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Abstract
Epithelial ovarian cancer is the deadliest female reproductive tract malignancy in Western
countries. Less than 25% of cases are diagnosed when the cancer is confined, however, pointing to
the critical need for early diagnostics for ovarian cancer. Identifying the changes that occur in the
glycome of ovarian cancer cells may provide an avenue to develop a new generation of potential
biomarkers for early detection of this disease. We performed a glycotranscriptomic analysis of
endometrioid ovarian carcinoma using human tissue, as well as a newly developed mouse model
that mimics this disease. Our results show that the N-linked glycans expressed in both non-
diseased mouse and human ovarian tissues are similar; moreover, malignant changes in the
expression of N-linked glycans in both mouse and human endometrioid ovarian carcinoma are
qualitatively similar. Lectin reactivity was used as a means for rapid validation of glycan structural
changes in the carcinomas that were predicted by the glycotranscriptome analysis. Among several
changes in glycan expression noted, the increase of bisected N-linked glycans and the transcripts
of the enzyme responsible for its biosynthesis, GnT-III, was the most significant. This study
provides evidence that glycotranscriptome analysis can be an important tool in identifying
potential cancer biomarkers.
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1 Introduction
The glycosylation patterns of cell surface glycoproteins play important roles in mediating
cell–cell and cell–matrix interactions. During oncogenesis, distinct signal transduction
pathways are altered, leading to the differential expression of numerous genes. Genes known
as glycosyltransferases (GT) and glycosylhydrolases (GH), responsible for the addition and
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removal of sugars on proteins in the ER and Golgi apparatus, can change activity during
oncogenesis, causing different oligosaccharide structures to emerge on cell surface
glycoproteins [1, 2]. These glycan changes can have potent effects on the tumor
microenvironment, promoting tumor invasion and metastasis [3–6]. Factors contributing to
the regulation of glycosylation include: nucleotide sugar donor availability, substrate
availability, sequential reactions, and transcriptional regulation of GT and GH. Studies
examining the dynamics of the glycome during differentiation of stem cells have found that
changes in GT and GH mRNA levels correlate well with glycan structures observed [7].
Therefore, despite the complexity of factors influencing glycosylation, transcriptional
regulation of the enzymes involved in the synthesis and catabolism of glycans seems to be
the one of the primary mechanisms to control glycan structures on the cell surface.
Comparative studies examining the differences in GT and GH expression patterns between
normal and tumor tissue could direct the discovery of tumor-specific glycosylation changes
associated with particular malignancies, which could then be exploited to develop diagnostic
and cell targeting reagents.

Epithelial ovarian cancer is the deadliest reproductive tract malignancy of women in
Western countries [8]. Ovarian cancer survival rates at 5 years are only 30% for women
diagnosed with distant metastases; however, the percentage survival climbs to 90% for
women diagnosed with disease confined to the ovary [9]. Unfortunately, fewer than 25% of
women are diagnosed when the disease is confined, due primarily to the lack of screening
tests capable of detecting ovarian cancers early. Epithelial ovarian cancers are comprised of
five major subtypes (serous, endometrioid, mucinous, clear cell, and transitional
adenocarcinomas), with serous and endometrioid being the two most common types. Several
oncogenes have been implicated in ovarian cancer development including: c-myc, k-ras,
erbB2, egfr, p53, β-catenin, brca1/2, pten, and others [10–12].

The use of mouse models that recapitulate human ovarian cancer can significantly elevate
our understanding of the molecular pathogenesis of this malignancy. Epithelial ovarian
cancer arises in humans from the ovarian surface epithelium (OSE), epithelial inclusion
cysts, or the tubal fimbria [13, 14]. Utilizing this knowledge, a mouse model of human
epithelial endometrioid ovarian carcinoma was developed by adenoviral infection of the Cre
recombinase in the OSE of conditional mice engineered to activate oncogenic k-ras and
inactivate pten [12]. The combination of these mutations leads to the induction of malignant
epithelial endometrioid ovarian carcinoma lesions that recapitulate the morphology and
histology of the human disease [12]. Most recently, several clinical studies have validated
these genetic results by identifying the first cases of human ovarian carcinomas with
synchronous k-ras and pten mutations [15, 16]. These data indicating genetic similarity
between mouse and human ovarian carcinoma prompts us to ask if glycosylation changes
occurring as a consequence of synchronous k-ras and pten mutations are similar in both
mouse and human ovarian carcinoma. We have used a quantitative real-time PCR approach
(qRT-PCR) to quantitatively measure changes in the expression levels of enzymes in the N-
linked biosynthetic pathway for mouse and human epithelial ovarian endometrioid
carcinomas. Comparative lectin blot analysis was used to confirm changes in glycan
structures predicted by qRT-PCR results.

2 Materials and methods
2.1 Tumor samples

Endometrioid ovarian tumors (N = 3) and normal ovaries (N = 6) were obtained from the
previously described mouse model [12]. Tumors were graded and assessed based on
established histopathology analysis [12]. Human endometrioid ovarian cancers (N = 3)
(>90% tumor) were obtained from women as frozen tissue from the Ovarian Cancer Institute
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(Atlanta, GA). Institutional Review Board approval was obtained for this research. Human
normal adjacent ovary RNA samples (N = 2) were purchased from BioChain Institute
(Heyward, CA). Human normal ovary tissue lysate was purchased from Protein
Biotechnologies (Ramona, CA).

2.2 qRT-PCR
Samples (50 mg tissue for tumor, entire normal ovaries) were extracted using 0.8 mL TriZol
(Invitrogen, Carlsbad, CA) with polytron homogenization at setting 3 for 1 min. Total RNA
was isolated according to the manufacturer’s instructions. After DNase treatment, RNA (2
µg) was reverse transcribed using Superscript III (Invitrogen) with random hexamers and
Oligo (dT). Primer pairs for assay genes and control genes were designed within a single
exon using conditions described in Nairn et al. [38] and listed in Supporting Information
Table 1. Primers were validated with respect to primer efficiency and single product
detection. The control gene, Ribosomal Protein L4 (RPL4, NM_024212) was included on
each plate to control for run variation and to normalize individual gene expression. Samples
were run with negative control templates prepared without reverse transcription to ensure
amplification is specific to cDNA. Triplicate Ct values for each gene were averaged and the
SD from the mean was calculated. Data were converted to linear values and normalized as
described previously [7].

2.3 Lectin analysis
Tissue (50 mg) isolated from the same tumors used for qRT-PCR analysis were lysed in
RIPA buffer (1 × PBS, 1% NP-40, 0.5% DOC, 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 × g for 10 min. Protein concentrations
were determined by BCA assay (Pierce, Rockford, IL). Biotinylated lectin (Con A, Vector
Labs, Burlingame, CA) (2 µg) was added to 50 µg cleared lysate at 4°C for 2 h.
Paramagnetic streptavidin beads (50 µL) were added to separate Con A bound and unbound
proteins. Unbound fractions, 10 µg, 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: (Phaseolus vulgaris leucoagglutinin (L-PHA), P. vulgaris
erythroagglutinin (E-PHA), Aleuria aurantia (AAL), and Datura 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).

3 Results
3.1 Expression data from the N-linked biosynthetic pathway for normal ovary

Enzymes from the N-linked glycosylation pathway (Fig. 1A) were chosen for analysis based
on low levels of redundancy and the previous correlations of transcript levels with glycan
structural analysis in mouse tissues [38]. Before analyzing tumor tissues, we examined the
relative transcript abundance of these enzymes using pooled RNA isolated from normal
mouse and human ovarian tissue. The development of epithelial endometrioid ovarian
tumors in the model developed by Dinulescu et al. [12] utilizes adenoviral infection of the
Cre recombinase into the outer epithelial layer of the ovary to initiate tumor formation. This
technique allows the noninfected ovary within the same animal to serve as a normal control.
From the group of genes analyzed, there are both similarities and differences in transcript
expression profiles between mouse and human normal ovary. Transcripts present in higher
abundance for both species are: FUT8, MGAT1 (human) or MGAT2 (mouse), and MGAT5
(Figs. 1B and C). These enzymes are involved in the branching (MGAT1, MGAT2,
MGAT5) or core fucosylation (FUT8) of N-linked glycans (Fig. 1A). Due to the higher
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levels of these transcripts, core fucosylated hybrid type or core fucosylated complex
branched N-linked glycans are likely to be abundant in both mouse and human ovary. The
MGAT3 transcripts are present at low levels in both mouse and human ovaries (Figs. 1B and
C). The lower levels of MGAT3 transcripts suggest that bisecting N-linked glycans may be
present at a lower levels in normal mouse and human ovary tissue. Interestingly, the levels
of MGAT4b transcripts are very high in mouse compared with human. However, for both
mouse and human the MGAT4a levels are lower. These genes are both capable of adding N-
acetylglucosamine in β(1,4) linkage (Fig. 1A). Considering the levels of both MGAT4a and
MGAT4b, along with abundant MGAT5 levels, tri- and tetra-antennary complex N-linked
glycans should be present in normal ovary. Enzymes showing differences in transcript
abundance in mouse and human are the mannosidases, MAN2A1 (Man II) is more abundant
in human ovary, while MAN2A1 (Man II) and MAN2A2 (Man IIx) are equally abundant in
mouse ovary. Overall, for this subset of genes participating in the N-linked pathway,
transcript levels in both mouse and human normal ovary show a high degree of species
conservation.

3.2 Comparative analysis of normal and epithelial endometrioid ovarian carcinoma
To investigate possible differences in the expression of GT and GH in malignant epithelial
ovarian tissue, RNA from mouse endometrioid and human endometrioid carcinoma was
analyzed by qRT-PCR. Total RNA from age-matched human normal ovary was purchased
from a commercial source. Human normal ovarian tissue samples were averaged for
comparison with the qRT-PCR results from individual human tumor tissues. The mouse
normal samples qRT-PCR results were also averaged to enable comparison with qRT-PCR
results from individual mouse tumor tissues. The levels of MGAT1 and MGAT2 transcripts
were increased above normal for both mouse and human tumors suggesting increased
complex N-linked glycans (Figs. 2A and B). The transcripts encoding FUT8, the enzyme
responsible for α(1,6) fucosylation of the core N-linked glycan, increased on average 1.5–2-
fold relative to normal for mouse tumor tissues (Fig. 2A). However, in human endometrioid
ovarian tumors, an increase in FUT8 transcripts occurred in only one of three cases analyzed
(Fig. 2B). These results indicate that the factors regulating transcript levels of FUT8 may be
more complex in human ovarian cancer. The transcript levels for MGAT3 in both mouse
and human tumor samples were increased significantly (average of 18-fold for human and
16-fold for mouse) relative to normal ovarian tissue. The lower transcript abundance of
MGAT3 observed for mouse and human normal ovary (Figs. 1B and C) contrast with the
large increase in MGAT3 transcripts observed for all cases of epithelial endometrioid
carcinoma analyzed in both mouse and human (Figs. 2A and B). The commonality of this
change for mouse and human tumor samples along with the magnitude of the change predict
the possibility of isolating glycoproteins with complex bisecting N-linked glycans as
markers for endometrioid ovarian cancer. Transcripts encoding enzymes that perform outer
branching of complex N-linked glycans such as MGAT4a, MGAT4b, and MGAT5 are
increased in mouse and human ovarian cancer relative to normal. MGAT4a transcripts are
increased at a higher level relative to normal for mouse compared with human (2–6-fold and
1.5–4-fold, respectively). However, levels of MGAT4b were also elevated in human tumor
tissue, while mouse MGAT4b transcript levels in mouse tumor were not significantly
increased. The different regulation of MGAT4b transcripts in mouse and human ovarian
tumor tissue may highlight a possible species-specific differences in the transcriptional
regulation of this gene. However, the cumulative effect of increases in MGAT4a, MGAT4b,
and MGAT5 predict more branched complex N-linked glycan structures present in
endometrioid ovarian cancer relative to normal.
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3.3 Comparative lectin analysis
To investigate whether the tumor-specific changes in GT transcript levels correlate with
glycan structures found on glycoproteins, we used lectin separation and blotting techniques.
The carbohydrate binding preferences for lectins are diverse, allowing the selection of
lectins to detect a wide range of oligosaccharide structures. Lectins (E-PHA, L-PHA, DSL,
and AAL) recognizing the oligosaccharide products of FUT8, MGAT3, MGAT4a,
MGAT4b, MGAT5, and MGAT5b are shown in Fig. 3. These are only examples of
oligosaccharide structures that these lectins can bind to and are not intended to be a
complete list of all structures capable of binding the lectins. Sugar residues previously
described as a determinant for binding of each lectin are circled [17–21]. Con A is a lectin
that recognizes branched mannose residues with high affinity (Fig. 3), and this lectin was
used to separate the high-mannose, hybrid, and complex biantennary oligosaccharides from
the complex tri- and tetra-antennary N-linked glycans prior to lectin blot detection [19].
Total cell lysates from the three mouse tumors were pooled for lectin analysis due to the
high degree of correspondent changes observed in the qRT-PCR experiments.

3.4 Increased core fucosylation in ovarian tumors
All three mouse endometrioid ovarian tumors analyzed showed elevated levels of FUT8
transcripts (Fig. 2). The lectin AAL has a high affinity for the core α(1,6) fucose linked
product that would result from FUT8 activity [17]. Core fucosylation can be found on hybrid
type N-linked glycans as well as complex bi-, tri-, and tetra-antennary oligosaccharides.
However, no differences in AAL binding to Con A bound fractions were observed between
normal and tumors, suggesting that the levels of core fucosylation do not change
significantly on hybrid type and complex biantennary N-linked glycans for ovarian tumors
(data not shown). AAL binding to the unbound Con A fraction increases significantly to
glycoproteins isolated from ovarian tumors compared to normal ovarian tissue (Fig. 4A
lanes 1 and 2). These results indicate that the core fucosylation of complex tri- and tetra-
branched oligosaccharides increased for tumors relative to normal. To analyze human
ovarian cancer tissues, individual samples were analyzed due to the differences in qRT-PCR
results for these cases for FUT8. AAL binding to glycoproteins isolated from human
endometrioid ovarian tumors was similar to the levels predicted by qRT-PCR results for
case 471. Case 471 had a >4-fold increase in FUT8 mRNA compared with normal and
shows seven-fold increase in the level of AAL binding relative to normal (Figs. 2B and 4B,
lane 4). Case 711 had similar levels of FUT8 transcripts and shows levels of AAL reactivity
similar to the normal control sample (Figs. 2B and 4B, lane 2). Case 741 had lower levels of
FUT8 expression compared with normal (Fig. 2B), yet AAL binding was significantly
increased (Fig. 4B, lane 3). To better evaluate the fucosylation of this case we used qRT-
PCR to analyze all known fucosyltransferases and fucosidases. Our results indicate a two-
fold reduction in the levels of α-L-fucosidase (FUCA2) expression (data not shown). We did
not observe this decrease in FUTA2 for cases 711 and 471, suggesting that this may be
contributing to the increased levels of core α-1,6-fucosylation for case 741. Our data suggest
that in the majority of cases for both mouse and human, core fucosylation levels are
elevated. Therefore, glycoproteomic studies targeting the core fucose could potentially lead
to the isolation of tumor-specific markers for ovarian cancer.

3.5 Ovarian tumors have increased levels of bisecting complex N-linked glycans
N-glycans containing a bisecting N-acetylglucosamine are produced by the activity of
MGAT3 (Fig. 1A). This enzyme showed the largest increases in expression in ovarian tumor
tissues compared with normal ovary tissue (Figs. 2A and B). Lectin analysis of mouse
tissues using the lectin E-PHA, whose binding is dependent on the presence of bisecting
GlcNAc (Fig. 3), shows >2× the levels of E-PHA binding for tumor relative to normal (Fig.
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4A, lanes 3 and 4). Human ovarian tumor glycoproteins analyzed for E-PHA binding
showed positive correlation with qRT-PCR results for each case. For example, case 471 and
741 had the highest and second highest increases in MGAT3 transcript levels (Fig. 2B) and
these cases also have the highest levels of E-PHA binding (Fig. 4B, lanes 7 and 8). Case 711
had a lower increase in MGAT3 transcripts measured by qRT-PCR and shows a lower level
of E-PHA binding than cases 471 and 741. In every endometrioid ovarian tumor analyzed,
mouse and human, there were elevated bisecting complex N-linked glycans compared with
normal controls. Although the datasets are small, these results strongly suggest that the
presence of bisecting complex N-glycans is a marker for ovarian tumors.

3.6 Tri- or tetra-antennary complex N-linked glycans are increased in ovarian tumors
The lectins known as DSL and L-PHA recognize the outer branches of complex N-linked
glycans (MGAT4a, MGAT4b, MGAT5, and MGAT5b) (Fig. 3). L-PHA is specific for the
β(1,6) branched, galactosylated product of MGAT5; while DSL can recognize the β(1,4)
branch added by MGAT4a and MGAT4b as well as the MGAT5 branch (Fig. 3). MGAT4a
and MGAT4b transcript levels were elevated for human endometrioid ovarian tumors and
MGAT4a transcripts were amplified for mouse tumors (Figs. 2A and B). These genes can
perform the same glycosyltransferase reactions and their elevations predict the existence of
more β(1,4) branched glycans and increased DSL binding. Indeed, analysis of unbound Con
A fractions indicate elevated levels of DSL binding to mouse tumor glycoproteins compared
with glycoproteins from normal mouse ovary (Fig. 4A, lanes 5 and 6). The levels of DSL
binding to tumor glycoproteins isolated from human ovarian tumors were lower compared
with AAL or E-PHA binding (Fig. 4B, lanes 9–12) and this correlates with a lower change
in transcript levels for MGAT4 (Fig. 2B). Interestingly, L-PHA binding levels for mouse
ovarian tumor tissues were not increased above normal, despite increases in MGAT5
transcripts (Figs. 2A and 4A, lanes 7 and 8). Human tumor samples had higher levels of
MGAT5 transcripts compared with normal and do show a slight increase in L-PHA binding
compared with normal (Figs. 2B and 4B, lanes 13–16). Mouse ovarian tumors had a two-
fold increase in MGAT5 and human ovarian tumors had a three- to five-fold increase in
MGAT5 expression (Figs. 2A and B and Table 1). Based on these findings elevated L-PHA
binding would be expected. However, we find no increase in L-PHA binding for mouse
ovarian tumors (Fig. 4A) and a lower than expected increase in L-PHA reactivity to
glycoproteins from human ovarian tumors. These results may indicate that the MGAT3
elevated activity may inhibit MGAT5 activity and this will be discussed further in the
discussion. Overall, the DSL lectin is useful for capturing glycoproteins with the MGAT4 or
MGAT5 branch, and based on our analysis, would be an effective lectin for isolating
glycoprotein markers with elevated β(1,4) or β(1,6) complex branched glycans for
endometrioid ovarian tumors.

4 Discussion
In this report we have used a glycotranscriptome approach to characterize the N-linked
glycan profiles of normal ovary and endometrioid ovarian carcinoma. Our results provide
several significant findings: (i) mouse and human normal ovarian tissues have a similar
expression profile for certain enzymes participating in the formation of N-linked glycans
suggesting some degree of species conservation, (ii) enzymes changing in expression for
tumors isolated from the mouse model of human endometrioid ovarian cancer correspond
qualitatively with changes observed for human tumors of the same malignancy, (iii) E-PHA,
AAL, and DSL reactivity levels were elevated in endometrioid ovarian tumors relative to
normal indicating that these lectins could be useful together for biomarker discovery or to
improve the specificity of existing ovarian tumor markers.
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4.1 Glycosylation changes observed for reproductive malignancies
Analysis of glycoprotein glycosylation patterns is emerging as a powerful tool to
discriminate normal glycoproteins from glycoproteins marking diseases such as cancer.
Over 20 years ago, researchers began to observe glycosylation changes occurring on cell
surface glycoproteins following oncogenic transformation [1, 2, 22, 23]. For breast cancer,
increased β(1,6) branched glycans emerged qualitatively from the transition to malignancy
due to elevated expression of the MGAT5 gene [24, 25]. Few studies have evaluated
glycosylation changes for ovarian cancer [26–29], however, from the small group of studies
conducted, Rudd and coworkers [27] found increased levels of bisecting core fucosylated
complex N-linked glycans in the serum of ovarian cancer patients compared with normal
serum. This result agrees with our data showing increased core fucosylation and bisecting
glycans in endometrioid ovarian tumor tissues. Therefore, there is a high probability of
isolating and identifying glycoproteins shed into serum from ovarian carcinomas with
differences in glycosylation. Lebrilla [26] have monitored changes in glycan structures in
the serum of ovarian cancer patients using MALDI-FTMS and find several tumor-specific
changes for neutral oligosaccharides in MALDI spectra. This study employed a β-
elimination procedure to remove oligosaccharides, therefore the neutral glycans changing in
the serum could correspond to N- or O-linked glycans. Our data suggest that neutral glycans
from the N-linked biosynthetic pathway such as core fucosylation and bisecting N-
acetylglucosamine are increased significantly in ovarian tumor tissue relative to normal.
Therefore, it should be possible to identify the glycoproteins that have these neutral N-linked
glycan alterations from patient serum. In conclusion, our data in addition to these previous
studies indicate that like breast cancer, ovarian tumor formation results in distinct altered
glycan structures.

4.2 Comparison of changes in glycosylation between a mouse-model of endometrioid
ovarian cancer and human endometrioid ovarian cancer

Ovarian tumors derived from the mouse model of human endometrioid ovarian cancer
developed by Dinulescu et al. [12] are well differentiated and recapitulate human ovarian
cancer histologically. The benefits of mouse models are numerous, including: stable
genetics, controlled environmental factors such as diet, and most importantly, the ability to
sample tissue and serum at different stages of tumor development. Our data demonstrate that
the glycomic changes occurring in the N-linked pathway for mouse-derived epithelial
endometrioid ovarian tumors show corresponding changes in human ovarian endometrioid
tumors.

4.3 Increased knowledge about the N-linked glycan pathway
The N-linked glycosylation pathway consists of a series of sequential reactions (Fig. 1A).
The qRT-PCR approach enabled the quantization of the transcript levels for several enzymes
with a wide dynamic range. The total pathway approach offers a chance to learn more about
how synchronous oncogenic signaling changes can influence glycosylation. A summary of
the average fold changes in expression measured for each enzyme analyzed is provided in
Table 1. Some interesting findings that have resulted from this study include: (i) increased
variability in FUT8 levels for human ovarian cancer versus mouse tumors, suggesting more
complex influences controlling the levels of core fucosylation, (ii) lower levels of L-PHA
reactivity for glycoproteins with elevated MGAT5 mRNA levels suggests possible
inhibition of MGAT5 activity by MGAT3.

Genetic factors influencing glycosylation patterns have not been extensively studied.
Although there has been a study recently published examining the effect of single-nucleotide
polymorphisms in genes involved in the mucin-type glycosylation of MUC1 [30]. This study
found that genetic polymorphisms within glycosylation enzymes analyzed for MUC1 may
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be playing a role in the under-glycosylation of this protein in ovarian cancer patients
suggesting that genetic factors can effect glycosylation. Several of the GT and GH enzymes
included in this study are located in similar regions of the chromosomes (Table 1). MGAT1
and MGAT4b are located on the same chromosome in close proximity and show very
different expression profiles for ovarian cancer. This seems to suggest that elevations in
MGAT1 expression are probably not related to gain of chromosome copy, or MGAT4b
would be increased in a similar manner. The changes in expression observed for GT
enzymes in ovarian cancer could be due to differences in factors regulating GT promoters.

The small sample size of human endometrioid carcinoma cases analyzed in our study
suggests that FUT8 expression and activity are more variable. Due to the lack of variability
in the mouse model, we postulate that in humans there may be unknown factors in ovarian
tumors either genetic or epigenetic that are capable of influencing core fucosylation. The
FUT8 variability in human ovarian tumors contrasts with MGAT1, MGAT2, and MGAT3
which seems to be unaffected by genetic differences. More studies examining the glycomic
changes in human cancer samples performed in conjunction with murine models are needed
to better understand the possible role of genetic regulation on glycosylation.

The products of MGAT3 activity, the bisecting N-acetylglucosamine structure, has been
reported to inhibit the activity of MGAT5 [31, 32]. We find that MGAT3 levels are
substantially increased far above MGAT5 levels in ovarian tumors. Therefore, one
possibility for why we observe less change in L-PHA reactivity for ovarian tumors (Figs. 4A
and B), despite increased levels of MGAT5 expression, may be that the addition of bisecting
N-acetylglucosamine by MGAT3 prevented the addition of the β(1,6) branched
oligosaccharide structure. Competition for the same nucleotide sugar donor (UDP-GlcNAc)
does not seem to be a factor since MGAT4a and MGAT4b addition (evidenced by DSL
binding) is unaffected by the large increase in MGAT3 activity. The addition of bisecting N-
acetylglucosamine to the trimannosyl core N-linked glycan has been reported to occur in
opposition to β(1,6) branching performed by MGAT5 during the cell cycle [33]. In this
study the authors found that the mRNA levels and protein levels for MGAT5 were not
changing, yet there was less MGAT5 enzyme activity at stages of the cell cycle when
MGAT3 activity levels were high. These data along with our data support the notion that
increased MGAT3 activity inhibits the addition of β(1,6) branched glycans by MGAT5 and
the mechanism of this inhibition is currently unknown.

4.4 Bisecting oligosaccharides and cancer
Elevated levels of MGAT3 expression and an increase in bisecting glycans have been
reported for pancreatic cancer and hepatoma [34, 35]. Studies using diethylnitrosamine to
induce liver tumor formation in mice null for MGAT3 showed reduced tumor formation [29,
36]. However, if MGAT3 was overexpressed there is no induction or augmentation of tumor
growth using diethylnitrosamine [37]. This result suggests an indirect effect of MGAT3
overexpression on liver tumorigenesis. In ovarian tumors, bisecting glycan structures
predominate as evidenced by increased MGAT3 mRNA (Figs. 2A and B) and elevated E-
PHA binding (Figs. 4A and B). Bisecting structures have also been documented on CA125
isolated from the ovarian cancer cell line OVCAR3 [28]. Mice null for MGAT3 are viable
and reproduce normally. This, along with the fact that MGAT3 is expressed at a low level in
normal ovary, suggest that therapeutic strategies targeting MGAT3 could be useful for
retarding ovarian tumor progression with minimal interruption of normal ovary functions.

In conclusion, the glycomic analysis presented in this manuscript provides a framework for
future glycoproteomic studies. These studies will enable the identification of the proteins
that express bisecting N-linked glycans and allow for the structural characterization of the
bisecting oligosaccharides.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Transcript analysis of enzymes acting in the N-linked pathway for normal ovary. (A) N-
linked glycosylation pathway with enzymes included in analysis numbered as follows: 1,
MGAT1; 2, MAN2A1 (Man II) or MAN2A2 (Man IIx); 3, FUT8; 4, MGAT2; 5, MGAT3;
6, MGAT4a or MGAT4b; 7, MGAT5. (B) Relative transcript levels for normal human ovary
tissue, average Ct for two pooled cases. Error bars represent the SD from the mean for
triplicate Ct values. (C) Relative transcript levels for normal mouse ovary, average Ct for six
pooled normal ovaries. Error bars represent the SD from the mean for triplicate Ct values.
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Figure 2.
Comparative analysis of normal and endometrioid ovarian carcinoma. (A) Relative
transcript abundance for mouse normal and ovarian tumors plotted on a log scale. Error bars
represent the SD from the mean for triplicate Ct values. (B) Relative transcript abundance
for human normal and ovarian tumors plotted on a log scale. Error bars represent the SD
from the mean for triplicate Ct values.
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Figure 3.
Oligosaccharides determinants for lectin binding affinity. Examples of structures with
important binding determinants from each lectin circled.
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Figure 4.
Lectin blot analysis of glycoproteins from mouse and human endometrioid ovarian
carcinoma. (A) Glycoproteins extracted from mouse endometrioid ovarian tumors (lanes 2,
4, 6, and 8) or normal mouse ovary (lanes 1, 3, 5, and 7) that were nonadherent to Con A
were separated on 4–12% Bis-Tris gels before transfer to PVDF membrane and detection
using biotinylated lectins and streptavidin–HRP. Panel below shows the densitometry
analysis of bands from normal (NL) or ovarian tumor (OT) in the 49–250 kDa range from
the blots shown above with normal set at 1.0 for comparison. Fold increase was adjusted for
lectin pull-down inputs based on the levels of ERK2 on a 10% input blot (data not shown).
(B) Glycoproteins nonadherent to Con A from human endometrioid ovarian cancer cases
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(711, 741, and 471) and normal human ovary (NL) were separated on 4–12% Bis-Tris gels
before lectin blot detection as described. The panel below represents the densitometry results
for glycoproteins 49–250 kDa relative to normal set at 1.0. Increases relative to normal were
adjusted for input using ERK2 analysis form 10% input blots (data not shown).
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