidate markers useful in
the distinguishing of sera from endometrioid ovarian cancer patients and sera from
nondiseased controls. Combining the Western blot results for both markers (Fig. 4C), all five
tumor cases (samples 1-5) are more lectin reactive when compared with normal serum
(cases 6-9). Therefore, the cumulative detection of both glycoproteins with their tumor-
specific glycan structures can distinguish the serum of ovarian endometrioid cancer patients
from normal serum in 5/5 cases tested.

4 Discussion

We have used a focused approach targeting N-linked glycan structures that appear to be
increased in endometrioid ovarian cancer tissue relative to normal ovary to identify potential
glycoprotein markers for this cancer. This strategy has led to the identification of 47
potential tumor-specific lectin-reactive markers. We have presented tissue and serum
validation methods that add confidence that in many cases the tumor-specific glycoform
detected in serum has originated from the tumor. The goal of future investigations is to
develop a multiglycoprotein-marker panel that when assayed together could provide an
effective means for the early detection, prognosis, and monitoring of all types of ovarian
cancer.

4.1 Bisecting glycans and core fucosylation in ovarian cancer

The role of bisecting glycans in most epithelial cancers is thought to suppress metastasis by
suppressing the addition of branched complex N-linked glycans that can promote tumor cell
migration [24-26]. EOC is a unique type of epithelial cancer due to its origination from the
outer epithelial surface of the ovary that exhibits both epithelial and mesenchymal
characteristics [27, 28]. Cell-cell adhesive contacts are important in the regulation of cell
signaling events that promote tumorigenesis. Most epithelial tumors have a loss of cell-cell
adhesion due to decreased expression of E-cadherin. However, EOC maintain E-cadherin
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expression and cell—cell adhesion junctions during tumor development and progression [29].
This observation leads to the hypothesis that a possible feedback loop connecting the
expression of bisecting N-linked glycans added by GnT-111 and E-cadherin expression in
EOC. GnT-Ill expression is regulated by E-cadherin-mediated cell-cell adhesion in
epithelial cells [30]. Conversely, GnT-I11 can glycosylate E-cadherin, increasing the cell
surface levels of E-cadherin and further stimulating GnT-111 expression and activity[31]. The
effect of increased E-cadherin on the cell surface would elevate the AKT/PI3K pathway
promoting ovarian cancer cell growth and tumorigenesis [29]. Another way that bisecting
glycans could promote EOC tumorigenesis is through the inhibition of apoptosis. GnT-I11
overexpression in HelLa cells has been shown to suppress peroxide-induced apoptosis [32].
Therefore, ovarian cancer cells under oxidative stress may activate apoptotic pathways that
are then suppressed by GnT-111 activity and the presence of bisecting glycans on cell surface
receptors. The mechanisms of how GnT-I11 activity can suppress apoptosis are not fully
understood, and specific acceptors of glycosylation responsible have not been identified,
however. Future glycoproteomic studies on membrane glycoproteins isolated from ovarian
tumor tissue could lead to the identification of cell surface glycoprotein receptors that may
be potential therapeutic targets.

Core fucosylation, a common N-linked glycan modification, is increased in and serves as a
marker for several cancers [33-37]. Increased core fucosylation on glycoproteins promotes
growth factor signaling, since FUT8-/- mice are small and die during prenatal development
[38]. FUT8 expression has also been implicated in the regulation of EGFR and PDGF
receptor internalization and signaling [39]. Core fucosylation has also been linked to
enhanced E-cadherin-mediated cell-cell adhesion in colon cancer cells by reducing the
turnover of cell surface E-cadherin [40]. Therefore, the cumulative effect of increased
bisecting A-acetylglucosamine and core fucosylation on E-cadherin would likely promote
ovarian cancer tumorigenesis.

4.2 Cell stress and glycosylation changes

Our glycoproteomic data has identified several non-N-linked-glycosylated proteins enriched
by multilectin chromatography of ovarian tumor extracts. Many of these proteins are HSP
and chaperones (GRP78, HSPB1, YWHAG, and CCT5), protein disulfide isomerases
(PDIAS3, PDIA4, and PDIAG), and glucose metabolism enzymes (GPI, PGK1, PGD, and
PGAML1). Tumor cells that are proliferating rapidly create a glucose-deprived, hypoxic
environment [41]. The classes of non-N-linked-glycosylated proteins observed to be
enriched by multilectin chromatography may be managing this type of cellular stress. Many
of these proteins such as GRP78 have been identified on the cell surface in previous
proteomic studies [42]. GRP78 is induced by glucose deprivation and acts as a cell survival
factor capable of inhibiting apoptosis in many tumors [43, 44]. While GRP78 may not be an
ideal biomarker for the diagnosis of ovarian cancer due to its increased levels in many
different types of cancer, it may, however, be useful in directing therapeutics [45]. Although
GRP78 contains no predicted N-linked glycosylation sequons, we sought to test whether
GRP78 isolated by immunoprecipitation would be bound directly by lectins. We
immunoprecipitated GRP78 from ovarian cancer tissues, subjected the bound proteins to
SDS-PAGE and Western blotting, but observed no reactivity with the lectins used in this
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study (data not shown). Therefore, GRP78 must be binding tightly enough to glycoproteins
to be enriched by lectin affinity. Which glycoproteins GRP78 is binding with on the surface
of ovarian cancer cells is currently unknown. Future studies identifying the cell surface
glycoproteins GRP78 may be binding with may provide targets for peptide therapeutic
strategies to block the antiapoptotic activity of GRP78. Our approach solubilizing proteins in
mild detergent would not allow for the identification of possible membrane glycoproteins
that may be GRP78 cell surface-binding partners.

4.3 Glycoprotein markers and potential involvement in ovarian cancer spread

Ovarian cancer cells typically form multicellular aggregates and may spread by attachment
to the peritoneal abdominal wall lining [46]. This type of nonhematological tumor spread
may be influenced by the extracellular matrix proteins identified in this study, such as
POSTN, BGN, HSPG2, THBS1, and FIBLNS5, and corresponding interactions with their cell
receptors. A recent proteomic study to identify expression profiles associated with invasive
potential in ovarian cancer cell lines found that the most significantly enriched signaling
pathway promoting invasivity was extracellular matrix receptor signaling [47]. The adhesive
glycoproteins that we have validated as glycomarkers for ovarian cancer, POSTN and
THBS1, have been implicated in promoting tumor spread [19, 20]. Future studies will focus
on determining if increased core fucosylation and bisecting N-linked glycans on these
glycoproteins augment ovarian cancer peritoneal adhesion with a focus on identifying
potential mechanisms that could be targeted to block EOC peritoneal adhesion.

4.4 Relationship of the results of this study to CA-125, a glycoprotein marker for ovarian

cancer

The best-known glycoprotein marker for ovarian cancer is CA-125 (MUC16). Serum protein
levels of this marker may be used to monitor ovarian cancer patients during treatment;
however, due to variable concentrations of CA-125 in benign diseases, this assay has not
been in routine as a diagnostic assay [48]. CA-125 is a large mucin protein containing both
N- and O-linked glycans, and its complexity has hampered detailed analysis of its glycan
structures. However, the glycosylation patterns of CA-125 and certain acute-phase
glycoproteins have been documented to change in ovarian cancer [49-51]. For example,
Jankovic et al. compared the glycans of CA-125 isolated from amniotic fluid to CA-125
from the OVCARS3 ovarian cancer cell line and found a significant increase in the reactivity
of OVCAR3 CA-125 with the lectin E-PHA compared with CA-125 from amniotic fluid
[51]. These data agree with our finding that bisecting N-linked glycans are elevated in
ovarian cancer tissue relative to normal ovary [7]. Despite these findings, however, we were
unable to detect CA-125 in our glycoproteomic analysis of endometrioid ovarian cancer
tissue, which may reflect differences between endometrioid ovarian cancer and other
adenocarcinomas of the ovary. We did identify another mucin, MUC5b, that showed
increased binding to the lectins used in this study, suggesting that different types of ovarian
cancers may secrete different dominate mucins. These data suggest that assays targeting
mucin glycoproteins may not have sufficient sensitivity for a variety of histological types
and grades of ovarian tumors. The ability to correlate focused glycoproteomic data with
genomic microarray data from a diverse sampling of histological type ovarian tumors will

Proteomics. Author manuscript; available in PMC 2016 July 05.
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likely lead to glycomarkers with increased sensitivity for many histological subtypes of
ovarian cancer.

In conclusion, the glycoproteomic results presented offers initial validation that
glycoproteins with tumor-specific glycan changes can be used to distinguish malignant
ovarian tissue and serum from normal ovarian tissue and serum. The glycosylated candidate
markers and nonglycosylated candidate markers identified with tumor-specific lectin affinity
are promising for the detection and potential therapeutic intervention of endometrioid
ovarian cancer and possibly other forms of ovarian cancer.
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Figure 1.
(A) Schematic flow of the multi-lectin glycoproteomic method used in this study. The

glycan structures targeted are circled in the structures displayed. (B) Flow diagram
illustrating the data analysis and filtering methods.
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Tissue validation. (A) Lectin blot analysis of POSTN immunoprecipitations. POSTN was
immunoprecitated from 500 pg of total cell lysate using a polyclonal antibody (Abcam,
Cambridge, MA) prior to separation on 4-12% polyacrylamide gel and transfer to PVDF

membrane. Blots were probed with biotinylated lectins (1:5000) and detected using

streptavidin-coupled HRP (1:5000) and chemiluminescent development. (B) Lectin blot
analysis of LAMP-1 immunoprecipitation reactions. LAMP-1 was immunoprecipitated from
500 pg of total cell lysates (normal-NL and tumor-TU) using a monoclonal antibody (E-
Biosciences, San Diego, CA) detected by lectin blot as described above.
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Figure 4.
Microarray data and serum validation. (A) Visualization of normalized micro-array data

(performed at the Georgia Institute of Technology and The Ovarian Cancer Institute) for
glycoproteins from Table 2 selected for possible serum validation. The averaged fold-
increase in expression levels in tumor tissue relative to normal tissue is shown below. Gene
name abbreviations and IPI accessions are provided in Table 2. (B) Western blot analysis of
serum lectin precipitation reactions. The following antibodies were used: POSTN (Abcam,
1:1000), THBS1 (Santa Cruz, 1:250), and al-acid GP (Abcam, 1:1000). (C) Cumulative
Western blot data from two experiments was analyzed by densitometry using the Image J.
Averaged scaled densitometry values for POSTN and THBS1 were added.
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Patient information and proteins detected following multilectin proteomics of ovarian tissue

Table 1

Sampleno. Histology

Tumor stage Tumor grade

Unique proteins

Endometrioid
Endometrioid
Endometrioid
Endometrioid
Endometrioid
Normal

Normal

Normal

© 00 N oo o~ W N

Normal

1H-1v 2
Illa 3
la 2
la-Ic 2
11b-Illc 3
nla n/a
nfa n/a
nla n/a
nla n/a

525
416
306
328
416
242
258
158
213

n/a, not applicable.
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