
Discovery of Specific Metastasis-Related N-Glycan
Alterations in Epithelial Ovarian Cancer Based on
Quantitative Glycomics
Xingwang Zhang1., Yisheng Wang2., Yifan Qian1, Xin Wu2, Zejian Zhang1, Xijun Liu1, Ran Zhao4,

Lei Zhou1, Yuanyuan Ruan1, Jiejie Xu1, Haiou Liu1, Shifang Ren1*, Congjian Xu2,3,4,5*, Jianxin Gu1

1 Key Laboratory of Glycoconjugate Research Ministry of Public Health, Department of Biochemistry and Molecular Biology, School of Basic Medical Sciences, Fudan

University, Shanghai, China, 2 Obstetrics and Gynecology Hospital, Fudan University, Shanghai, China, 3 Department of Obstetrics and Gynecology of Shanghai Medical

School, Fudan University, Shanghai, China, 4 Institute of Biomedical Sciences, Fudan University, Shanghai, China, 5 Shanghai Key Laboratory of Female Reproductive

Endocrine Related Diseases, Shanghai, China

Abstract

Generally, most of ovarian cancer cannot be detected until large scale and remote metastasis occurs, which is the major
cause of high mortality in ovarian cancer. Therefore, it is urgent to discover metastasis-related biomarkers for the detection
of ovarian cancer in its occult metastasis stage. Altered glycosylation is a universal feature of malignancy and certain types
of glycan structures are well-known markers for tumor progressions. Thus, this study aimed to reveal specific changes of N-
glycans in the secretome of the metastatic ovarian cancer. We employed a quantitative glycomics approach based on
metabolic stable isotope labeling to compare the differential N-glycosylation of secretome between an ovarian cancer cell
line SKOV3 and its high metastatic derivative SKOV3-ip. Intriguingly, among total 17 N-glycans identified, the N-glycans with
bisecting GlcNAc were all significantly decreased in SKOV3-ip in comparison to SKOV3. This alteration in bisecting GlcNAc
glycoforms as well as its corresponding association with ovarian cancer metastatic behavior was further validated at the
glycotransferase level with multiple techniques including real-time PCR, western blotting, transwell assay, lectin blotting
and immunohistochemistry analysis. This study illustrated metastasis-related N-glycan alterations in ovarian cancer
secretome in vitro for the first time, which is a valuable source for biomarker discovery as well. Moreover, N-glycans with
bisecting GlcNAc shed light on the detection of ovarian cancer in early peritoneal metastasis stage which may accordingly
improve the prognosis of ovarian cancer patients.
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Introduction

Epithelial ovarian cancer is the most lethal gynecological

malignancy worldwide [1,2]. According to a recent report of the

American Cancer Society, approximately 22,240 new cases will be

diagnosed with ovarian cancer in 2013 while nearly 14,030 will

succumb to this disease [3]. Currently, pelvic ultrasonography and

serum CA125 test serve as main detection routines [4,5,6,7],

which are effective in some cases. However, the majority of

ovarian cancer may still not be diagnosed until the tumor has

progressed to an advanced stage, presenting with large-scale or

remote metastasis. In the clinic, the most common metastatic

pattern of ovarian cancer is recognized as peritoneal implantation

[8]. Due to the fact that early peritoneal metastasis sites are usually

too small to be detected macroscopically [4,9], the five-year

survival rate always suffers this poor terminal diagnosis and

witnesses a dramatical decrease when large-scale peritoneal

metastasis occurs, from about 90% at stage I to 2–80% at stage

II-IV [4,10,11]. Therefore, it is necessary to discover metastasis-

related biomarker which could aid in the detection of ovarian

cancer as early as possible rather than until the wide spread of

tumor outside the ovaries.

Glycosylation is one of the most prevalent post-translational

modifications which produces various types of glycans that are

frequently attached to proteins. Glycans participate in major

pathophysiology events during tumor progressions [12,13,14].

Altered glycosylation is a universal feature of malignancy, and

some of these alterations contribute to metastatic processes

[12,15]. For instance, increased activity or expression of N-

acetylglucosaminyltransferase V (MGAT5) and b-1, 6 GlcNAc-

branched N-glycans has been found in highly metastatic tumors,

such as colon, hepatic and breast cancers [16,17,18,19,20].

Additionally, the alteration in sialylation has been reported

contributing to the metastasis in these tumor cells as well

[21,22,23,24,25,26,27]. Moreover, other aberrant glycosylation
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patterns including core-fucose, bisecting GlcNAc N-glycans have

been known to be associated with metastasis of many malignant

cells [28,29,30,31,32]. Accordingly, cancer-associated aberrations

in glycan structures provide a compelling rationale for new

biomarkers discovery [33].

In the case of ovarian cancer, aberrant glycosylation has been

described in multiple studies, mainly including increased silylaiton

and fucosylation of O-linked glycans, higher levels of biantennary

N-linked glycans, elevated core fucosylation, and bisecting N-

linked glycosylation [34]. Currently, the role of glycosylation

modification playing in ovarian cancer metastasis has also been

indicated in several studies. For example, mesothelin-MUC16

binding that facilitates peritoneal metastasis of ovarian cancers has

been shown N-glycan dependent [35]. The cell ability of adhesion

to hyaluronan in ovarian carcinoma cell lines could be altered by

removing carbohydrate moieties from the cell surfaces [36]. These

studies suggested the involvement of glycans in the metastasis

processes, whereas exact N-glycan changes associated with

metastasis in ovarian cancer remained unclear, such as those on

cell surface and cell secreted glycoproteins. Given that specific

glycan structure changes in cancer cell secretome may be potential

biomarkers for non-invasive diagnosis [37], in this study, we

focused on revealing the metastasis-associated N-glycosylation

alteration in glycoproteins secreted by ovarian cancer cells.

Quantitative glycomics based on mass spectrometry (MS) has

been proved to be a promising and powerful tool to identify global

alterations of glycans between different biological samples

[38,39,40], which includes label free strategies and stable isotope

labeling strategies. The former one is much simpler while the latter

one is more robust. One quantitative glycomics method based on

metabolic incorporation of stable isotope labels (Isotopic Detection

of Aminosugars With Glutamine, IDAWG) has been reported

recently [41]. In this method, differentially labeled cells can be

mixed together early in the work flow, which minimize any

potential bias introduced during sample processing and offer a

reliable quantification method [39,42]. In our study, different from

quantitative glycomics analysis of cell surface glycoproteins using

IDAWG reported previously, quantitative glycomics method

based on metabolic incorporation of stable isotope labels was

employed to differential N-glycosylation analysis of secretome

between two ovarian cancer cell lines, SKOV3 and its high

metastatic derivative SKOV3-ip. Subsequently, metastasis-associ-

ated N-glycan changes in ovarian cancer discovered by this

glycomics method were further validated at glycotransferase level

with different molecular biological techniques, including real-time

PCR, western blotting, lectin blotting, transwell assay and

immunohistochemistry analysis. The total work flow in our study

was shown in Figure 1. To our knowledge, this is the first attempt

to reveal global picture of the metastasis-related N-glycan

alterations in ovarian cancer cell secretome. Moreover, among

these changes, decrease in bisecting GlcNAc modification and its

corresponding glycotransferase (Mannosyl (Beta-1,4-)-Glycopro-

tein Beta-1,4-N-Acetylglucosaminyltransferase, MGAT3) expres-

sion were demonstrated to be related to higher metastatic

potential. This study provided insights into discovery of metasta-

sis-associated biomarker, which could aid in detecting early

peritoneal metastasis of ovarian cancer, and finally improving

diagnosis of ovarian cancer.

Materials and Methods

Cell Culture and Metabolic Stable Isotope Labeling
Serous ovarian cancer cell line SKOV3 and its high metastatic

derivative SKOV3-ip were obtained from the American Type

Culture Collection (ATCC). These two ovarian cancer cell lines

were grown in RPMI1640 cell media (Invitrogen, Carlsbad, CA,

USA) supplemented with 10% fetal bovine serum (Invitrogen).

293T cell line was obtained from the Institute of Cell Biology

Academic Sinica (Shanghai, China). 293T cells were maintained

in Dulbecco’s modified Eagle’s medium (DMEM) containing 10%

fetal bovine serum. All cells were cultured with 1% penicillin/

streptomycin at 37uC in a humidified 5% CO2 incubator. For

stable isotope labeling experiments, cells were cultured for at least

six doublings in the RPMI1640 medium with 10% fetal bovine

serum, containing 20 mM L-glutamine (either 14N or amide-15N-

Gln) to achieve complete incorporation of labeled N-glycans [41].

Amide-15N-Gln (98% purity) was purchased from Cambridge

Isotopes, Inc. (Andover, MA, USA).

Supernatant Acquisition
Six million labeled cells were seeded in 55-cm2 cell culture

dishes and maintained overnight for cell attachment in the

RPMI1640 medium supplemented with 10% fetal bovine serum,

20 mM L-glutamine (either 14N or amide-15N-Gln). After 12 h,

the culture medium was removed, and the cells were washed for 3

times with phosphate-buffered saline. And then 10 mL of serum-

free, phenol red-free RPMI1640 medium with 20 mM L-

glutamine (either 14N or amide-15N) was added to each dish.

After incubation for 48 h, the conditioned medium was collected

and filtered through a 0.22 mm Durapore PVDF Membrane

(Millipore, Billerica, MA, USA). Before, during and after serum

starvation, viability of cancer cells was assessed using the trypan

blue dye exclusion assay. The protein concentrations of condi-

tioned media were determined using a BCA protein assay kit

(Pierce,Rockford, IL). The conditioned medium with equal protein

amount obtained from SKOV3 and SKOV3-ip were mixed.

Subsequently, the mixtures were concentrated by Amicon Ultra-

15, 3,000 molecular weight cut off (MWCO) centrifugal filter units

(Millipore, Billerica, MA, USA) with excessive salt removing for

quantitative glycomics. All samples were stored at 280uC until

further use.

Release and Purification of N-Glycans from Secreted
Proteome

The N-linked glycan release and purification were performed as

previously described with minor modifications [43]. Aliquots of

mixed protein solution (100 mL) were diluted with equal volume of

denaturing buffer composed of 200 mM NH4HCO3 (Sigma-

Aldrich, Germany) containing 20 mM mdithiothreitol (Sigma-

Aldrich, Germany). The samples were heated for 10 min in 95uC
water bath. After the denatured samples cooled to the ambient

room temperature, 1 mL of PNGase F (New England Biolabs, Inc.,

USA) was added to each sample followed by overnight incubation

at 37uC. Subsequently, the deglycosylated proteins were precip-

itated by adding 600 mL of chilled ethanol stored at –80uC for 2 h.

After centrifugation at 14,0006g, for 30 min at 4uC, the

supernatant was collected and dried through vacuum centrifuga-

tion. The released glycans were further purified and desalted using

a Porous Graphic Carbon Solid-Phase Extraction (PGC-SPE). To

this end, the PGC microcolumns were packed with porous graphic

carbon powder and prepared using GELoader tips as described

before [44]. The microcolumns were preconditioned with 6

column volumes of 0.1% (v/v) trifluoroacetic acid (TFA) in 80%

acetonitrile (ACN)/H2O (v/v) and equilibrated with equal volume

of water. Afterwards, the samples were applied to the columns

repeatedly for 5 times to achieve complete glycans adsorption.

Subsequently, the microcolumns were washed with approximately

10 column volumes of water to remove salts and buffer. Glycans
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were eluted with 25% (v/v) ACN containing 0.05% (v/v) TFA.

Each sample was then divided into two equal aliquots and

lyophilized in a vacuum freeze dryer (Martin Christ GmbH,

Osterode,Germany). One equal aliquot of each sample was stored

at –80uC until further analysis. Another equal aliquot of each

sample was permethylated.

Permethylation of N-glycans
N-glycans were permethylated using a previously published

procedure with minor modifications [45]. Briefly, dried N-glycans

were suspended in 200 mL of dimethyl sulfoxide (DMSO), and

approximately 20 mg NaOH powder was added. After the slurry

was mixed vigorously, 100 mL of CH3I was added and the

following incubation was conducted in an ultrasonic bath for

30 min. The reaction was quenched by addition of 1 mL of water,

and the excess CH3I was removed under a stream of nitrogen.

Subsequently, 1 mL of chloroform was added with strong mixing.

After phase separation, the aqueous phase was discarded while the

lower chloroform phase was washed 10 times with 1 mL of H2O

and dried down under a stream of nitrogen in a hood for matrix-

assisted laser desorption/ionization mass spectrometry (MALDI

MS) analysis.

MALDI MS Analysis
MALDI mass spectrometric analysis was performed on AXIMA

Resonance MALDI QIT TOF MS (Shimadzu Corp., Kyoto,

Japan) with a 337 nm nitrogen laser. All samples were analyzed at

a 20-kV accelerating voltage in the positive ion and reflectron

mode. CID was performed at a collision energy of 4 keV using

argon as the collision gas. The instrument was externally

calibrated by TOFMixTM (LaserBio Labs, France) containing

eight peptides calibration standard. Prior to MS analysis,

unpermethylated glycans were reconstituted in a 5-mL aliquot of

0.1% (volume/volume, v/v) TFA in 50% ACN/H2O (v/v) and

permethylated glycans were reconstituted in a 5-mL aliquot of 50%

methanol. Each sample (1 mL) was spotted onto a MALDI target

and allowed to dry in air at ambient temperature. Afterwards,

1 mL of 2,5-dihydroxybenzoic acid matrix (DHB, Sigma-Aldrich,

Germany) at the concentration of 12.5 mg mL-1 in 50% ACN in

water (v/v) containing 0.1% TFA was added onto the sample layer

and dried under ambient conditions. Each sample was spotted in

triplicate. Two laser shots were set to generate a profile and 200

profiles were accumulated from different points of laser irradiation

into one file for each sample spot. For comparison of N-glycans

from secretomes of the two ovarian cancer cells, a 1:1 mixture of
14N- and 15N-labeled samples was initially obtained through

mixing equal starting proteins amount. And the mixture was

analyzed (three replicates) to determine relative changes in the

abundances of N-glycans between ovarian cancer cell line SKOV3

and its high metastatic derivative SKOV3-ip. All the proposed

structures of identified glycans were interpreted manually based on

their m/z values according to serveral previously published

literatures [46,47], GlycoWorkbench [48], Glycan Mass Spectral

Database [49] as well as GlycoBase (Version 2, http://glycobase.

nibrt.ie/glycobase.html).

Quantitative Real-time PCR for mRNA Expression Analysis
Total RNAs were extracted from ovarian cancer cell lines with

the TRIzolTM reagent (Invitrogen) and 2 mg of total RNA was

reverse transcribed using RT Master Mix kit (Takara) according to

the manufacturer’s instruction. Real-time PCR was performed on

ABI 7500 Fast Real-time PCR system (Applied Biosystems). The

PCR cycling conditions consisted of a single incubation step at

95uC for 30 s, followed by 40 cycles of 5 s at 95uC, and 34 s at

Figure 1. The total experimental workflow in this study.
doi:10.1371/journal.pone.0087978.g001
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60uC. All PCR reactions were performed with SYBR-green

Premix Real-time PCR kit (Takara) according to the manufac-

turer’s protocol. Primers sequences used in PCR analysis were as

follows: human MGAT3 forward (59-CAGGGCACAGGATT-

GAAGAGTT-39) and human MGAT3 reverse (59-

AGCTTGGTTTCCCTTCATATTGAG-39); human MGAT5

forward (59- GACCTGCAGTTCCTTCTTCG-39) and human

MGAT5 reverse (59- CCATGGCAGAAGTCCTGTTT-39); hu-

man Glyceraldehyde-3-phosphate dehydrogenase (GADPH) for-

ward (59-CTCTCTGCTCCTCCTGTTCGAC-39) and human

GAPDH reverse (59-TGAGCGATGTGGCTCGGCT-39). Hu-

man GADPH mRNA served as an endogenous control for

normalization. Real-time PCR analysis was carried out in

triplicate.

Plasmids and Gene Overexpression
SKOV3-ip and SKOV3 cells were transfected using X-

tremeGENE HP DNATransfection Reagent (Roche Applied

Science, Mannheim, Germany) with pcDNA3.1-MGAT3 or

pcDNA3.1-MGAT5 plasmids, respectively (provided by a re-

searcher in our laboratory), according to the manufacturer’s

instructions. And pcDNA3.1 vector was used as the negative

control. At 48 h after transfection, the overexpression of MGAT3

and MGAT5 were confirmed by western blot analysis.

Small Interfering RNA and Knockdown of MGAT3
SKOV3 cells were transfected with MGAT3 specific siRNA

Transfection Reagent Complex, (Santa Cruz Biotech, Inc., sc-

44469), which was prepared according to the manufacturer’s

protocol. Scrambled siRNA was used as the negative control. At

48 h after transfection, cell lysates were prepared for western blot

analysis to determine gene knockdown efficacy.

Western Blot and Lectin Blot Analysis
In order to obtain whole cell proteins, the cells were collected,

washed with phosphate buffer solution (PBS) and then lysed in

SDS lysis buffer [50]. Total protein concentrations were deter-

mined by BCA assay (Pierce,Rockford, IL). Equal amounts of total

protein lysates from each cell line were separated by 10% sodium

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

and then transferred to PVDF membranes (Roche Applied

Science). i. Western blot analysis: After blocking with 5% skimmed

milk in Tris-buffered saline containing 0.1% Tween 20 (TBST) for

2 h at room temperature, the membranes were incubated

overnight at 4uC with mouse monoclonal antibody against

MGAT3 (1/1000 diluted, sigma) or MGAT5 (1/1000 diluted,

sigma) and then a secondary antibody at room temperature for

1 h. After washing, the membranes were detected by enhanced

chemiluminescent (ECL) assay kit. ii. Lectin blot analysis: After

blocking with 5% BSA in TBST, the membranes were incubated

overnight at 4uC with biotinylated Phaseolus vulgaris erythroagglutinin

(E-PHA) (1/5000 diluted,Vector Labs) or Phaseolus vulgaris leucoag-

glutinin (L-PHA) (1/5000 diluted,Vector Labs). Next, membranes

were washed four times with TBST, followed by incubation with

horseradish peroxidase streptavidin (Vector Labs) for 30 min at

room temperature. Subsequently, the membranes were washed

four times with TBST and detected by ECL assay kit.

Transwell Migration Assay
To evaluate the migratory ability, cell migration was performed

using 24-well format transwell chambers (8 mm pore filter,

Corning, Canton, NY). Briefly, SKOV3 cells were transfected

with MGAT3 specific siRNA or MGAT5 plasmid, and SKOV3-ip

cells were transfected with MGAT3 plasmid for 36 h, respectively.

After that, cells were trypsinized, collected, counted, and then

suspended in serum-free RPMI1640 medium. 26104 cells in

100 mL of serum-free RPMI1640 medium were platted to each

insert of the upper chamber. Meanwhile, 600 mL of RPMI1640

medium containing 10% FBS was added to each lower chamber.

Subsequently, the cells were incubated for 12 h at 37uC. After

removing the cells on the upper membrane surface, cells on the

bottom surface of the membrane were fixed and stained with 0.1%

crystal violet for 30 min at room temperature. Next, cells that had

passed through the filter to the lower chamber were counted

microscopically in 6 random regions per filter. The number of cells

that traversed the membrane revealed the migratory ability of the

tested cells.

Immunohistochemistry Analysis
A total of 24 ovarian cancer tissues were fixed in 4% formalin

and embedded in paraffin. Tissue sections were first subjected to

hematoxylin and eosin (H&E) staining for histopathological

diagnosis. Then, immunohistochemical staining using anti-

MGAT3 antibody (Abcam, Cambridge, MA, USA) was per-

formed as described previously [51]. The intensity of MGAT3

staining was scaled from 0 to 3, where 0 stands for negative

staining, 1, 2, 3 stand for weak, moderate, and strong staining

respectively. Ovarian cancer tissues were obtained from the

Obstetrics and Gynecology Hospital, Fudan University, Shanghai,

China. All protocols have been approved by the Institutional

Review Board of the hospital. All patients have given their written

informed consent. Clinical information for these patients were

shown in Table S1.

Data Processing and Statistical Analysis
MALDI MS and tandem mass spectrometry (MS/MS) data

were acquired and processed in Launchpad software (Shimadzu

Biotech, Kyoto, Japan). The parameters of peak processing:

smoothing method: Gaussian; peak detection method: threshold-

25% centroid; threshold offset: 0.500 mV. The m/z values and

intensities were exported as ASCII files and peak intensities were

scaled with the highest peak as 100%. The relative quantification

of detected N-glycans was according to the protocols previously

reported [42]. All statistical analyses were performed using

GraphPad Prism (version 5). All the experiments were performed

at least three times. The data were expressed as the means 6

standard error of the mean (SEM). Student’s t-test was used to

determine the significance of differences between two groups.

Wilcoxon Signed Ranks Test was used to compare immunohis-

tochemistry data from the two groups. A p-value of less than 0.05

was considered to be statistically significant.

Results

Quantitative/Comparative Glycomics Analysis of
Supernatant between SKOV3 and SKOV3-ip Cell

To discover the metastasis-related N-glycan alteration in

ovarian cancer cell secretome, the total pool of N-glycan mixture,

released by the enzyme Peptide N-glycosidase F from the

secretome mixture of SKOV3(amide-15N-Gln labeled) and

SKOV3-ip cells (amide-14N-Gln labeled), was analyzed by

MALDI-QIT-TOF MS (Figure 2). A total of 17 N-glycans were

identified, including high mannose, hybrid, triantennary, tetra-

antennary structures and bisecting GlcNAc glycoforms. All the

identified N-glycans with proposed structure were shown in

Figure 2 and summarized in Table 1.

N-Glycan Change in Metastasis of Ovarian Cancer
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Quantitative analysis of N-glycans from the secretome mixture

of SKOV3 and SKOV3-ip cells was based on signal intensities.

Intensity ratios (SKOV3-ip/SKOV3) of 0.83 and 1.2 were set as

the threshold to estimate the down- or up-regulation of the N-

Figure 2. Quantitative analysis of N-linked glycans using MALDI-TOF MS. N-linked glycans from a 1:1 mixture of SKOV3-ip (Gln-14 labeled)
and SKOV3 (Gln-15 labeled) supernatant. The structures were interpreted manually based on their m/z values according to several previously
published literatures [46,47], GlycoWorkbench [48] as well as Glycan Mass Spectral Database [49]. Gln-14 indicates amide-14N-Gln; Gln-15 indicates
amide-15N-Gln. Green circle indicates mannose; yellow circle indicates galactose; blue square indicates N-acetylglucosamine; red triangle indicates
fucose.
doi:10.1371/journal.pone.0087978.g002

Table 1. Relative quantitation of N-glycans detected in SKOV3-ip (amide-14N-Gln-labeled) and SKOV3 (amide-15N-Gln-labeled)
supernatant.

No.
Observed m/z
[M+Na]+

Theoretical m/z
[M+Na]+

Ratio (SKOV3-ip/
SKOV3)

CV (%)
(n = 9) Changea Composition Type

1 1419.5 1419.5 1.46 4.26 up HexNAc2Hex6 High mannose

2 1460.4 1460.5 2.05 13.44 up HexNAc3Hex5 Hybrid

3 1581.5 1581.5 0.95 3.49 no HexNAc2Hex7 High mannose

4 1622.4 1622.6 1.63 12.61 up HexNAc3Hex6 Hybrid

5 1647.5 1647.6 3.40 11.48 up HexNAc4Hex4 Fuc Complex biantennary

6 1663.6 1663.6 3.23 8.78 up HexNAc4Hex5 Complex biantennary

7 1743.5 1743.6 1.42 4.29 up HexNAc2Hex8 High mannose

8 1809.6 1809.6 2.21 8.87 up HexNAc4Hex5 Fuc Complex biantennary

9 1866.6 1866.7 0.28 2.40 down HexNAc5Hex5 Bisecting

10 1905.5 1905.6 2.19 10.01 up HexNAc2Hex9 High mannose

11 2012.7 2012.7 0.12 15.20 down HexNAc5Hex5 Fuc Bisecting

12 2028.6 2028.7 1.32 18.06 up HexNAc5Hex6 Triantennary

13 2158.6 2158.8 0.64 17.46 down HexNAc5Hex5 Fuc2 Complex biantennary

14 2174.7 2174.8 2.21 15.99 up HexNAc5Hex6 Fuc Triantennary

15 2377.8 2377.9 0.32 9.87 down HexNAc6Hex6 Fuc Bisecting

16 2539.9 2539.9 1.78 15.90 up HexNAc6Hex7 Fuc Tetra-antennary

17 2742.9 2743.0 0.73 15.35 down HexNAc7Hex7 Fuc Bisecting

aRatio (SKOV3-ip/SKOV3) ,0.83 or .1.20 is distinguishable as a criterion to estimate the down- or up-regulation of the glycan levels. HexNAc, N-acetylhexosamine; Hex,
hexose (mannose or galactose ); Fuc, fucose.
doi:10.1371/journal.pone.0087978.t001
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glycan levels in SKOV3-ip cells, in comparison to SKOV3 cells,

since the maximum coefficient of variation (CV) (n = 9) was below

20% in this study [43]. Relative quantitation of all detected N-

glycans between SKOV3-ip and SKOV3 cells were summarized

in Table 1. The results demonstrated that three out of four high

mannose structures were up-regulated in SKOV3-ip cells. N-

glycans containing hybrid, triantennary, and tetra-antennary

structures with or without fucose were elevated in SKOV3-ip

cells. The similar trend was observed in three glycans with

complex biantennary structures. Among all the alteration in N-

glycans, all the N-glycans with bisecting GlcNAc were found to be

apparently decreased in the SKOV3-ip cells, with their SKOV3-

ip/SKOV3 ratios ranging from 0.73 to 0.12, while all the b-1,6

GlcNAc-branched N-glycans were elevated in SKOV3-ip cells.

Among these altered N-glycans, we focused on the N-glycans with

bisecting GlcNAc, partly because all of them decreased and they

were the most obviously altered N-glycans. Furthermore, an

increasing body of evidence has indicated that the bisecting

glycans may affect tumor progression and metastasis [52].The

structures containing bisecting GlcNAc were further confirmed by

tandem mass spectrometry (MS/MS). Representative tandem MS

spectra of m/z 2012.7 [M+Na]+, and m/z 2377.8 [M+Na]+ were

shown in Figures S1A–B.

It is noteworthy that sialic acids, typically presented as terminal

monosaccharides in the glycan moiety of many glycoproteins, play

essential roles in many physiological and pathological processes.

Sialylated glycans are labile and easy to be lost during direct mass

spectrometric analysis of underivatized N-glycans. As permethyla-

tion can stabilize the sialic acid residues by converting highly polar

-OH and -COO2 groups of the different monosaccharides into

nonpolar [38], N-glycans after permethylation were also analyzed.

The results demonstrated that more N-glycans with different

degree of sialylation were observed comparing to the analysis

results without permethylation. Although signal of one N-glycan

with bisecting GlcNAc could be decentralized to several signals of

N-glycans with different degree of sialylation, the trend of

alteration in all the bisecting GlcNAc structures were the same

no matter permethylated or not (see Figure S2). The signal

intensity of the bisecting N-glycan without permethylation (Figure

S2A, m/z 2012.6 for example) was higher than that of

permethylated N-glycans at m/z 2489.4, m/z 2850.3 and m/z

3211.4 containing 0, 1 and 2 sialic acids respectively (Figure S2B).

It is possibly because part of the original bisecting signal intensity

(Figure S2A) was contributed to the corresponding fragments of

the glycans with same structure while containing additional 1 and

2 sialic acids (Figure S2B). Furthermore, the glycan profiles with

permethylation were more complex (i.e.,have more peaks).

Thereby, it is suggested that the permethylation step probably

could be omitted in quantitative glycomics analysis of those neutral

N-glycans which is irrelative to sialic acids, such as bisecting

GlcNAc glycoform in this study.

Differential Expression of MGAT3 in SKOV3-ip and SKOV3
Cell Lines

As bisecting GlcNAc residue was synthesized by specific

glycosytransferase (MGAT3), the change in N-glycans with

bisecting GlcNAc could be correlated with the corresponding

alteration in MGAT3. Therefore, real-time PCR analysis was

carried out to compare the mRNA expression levels of MGAT3

between SKOV3 and SKOV3-ip cell lines. The results demon-

strated that MGAT3 was differentially expressed between the two

cell lines. The mRNA level of MGAT3 was significantly higher in

SKOV3 cells than that in SKOV3-ip cells (61-fold, p,0.001,

Figure 3A). Then the expression of MGAT3 in this two cell lines

was further assessed at protein level by western blot analysis. The

lower abundance of MGAT3 was observed for SKOV3-ip cells in

contrast with SKOV3 cells (Figure 3B). Therefore, decreased

MGAT3 expression in both mRNA and protein levels in SKOV3-

ip cells were in accordance with decreased bisecting GluNAc

modification in SKOV3-ip cell supernatant manifested by

quantitative glycomics analysis.

Effects of MGAT3 on Migration Ability of Ovarian Cancer
Cells

The data above showed that the levels of MGAT3 and its

catalysate, N-glycans containing bisecting GlcNAc, were signifi-

cantly lower in SKOV3-ip cells compared with that in SKOV3

cells. Since SKOV3-ip cells are the highly metastatic derivatives of

SKOV3 cells, these results suggested a potential role of MGAT3

and its catalysate, bisecting glycans, on ovarian cancer cell

motility. In order to test this, MGAT3 gene was overexpressed

in SKOV3-ip cells by transfection. Western blot analysis

demonstrated a significant increase in MGAT3 expression after

transfection, compared with SKOV3-ip-control cells (Figure 4A).

The level of bisecting glycans were also elevated accordingly

(Figure 4B). To confirm whether overexpression of MGAT3 affect

the migration ability, trans-well migration assays were performed.

As shown in Figure 4C and 4D, migration ability in MGAT3

transfected cells was significantly decreased to 52% of that in

control cells. Meanwhile, knockdown of MGAT3 in SKOV3 cells

was performed by MGAT3-targeting siRNA transfection. Western

blot analysis demonstrated efficient depression of MGAT3

expression in SKOV3 after transfection (Figure 5A). The level of

bisecting glycans were down-regulated accordingly (Figure 5B).

Trans-well migration assays (Figure 5C and 5D) showed 64%

enhancement in migration ability in MGAT3-targeting siRNA

transfected SKOV3 cells as compared with control cells. These

results suggested that MGAT3 was involved in the migration

ability of ovarian cancer cells, and may play a role in suppressing

ovarian cancer cell metastasis.

Immunohistochemical Analysis of MGAT3 Expression in
Ovarian Cancer Tissues

We further assessed MGAT3 expression in 24 ovarian cancer

tissues employing immunohistochemical analysis. As shown in

Figure 6, the expression levels of MGAT3 displayed a decreasing

pattern, going from low grade ovarian cancer to high grade

ovarian cancer. While only 14.29% of high grade ovarian cancer,

76.47% of low grade ovarian cancer specimens displayed

moderate to strong staining of MGAT3. Immunohistochemical

analysis indicated that lower MGAT3 expression correlated to

ovarian cancers with higher malignant potential, which was in

accordance with the results obtained from the SKOV3 cell line

and its high metastatic derivative, SKOV3-ip cell lines.

Discussion

In the present study, a comprehensive strategy was developed to

facilitate the identification and validation of specific N-glycan

changes associated with ovarian cancer metastasis. Accordingly,

SKOV3 and its high metastatic derivative SKOV3-ip cells, which

were isolated from ascites in the mouse given i.p. injections of

SKOV3 cells [53], were chosen as experiment model. Notably, we

aimed not only to discover the corresponding N-glycan alterations,

but to confirm the featured change through multiple molecular

biology approaches, including real-time PCR, western blot, lectin

blot, transwell assay and immunohistochemistry analysis, as well.
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From a clinical perspective, focusing on the glycosylation

alteration of glycoproteins secreted by cancer cells is very

appealing for diagnostic purposes, as they may filtrate into the

peripheral blood [54,55]. Discovery of biomarkers by direct

analysis of blood plasma has been very difficult so far [55,56],

because plasma is a very complex fluid in which concentration of

proteins are in high dynamic range. Therefore, the analysis of

proteins secreted by homogeneous cancer cell populations has

been reported as a more straightforward approach [57,58,59,60].

Consequently, the conditioned medium of cell lines has widely

been used for the analysis of cancer secretome [55,61]. In this

study, the differential N-glycosylation of secretome between

SKOV3 and SKOV3-ip cells was investigated through global

quantitative glycomic profiling of supernatant of these two cell

lines based on metabolic incorporation of stable isotope labels

[41]. In order to assess the changes of N-glycans in a reliable and

sensitive manner, metabolic stable isotope labels were employed

for MS-based quantitative glycomics analysis, which was reported

capable of monitoring the glycan alterations associated with

different biological conditions and diseases [40,45,62]. According

to a recent research, a cell culture metabolic labeling strategy,

IDAWG, was introduced, applying the principle of SILAC

specialized for proteomic quantification to the glycomic quantifi-

cation [41]. To be more specific, culture media containing

amide-15N-Gln was used to metabolically label cellular aminosu-

gars with heavy nitrogen, which was proved to be a simple

implementation of quantitative tool for glycomic analysis [41].

Notably, in our study, this strategy was first utilized for the

quantitative glycomics analysis of cell-secreted proteomes of

ovarian cancer cells. Base on this method, changes in the

structures and relative abundance of N-glycans of secreted

glycoproteins from two ovarian cancer cells with different

metastasis potential were obtained in a relatively reliable way.

The results demonstrated that all the N-glycans with bisecting

GlcNAc apparently decreased, while GlcNAc-branched N-glycans,

high mannose structures increased in SKOV3-ip cell sceretome

compared with that in SKOV3 cell secretome.

Bisecting GlcNAc residue is synthesized by a specific glyco-

transferase, N-acetylglucosaminyltransferase III (MGAT3) [63],

which transfers GlcNAc in b1,4-linkage to the core Man of

complex or hybrid N-glycans. MGAT3 is considered a key

glycosyltransferase in N-glycan biosynthetic pathways and was

reported playing an important role in tumor progression [52].

Knockdown of MGAT3 expression promoted MHCC97-L cells

(human hepatocarcinoma cell line) invasion and increased

resistance to 5-fluorouracil in vitro [64]. Transfection of MGAT3

in B16 melanoma cells resulted in suppressed tumor invasion and

lung metastasis [65]. Song et al. reported that the bisecting

GlcNAc on N-glycans inhibited growth factor signaling and

retarded mammary tumor progression [32]. However, MGAT3

was reported upregulated in high metastatic human hepatocarci-

noma cell line HCCLM3 in comparison with cell line with low

metastatic potential [66]. Overexpression of MGAT3 in HeLaS3

cells enhanced the epidermal growth factor (EGF) mediated cell

signaling [67], and transfecting myelogenous leukemia cell line

K562 with MGAT3 protected it from natural killer cytotoxicity

and increased spleen colonization [68]. The combined data

indicates that effects of MGAT3 on tumor progression may vary

with cell type.

In the case of ovarian cancer, relationship between bisecting

glycan modification as well as MGAT3 and metastatic potential

remains unclear. Abbott, K. L. et al reported increased expression

of E-PHA binding proteins in endometrioid ovarian cancer tissue

compared to normal ovarian tissue [69]. However, endometrioid

ovarian cancer has been demonstrated to transform from

endometriosis or ovarian epithelial cells [70]. Normal ovarian

tissue, which is largely composed of ovarian stoma cells, could not

be used as normal counterpart of ovarian cancer tissues. Our data

from quantitative glycomics analysis suggested significantly

decreased bisecting glycan modification in highly metastatic

ovarian cancer cell line (SKOV3-ip). This finding was further

supported by decreased expression of MGAT3 on both mRNA

and protein levels observed in SKOV3-ip cells. Trans-well

migration assays indicated that MGAT3 behaves as a suppressor

in ovarian cancer cell migration. Immunhistochemistry analysis of

MGAT3 expression in ovarian cancer tissues also showed

correlation of over-expression of MGAT3 with lower metastatic

Figure 3. Differential expression of MGAT3 in SKOV3-ip and SKOV3 cell lines. (A) The mRNA expression levels of MGAT3 in SKOV3-ip and
SKOV3 cell lines. The mRNA levels of MGAT3 were normalized with GAPDH levels. Mean fold changes were calculated with the 2–DDCt method. (B) The
protein expression levels of MGAT3 in SKOV3-ip and SKOV3 cell lines. Cell lysates were isolated by 10% SDS-PAGE for western blotting using antibody
against MGAT3. Human beta-actin served as an endogenous control. 293T cell line was used as positive control. Data are expressed as the means 6
SEM. Each assay was performed at least three times. A p-value of less than 0.05 indicates statistical significance using Student’s t-test.
doi:10.1371/journal.pone.0087978.g003
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potential, which was in line with the result from ovarian cancer cell

lines.

One mechanism reported to be responsible for inhibitory effects

of MGAT3 on cancer metastasis is that addition of bisecting

GlcNAc by MGAT3 hinders b1,6 GlcNAc branching formation

catalyzed by MGAT5, since MGAT5 cannot utilize the bisected

oligosaccharide as an acceptor substrate [71,72]. GlcNAc-

branched N-glycans was reported to promote cancer cell

metastasis via frequent sialic acid modifications on its remote

saccharides and interaction with galectins to form lattices that

regulate signaling receptor endocytosis [52]. As a consequence,

increased expression of MGAT3 deceased b1,6 GlcNAc branch-

ing and metastatic potential of cancer cells. In this study, the

antagonistic result of bisecting GlcNAc structures and GlcNAc-

branched N-glycans was observed (Figures S3,S4). Increasing in

b1,6 GlcNAc branching and MGAT5 expression in the highly

metastatic SKOV3-ip cells were also manifested (Table 1, Figure

S5 ), which were in accordance with findings reported in other

cancers. Overexpression of MGAT5 in SKOV3 cells led to

increased b1,6 GlcNAc branching and cell migration (Figure S6).

These data suggested competitive effects of MGAT3 and MGAT5

on N-glycan processing in ovarian cancer. Notably, decreased

MGAT3 expression and increased MGAT5 expression may be

concurrent phenomenon that both contribute to increasedb1,6

GlcNAc branching in highly metastatic ovarian cancer.

An important approach by which bisecting GlcNAc affects

tumor cell behaviors is its modification of membrane or secreted

glycoproteins that mediate cell-cell and cell-matrix interaction. E-

cadherin is the main epithelial cell-cell adhesion molecule. In

melanoma, MGAT3 upregulation, which in turn increased

bisecting GlcNAc modification of E-cadherin [65], led to an

enhancement of E-cadherin-mediated cell-cell interactions owing

to prolonged turnover of E-cadherin on the cell surface [29,73].

Introduction of bisecting N-glycan into integrin alpha(5)beta(1)

inhibited cell migration on fibronectin [31]. Epidermal growth

factor receptor (EGFR), a key signaling receptor for cell

Figure 4. Overexpression of MGAT3 inhibits the migration ability of epithelial ovarian cancer cells. SKOV3-ip cells were transfected with
pcDNA3.1 empty or MGAT3/pcDNA3.1 vectors. At 48 h after transfection, amounts of MGAT3 protein and its catalysate, N-glycans containing
bisecting GlcNAc were detected by Western blotting (A) and Lectin blotting (B) in SKOV3-ip cells, respectively. Human beta-actin served as an
endogenous control. All the relative expression levels of N-glycans containing bisecting GlcNAc were normalized to beta-actin. The left column of (B)
represents the densitometry result for glycoproteins 50–250 kDa relative to control set at 1.0. It should be noted that the expression levels of MAGT3
and its catalysate, bisecting glycans were both significantly increased. Simultaneously, cells were subjected to the migration assay. Images of
migrating cells from migration assay (C) and quantitative results are shown (D). Original magnification: 200x.The reported values are expressed as the
means 6 SEM. Each assay was performed at least three times. A p-value of less than 0.05 indicates statistical significance using Student’s t-test.
doi:10.1371/journal.pone.0087978.g004
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proliferation and migration, showed reduced binding with EGF

and autophosphorylation after bisecting N-glycan modification in

human U373 MG glioma cells [74] and neuronal cells [75].

Moreover, it has been reported that EGFR endocytosis enhanced

in LEC10B CHO cells carrying bisected N-glycans, which led to

downregulated EGFR signaling [32,52]. Song et al. demonstrated

that tumors and tumor-derived cells lacking Mgat3 exhibit

enhanced signaling through the Ras pathway and reduced

amounts of functionally glycosylated a-dystroglycan. Constitutive

overexpression of an MMTV/Mgat3 transgene inhibits early

mammary tumor development and tumor cell migration [32].

Interruption of lattice formation via branched N-glycans and

galectin interaction was responsible for increased EGFR endocy-

tosis [76,77]. In the current study, inhibition of cell migration after

MGAT3 transfection was also observed. E-cadherin, EGFR, and

integrins, which are all important molecules for cell malignant

transformation in ovarian cancer [78,79], may also be modified by

bisecting N-glycans. Change in their biological function or

localization after bisecting N-glycan modification may contribute

to ovarian cancer metastasis. Besides, molecules such as CA125

and CD44, which have been manifested to take part in adhesion of

ovarian cancer cells to peritoneal membrane in a N-glycan

dependent manner [35,80], may also be the target of bisecting N-

glycan modification. Further investigations employing lectin

affinity chromatography and mass spectrometry are needed to

fully uncover bisecting GlcNAc modified glycoproteins that are the

effecting molecules in ovarian cancer metastasis.

Conclusion

In this study, quantitative glycomics based on metablic stable

isotopic labeling revealed a comprehensive picture of the

Figure 5. Knockdown of MGAT3 enhances the migration ability of epithelial ovarian cancer cells. SKOV3 cells were transfected with
control siRNA and MGAT3-specific siRNA, respectively. At 48 h after transfection, amounts of MGAT3 protein and its catalysate, N-glycans containing
bisecting GlcNAc were detected by Western blotting (A) and Lectin blotting (B) in SKOV3 cells, respectively. Human beta-actin served as an
endogenous control. All the relative expression levels of N-glycans containing bisecting GlcNAc were normalized to beta-actin. The left column of (B)
represents the densitometry result for glycoproteins 50–250 kDa relative to control set at 1.0. It should be noted that the expression levels of MAGT3
and its catalysate, bisecting glycans were both significantly decreased. Simultaneously, cells were subjected to the migration assay. Images of
migrating cells from migration assay (C) and quantitative results are shown (D). Original magnification: 200x.The reported values are expressed as the
means 6 SEM. Each assay was performed at least three times. A p-value of less than 0.05 indicates statistical significance using Student’s t-test.
doi:10.1371/journal.pone.0087978.g005

N-Glycan Change in Metastasis of Ovarian Cancer

PLOS ONE | www.plosone.org 9 February 2014 | Volume 9 | Issue 2 | e87978



metastasis-related N-glycans alteration in cell secreted proteome of

epithelial ovarian cancer for the first time. Specifically, decrease in

bisecting GlcNAc structure was found to be related to higher

metastatic potential. Future studies will focus on discovery of

specific ovarian cancer derived glycoproteins carring these

metastasis-associated bisecting N-glycans to promote biomarker

development for early detection of ovarian cancer.

Supporting Information

Figure S1 Representative tandem MS spectra of N-
glycans containing bisecting GlcNAc. (A) Tandem MS

spectra of m/z 2012.7 [M+Na]+. (B) Tandem MS spectra of m/z

2377.8 [M+Na]+. N-glycans containning a bisecting GlcNAc

residue were identified based on the Green circle indicates

mannose; yellow circle indicates galactose; blue square indicates

N-acetylglucosamine; red triangle indicates fucose. Asterisks (*)

indicate signals of fragment ions losing water molecules.

(PDF)

Figure S2 Representative MALDI mass spectrum pro-
files of quantitative analysis of N-glycans mixture. (A)

Unpermethylated N-glycans from a 1:1 mixture of SKOV3-ip

(amide-14N-Gln-labeled) and SKOV3 (amide-15N-Gln-labeled)

supernatant. (B) Permethylated N-glycans from a 1:1 mixture of

SKOV3-ip (amide-14N-Gln-labeled) and SKOV3 (amide-15N-

Gln-labeled) supernatant. The trend of alteration in all bisecting

N-glycans are same whatever permethylation or not. While signal

intensities were weakened and the profiles of N-glycans were more

complex after permethylation. For instance, signal intensity of the

unpermethylated N-glycan at an m/z value of 2012.7 was stronger

than that of permethylated N-glycans at m/z values 2489.4,

2850.4, 3211.6 containing 0,1,2 sialic acids respectively. Green

circle indicates mannose; yellow circle indicates galactose; blue

square indicates N-acetylglucosamine; red triangle indicates

fucose.

(PDF)

Figure S3 Expression level of b1,6 GlcNAc branching N-
glycans after MGAT3 overexpression in SKOV3-ip cell
line. SKOV3-ip cells were transfected with pcDNA3.1 empty or

MGAT3/pcDNA3.1 vectors. At 48 h after transfection, amounts

of MGAT3 protein and b1,6 GlcNAc branching N-glycans were

detected by Western blotting (A) and Lectin blotting (B) in

SKOV3-ip cells, respectively. Human beta-actin served as an

endogenous control. All the relative expression levels ofb1,6

GlcNAc branching N-glycans were normalized to beta-actin. The

left column of (B) represents the densitometry result for

glycoproteins 50–250 kDa relative to control set at 1.0. Each

assay was performed at least three times. A p-value of less than

0.05 indicates statistical significance using Student’s t-test.

(PDF)

Figure S4 Expression level of b1,6 GlcNAc branching N-
glycans after MGAT3 knockdown in SKOV3 cell line.
SKOV3 cells were transfected with control siRNA and MGAT3-

specific siRNA, respectively. At 48 h after transfection, amounts of

MGAT3 protein andb1,6 GlcNAc branching N-glycans were

detected by Western blotting (A) and Lectin blotting (B) in

SKOV3 cells, respectively. Human beta-actin served as an

endogenous control. All the relative expression levels of b1,6

GlcNAc branching N-glycans were normalized to beta-actin. The

left column of (B) represents the densitometry result for

glycoproteins 50–250 kDa relative to control set at 1.0. Each

assay was performed at least three times. A p-value of less than

0.05 indicates statistical significance using Student’s t-test.

(PDF)

Figure S5 Differential expression of MGAT5 in SKOV3-
ip and SKOV3 cell lines. (A) The mRNA expression levels of

MGAT5 in SKOV3-ip and SKOV3 cell lines. The mRNA levels

of MGAT3 were normalized with GAPDH levels. Mean fold

changes were calculated with the 2-DDCt method. (B) The protein

expression levels of MGAT5 in SKOV3-ip and SKOV3 cell lines.

Cell lysates were isolated by 10% SDS-PAGE for western blotting

using antibody against MGAT5. Human beta-actin served as an

endogenous control. Data are expressed as the means 6 SEM.

Each assay was performed at least three times. A p-value of less

than 0.05 indicates statistical significance using Student’s t-test.

(PDF)

Figure S6 Overexpression of MGAT5 enhances the
migration ability of epithelial ovarian cancer cells.
SKOV3 cells were transfected with pcDNA3.1 empty or

MGAT5/pcDNA3.1 vectors. At 48 h after transfection, amounts

of MGAT5 protein and its catalysate, b1,6 GlcNAc branching N-

glycans were detected by Western blotting (A) and Lectin blotting

(B) in SKOV3 cells, respectively. Human beta-actin served as an

Figure 6. Expression of MGAT3 in human ovarian cancer tissues of varying grade (n = 24). (A) Representative immunohistochemistry
photographs of MGAT3 expression in low grade and high grade ovarian cancer tissues. Original magnification: 200x. The immunostaining levels were
scored as 0 (negative), 1 (weakly positive), 2 (moderately positive), or 3 (strongly positive). (B) Immunohistochemical staining was quantified using the
scoring scale described above, as blindly determined by two pathologists. P value was calculated by Wilcoxon Signed Ranks Test and p,0.05
indicates statistical significance.
doi:10.1371/journal.pone.0087978.g006
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endogenous control. All the relative expression levels ofb1,6

GlcNAc branching N-glycans were normalized to beta-actin. The

left column of (B) represents the densitometry result for

glycoproteins 50–250 kDa relative to control set at 1.0. It should

be noted that the expression levels of MAGT5 and its catalysate,

b1,6 GlcNAc branching N-glycans were both significantly

increased. Simultaneously, cells were subjected to the migration

assay. Images of migrating cells from migration assay (C) and

quantitative results are shown (D). Original magnification: 200x.

The reported values are expressed as the means 6 SEM. Each

assay was performed at least three times. A p-value of less than

0.05 indicates statistical significance using Student’s t-test.

(PDF)

Table S1 Clinical patient information for immunohis-
tochemistry analysis.

(DOC)

Author Contributions

Conceived and designed the experiments: XZ YW CX SR. Performed the

experiments: XZ YW. Analyzed the data: XZ YW SR CX JG.

Contributed reagents/materials/analysis tools: YQ XW ZZ XL RZ LZ

YR JX HL. Wrote the paper: XZ SR.

References

1. Ozols RF, Bookman MA, Connolly DC, Daly MB, Godwin AK, et al. (2004)

Focus on epithelial ovarian cancer. Cancer Cell 5: 19–24.

2. Bowtell DD (2010) The genesis and evolution of high-grade serous ovarian

cancer. Nat Rev Cancer 10: 803–808.

3. Siegel R, Naishadham D, Jemal A (2013) Cancer statistics, 2013. CA

Cancer J Clin 63: 11–30.

4. He Y, Wu X, Liu X, Yan G, Xu C (2010) LC-MS/MS analysis of ovarian

cancer metastasis-related proteins using a nude mouse model: 14-3-3 zeta as a

candidate biomarker. J Proteome Res 9: 6180–6190.

5. Woodward ER, Sleightholme HV, Considine AM, Williamson S, McHugo JM,

et al. (2007) Annual surveillance by CA125 and transvaginal ultrasound for

ovarian cancer in both high-risk and population risk women is ineffective. BJOG

114: 1500–1509.

6. Ma S, Shen K, Lang J (2003) A risk of malignancy index in preoperative

diagnosis of ovarian cancer. Chin Med J (Engl) 116: 396–399.

7. Torres JC, Derchain SF, Faundes A, Gontijo RC, Martinez EZ, et al. (2002)

Risk-of-malignancy index in preoperative evaluation of clinically restricted

ovarian cancer. Sao Paulo Med J 120: 72–76.

8. Doig T, Monaghan H (2006) Sampling the omentum in ovarian neoplasia: when

one block is enough. Int J Gynecol Cancer 16: 36–40.

9. Kenny HA, Kaur S, Coussens LM, Lengyel E (2008) The initial steps of ovarian

cancer cell metastasis are mediated by MMP-2 cleavage of vitronectin and

fibronectin. J Clin Invest 118: 1367–1379.

10. Tetsche MS, Dethlefsen C, Pedersen L, Sorensen HT, Norgaard M (2008) The

impact of comorbidity and stage on ovarian cancer mortality: a nationwide

Danish cohort study. BMC Cancer 8: 31.

11. Aletti GD, Gallenberg MM, Cliby WA, Jatoi A, Hartmann LC (2007) Current

management strategies for ovarian cancer. Mayo Clin Proc 82: 751–770.

12. Fuster MM, Esko JD (2005) The sweet and sour of cancer: glycans as novel

therapeutic targets. Nat Rev Cancer 5: 526–542.

13. Hart GW, Copeland RJ (2010) Glycomics hits the big time. Cell 143: 672–676.

14. Hakomori SI, Cummings RD (2012) Glycosylation effects on cancer

development. Glycoconj J 29: 565–566.

15. Ohtsubo K, Marth JD (2006) Glycosylation in cellular mechanisms of health and

disease. Cell 126: 855–867.

16. Granovsky M, Fata J, Pawling J, Muller WJ, Khokha R, et al. (2000)

Suppression of tumor growth and metastasis in Mgat5-deficient mice. Nat Med

6: 306–312.

17. Pochec E, Litynska A, Amoresano A, Casbarra A (2003) Glycosylation profile of

integrin alpha 3 beta 1 changes with melanoma progression. Biochim Biophys

Acta 1643: 113–123.

18. Guo HB, Lee I, Kamar M, Pierce M (2003) N-acetylglucosaminyltransferase V

expression levels regulate cadherin-associated homotypic cell-cell adhesion and

intracellular signaling pathways. J Biol Chem 278: 52412–52424.

19. Pinho SS, Reis CA, Paredes J, Magalhaes AM, Ferreira AC, et al. (2009) The

role of N-acetylglucosaminyltransferase III and V in the post-transcriptional

modifications of E-cadherin. Hum Mol Genet 18: 2599–2608.

20. Handerson T, Camp R, Harigopal M, Rimm D, Pawelek J (2005) Beta1,6-

branched oligosaccharides are increased in lymph node metastases and predict

poor outcome in breast carcinoma. Clin Cancer Res 11: 2969–2973.

21. Dall’Olio F, Chiricolo M (2001) Sialyltransferases in cancer. Glycoconj J 18:

841–850.

22. Varki NM, Varki A (2007) Diversity in cell surface sialic acid presentations:

implications for biology and disease. Lab Invest 87: 851–857.

23. Schultz MJ, Swindall AF, Bellis SL (2012) Regulation of the metastatic cell

phenotype by sialylated glycans. Cancer Metastasis Rev 31: 501–518.

24. Lin S, Kemmner W, Grigull S, Schlag PM (2002) Cell surface alpha 2,6

sialylation affects adhesion of breast carcinoma cells. Exp Cell Res 276: 101–

110.

25. Seales EC, Jurado GA, Brunson BA, Wakefield JK, Frost AR, et al. (2005)

Hypersialylation of beta1 integrins, observed in colon adenocarcinoma, may

contribute to cancer progression by up-regulating cell motility. Cancer Res 65:

4645–4652.

26. Christie DR, Shaikh FM, Lucas JAt, Lucas JA 3rd, Bellis SL (2008) ST6Gal-I

expression in ovarian cancer cells promotes an invasive phenotype by altering

integrin glycosylation and function. J Ovarian Res 1: 3.

27. Zhu Y, Srivatana U, Ullah A, Gagneja H, Berenson CS, et al. (2001)

Suppression of a sialyltransferase by antisense DNA reduces invasiveness of

human colon cancer cells in vitro. Biochim Biophys Acta 1536: 148–160.

28. Takahashi M, Kuroki Y, Ohtsubo K, Taniguchi N (2009) Core fucose and

bisecting GlcNAc, the direct modifiers of the N-glycan core: their functions and

target proteins. Carbohydr Res 344: 1387–1390.

29. Gu J, Sato Y, Kariya Y, Isaji T, Taniguchi N, et al. (2009) A mutual regulation

between cell-cell adhesion and N-glycosylation: implication of the bisecting

GlcNAc for biological functions. J Proteome Res 8: 431–435.

30. Zhao Y, Nakagawa T, Itoh S, Inamori K, Isaji T, et al. (2006) N-

acetylglucosaminyltransferase III antagonizes the effect of N-acetylglucosami-

nyltransferase V on alpha3beta1 integrin-mediated cell migration. J Biol Chem

281: 32122–32130.

31. Isaji T, Gu J, Nishiuchi R, Zhao Y, Takahashi M, et al. (2004) Introduction of

bisecting GlcNAc into integrin alpha5beta1 reduces ligand binding and down-

regulates cell adhesion and cell migration. J Biol Chem 279: 19747–19754.

32. Song Y, Aglipay JA, Bernstein JD, Goswami S, Stanley P (2010) The bisecting

GlcNAc on N-glycans inhibits growth factor signaling and retards mammary

tumor progression. Cancer Res 70: 3361–3371.

33. Meany DL, Chan DW (2011) Aberrant glycosylation associated with enzymes as

cancer biomarkers. Clin Proteomics 8: 7.

34. Abbott KL (2010) Glycomic analysis of ovarian cancer: past, present, and future.

Cancer Biomark 8: 273–280.

35. Gubbels JA, Belisle J, Onda M, Rancourt C, Migneault M, et al. (2006)

Mesothelin-MUC16 binding is a high affinity, N-glycan dependent interaction

that facilitates peritoneal metastasis of ovarian tumors. Mol Cancer 5: 50.

36. Casey RC, Oegema TR Jr, Skubitz KM, Pambuccian SE, Grindle SM, et al.

(2003) Cell membrane glycosylation mediates the adhesion, migration, and

invasion of ovarian carcinoma cells. Clin Exp Metastasis 20: 143–152.

37. Yue T, Goldstein IJ, Hollingsworth MA, Kaul K, Brand RE, et al. (2009) The

prevalence and nature of glycan alterations on specific proteins in pancreatic

cancer patients revealed using antibody-lectin sandwich arrays. Mol Cell

Proteomics 8: 1697–1707.

38. Wada Y, Azadi P, Costello CE, Dell A, Dwek RA, et al. (2007) Comparison of

the methods for profiling glycoprotein glycans–HUPO Human Disease

Glycomics/Proteome Initiative multi-institutional study. Glycobiology 17:

411–422.

39. Orlando R (2013) Quantitative analysis of glycoprotein glycans. Methods Mol

Biol 951: 197–215.

40. Mechref Y, Hu Y, Desantos-Garcia JL, Hussein A, Tang H (2013) Quantitative

glycomics strategies. Mol Cell Proteomics 12: 874–884.

41. Orlando R, Lim JM, Atwood JA 3rd, Angel PM, Fang M, et al. (2009) IDAWG:

Metabolic incorporation of stable isotope labels for quantitative glycomics of

cultured cells. J Proteome Res 8: 3816–3823.

42. Fang M, Lim JM, Wells L (2010) Quantitative Glycomics of Cultured Cells

Using Isotopic Detection of Aminosugars with Glutamine (IDAWG). Curr

Protoc Chem Biol 2: 55–69.

43. Zhang W, Wang H, Tang H, Yang P (2011) Endoglycosidase-mediated

incorporation of 18O into glycans for relative glycan quantitation. Anal Chem

83: 4975–4981.

44. Qian Y, Zhang X, Zhou L, Yun X, Xie J, et al. (2012) Site-specific N-

glycosylation identification of recombinant human lectin-like oxidized low

density lipoprotein receptor-1 (LOX-1). Glycoconj J 29: 399–409.

45. Atwood JA 3rd, Cheng L, Alvarez-Manilla G, Warren NL, York WS, et al.

(2008) Quantitation by isobaric labeling: applications to glycomics. J Proteome

Res 7: 367–374.

46. Machado E, Kandzia S, Carilho R, Altevogt P, Conradt HS, et al. (2011) N-

Glycosylation of total cellular glycoproteins from the human ovarian carcinoma

SKOV3 cell line and of recombinantly expressed human erythropoietin.

Glycobiology 21: 376–386.

N-Glycan Change in Metastasis of Ovarian Cancer

PLOS ONE | www.plosone.org 11 February 2014 | Volume 9 | Issue 2 | e87978



47. Alley WR Jr, Vasseur JA, Goetz JA, Svoboda M, Mann BF, et al. (2012) N-

linked glycan structures and their expressions change in the blood sera of ovarian

cancer patients. J Proteome Res 11: 2282–2300.

48. Ceroni A, Maass K, Geyer H, Geyer R, Dell A, et al. (2008) GlycoWorkbench: a

tool for the computer-assisted annotation of mass spectra of glycans. J Proteome

Res 7: 1650–1659.

49. Kameyama A, Kikuchi N, Nakaya S, Ito H, Sato T, et al. (2005) A strategy for

identification of oligosaccharide structures using observational multistage mass

spectral library. Anal Chem 77: 4719–4725.

50. Wu W, Sun Z, Wu J, Peng X, Gan H, et al. (2012) Trihydrophobin 1

phosphorylation by c-Src regulates MAPK/ERK signaling and cell migration.

PLoS One 7: e29920.

51. Liu H, Xu J, Zhou L, Yun X, Chen L, et al. (2011) Hepatitis B virus large

surface antigen promotes liver carcinogenesis by activating the Src/PI3K/Akt

pathway. Cancer Res 71: 7547–7557.

52. Miwa HE, Song Y, Alvarez R, Cummings RD, Stanley P (2012) The bisecting

GlcNAc in cell growth control and tumor progression. Glycoconj J 29: 609–618.

53. Yu D, Wolf JK, Scanlon M, Price JE, Hung MC (1993) Enhanced c-erbB-2/neu

expression in human ovarian cancer cells correlates with more severe

malignancy that can be suppressed by E1A. Cancer Res 53: 891–898.

54. Clark HF, Gurney AL, Abaya E, Baker K, Baldwin D, et al. (2003) The secreted

protein discovery initiative (SPDI), a large-scale effort to identify novel human

secreted and transmembrane proteins: a bioinformatics assessment. Genome Res

13: 2265–2270.

55. Boersema PJ, Geiger T, Wisniewski JR, Mann M (2013) Quantification of the N-

glycosylated secretome by super-SILAC during breast cancer progression and in

human blood samples. Mol Cell Proteomics 12: 158–171.

56. Zhang Q, Faca V, Hanash S (2011) Mining the plasma proteome for disease

applications across seven logs of protein abundance. J Proteome Res 10: 46–50.

57. Wu CC, Hsu CW, Chen CD, Yu CJ, Chang KP, et al. (2010) Candidate

serological biomarkers for cancer identified from the secretomes of 23 cancer cell

lines and the human protein atlas. Mol Cell Proteomics 9: 1100–1117.

58. Dowling P, Clynes M (2011) Conditioned media from cell lines: a

complementary model to clinical specimens for the discovery of disease-specific

biomarkers. Proteomics 11: 794–804.

59. Karagiannis GS, Pavlou MP, Diamandis EP (2010) Cancer secretomics reveal

pathophysiological pathways in cancer molecular oncology. Mol Oncol 4: 496–

510.

60. Makridakis M, Vlahou A (2010) Secretome proteomics for discovery of cancer

biomarkers. J Proteomics 73: 2291–2305.

61. Pavlou MP, Diamandis EP (2010) The cancer cell secretome: a good source for

discovering biomarkers? J Proteomics 73: 1896–1906.

62. Hu Y, Desantos-Garcia JL, Mechref Y (2013) Comparative glycomic profiling of

isotopically permethylated N-glycans by liquid chromatography/electrospray

ionization mass spectrometry. Rapid Commun Mass Spectrom 27: 865–877.

63. Dennis JW, Granovsky M, Warren CE (1999) Protein glycosylation in

development and disease. Bioessays 21: 412–421.

64. Guo R, Cheng L, Zhao Y, Zhang J, Liu C, et al. (2013) Glycogenes mediate the

invasive properties and chemosensitivity of human hepatocarcinoma cells.

Int J Biochem Cell Biol 45: 347–358.

65. Yoshimura M, Nishikawa A, Ihara Y, Taniguchi S, Taniguchi N (1995)

Suppression of lung metastasis of B16 mouse melanoma by N-acetylglucosami-
nyltransferase III gene transfection. Proc Natl Acad Sci U S A 92: 8754–8758.

66. Kang X, Wang N, Pei C, Sun L, Sun R, et al. (2012) Glycan-related gene

expression signatures in human metastatic hepatocellular carcinoma cells. Exp
Ther Med 3: 415–422.

67. Sato Y, Takahashi M, Shibukawa Y, Jain SK, Hamaoka R, et al. (2001)
Overexpression of N-acetylglucosaminyltransferase III enhances the epidermal

growth factor-induced phosphorylation of ERK in HeLaS3 cells by up-

regulation of the internalization rate of the receptors. J Biol Chem 276:
11956–11962.

68. Yoshimura M, Ihara Y, Ohnishi A, Ijuhin N, Nishiura T, et al. (1996) Bisecting
N-acetylglucosamine on K562 cells suppresses natural killer cytotoxicity and

promotes spleen colonization. Cancer Res 56: 412–418.
69. Abbott KL, Lim JM, Wells L, Benigno BB, McDonald JF, et al. (2010)

Identification of candidate biomarkers with cancer-specific glycosylation in the

tissue and serum of endometrioid ovarian cancer patients by glycoproteomic
analysis. Proteomics 10: 470–481.

70. Wiegand KC, Shah SP, Al-Agha OM, Zhao Y, Tse K, et al. (2010) ARID1A
mutations in endometriosis-associated ovarian carcinomas. N Engl J Med 363:

1532–1543.

71. Gu J, Nishikawa A, Tsuruoka N, Ohno M, Yamaguchi N, et al. (1993)
Purification and characterization of UDP-N-acetylglucosamine: alpha-6-D-

mannoside beta 1–6N-acetylglucosaminyltransferase (N-acetylglucosaminyl-
transferase V) from a human lung cancer cell line. J Biochem 113: 614–619.

72. Schachter H (1986) Biosynthetic controls that determine the branching and
microheterogeneity of protein-bound oligosaccharides. Adv Exp Med Biol 205:

53–85.

73. Yoshimura M, Ihara Y, Matsuzawa Y, Taniguchi N (1996) Aberrant
glycosylation of E-cadherin enhances cell-cell binding to suppress metastasis.

J Biol Chem 271: 13811–13815.
74. Rebbaa A, Yamamoto H, Saito T, Meuillet E, Kim P, et al. (1997) Gene

transfection-mediated overexpression of beta1,4-N-acetylglucosamine bisecting

oligosaccharides in glioma cell line U373 MG inhibits epidermal growth factor
receptor function. J Biol Chem 272: 9275–9279.

75. Gu J, Zhao Y, Isaji T, Shibukawa Y, Ihara H, et al. (2004) Beta1,4-N-
Acetylglucosaminyltransferase III down-regulates neurite outgrowth induced by

costimulation of epidermal growth factor and integrins through the Ras/ERK
signaling pathway in PC12 cells. Glycobiology 14: 177–186.

76. North SJ, Huang HH, Sundaram S, Jang-Lee J, Etienne AT, et al. (2010)

Glycomics profiling of Chinese hamster ovary cell glycosylation mutants reveals
N-glycans of a novel size and complexity. J Biol Chem 285: 5759–5775.

77. Dennis JW, Lau KS, Demetriou M, Nabi IR (2009) Adaptive regulation at the
cell surface by N-glycosylation. Traffic 10: 1569–1578.

78. Wilken JA, Badri T, Cross S, Raji R, Santin AD, et al. (2012) EGFR/HER-

targeted therapeutics in ovarian cancer. Future Med Chem 4: 447–469.
79. Sawada K, Mitra AK, Radjabi AR, Bhaskar V, Kistner EO, et al. (2008) Loss of

E-cadherin promotes ovarian cancer metastasis via alpha 5-integrin, which is a
therapeutic target. Cancer Res 68: 2329–2339.

80. Kannagi R, Goto Y, Fukui F (2004) In search of the carbohydrate structures on
CD44 critical for hyaluronic acid binding - Roles of sialylation and sulfation.

Trends in Glycoscience and Glycotechnology 16: 211–23.

N-Glycan Change in Metastasis of Ovarian Cancer

PLOS ONE | www.plosone.org 12 February 2014 | Volume 9 | Issue 2 | e87978


