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Abstract

Glycan structure alterations during cancer regulate disease progression and represent clinical 

biomarkers. The study determined the degree to which changes in glycosyl transferase activities 

during cancer can be related to aberrant cell-surface tumor associated carbohydrate structures 

(TACA). To this end, changes in sialyltransferase (sialylT), fucosyltransferase (fucT) and 

galactosyltransferase (galT) activity were measured in normal and tumor tissue using a 

miniaturized enzyme activity assay and synthetic glycoconjugates bearing terminal LacNAc Type-

I (Galβ1,3GlcNAc), LacNAc Type-II (Galβ1,4GlcNAc), and mucin core-1/Type-III 

(Galβ1,3GalNAc) structures. These data were related to TACA using tissue microarrays 

containing 115 breast and 26 colon cancer specimen. The results show that primary human breast 

and colon tumors, but not adjacent normal tissue, express elevated β1,3 galT and α2,3sialylT 

activity that can form α2,3sialylated Type-III glycans (Siaα2,3Galβ1,3GalNAc). Prostate tumors 

did not exhibit such elevated enzymatic activities. α1,3/4fucT activity was higher in breast, but not 

colon tissue. The enzymology based prediction of enhanced α2,3sialylated Type-III structures in 

breast tumors was verified using histochemical analysis of tissue sections and tissue microarrays. 

Here, the binding of two markers that recognize Galβ1,3GalNAc (peanut lectin and mAb A78-

G/A7) was elevated in breast tumor, but not normal control, only upon sialidase treatment. These 

antigens were also upregulated in colon tumors though to a lesser extent. α2,3sialylated Type-III 

expression correlated inversely with patient HER2 expression and breast metastatic potential. 

Overall, enzymology measurements of glycoT activity predict glycan structure changes during 
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cancer. High expression of the α2,3sialylated T-antigen O-glycans occur in breast tumors. A 

transformation from linear core-1 glycan to other epitopes may accompany metastasis.
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INTRODUCTION

Glycosylation is an important post-translational modification that affects the function of a 

majority of mammalian proteins [1]. Aberrant glycosylation is associated with cancer [2,3]. 

Such abnormal glycans mediate the interaction of cancer cells with the endothelium leading 

to angiogenesis [4] and metastasis [5]. They also facilitate tumor cell-platelet interaction 

during hematogeneous metastasis [6,7], and enhance tumorigenic potential through signaling 

pathways [8–10]. In addition to these functional roles, glycans and glycosylated proteins 

serve as cancer biomarkers, examples being CA-125 (ovarian cancer), CA 15-3 (breast 

cancer), CA 19-9 (pancreatic cancer) and carcinoembryonic antigen (CEA, colon cancer).

Studies of glycosyltransferases (glycoTs) using both gene expression analysis and enzymatic 

assays suggest that the glycoTs contributing to the formation of glycan core [11], branching 

[12] and terminal [13,11] structures may all be altered during cancer. Some of these glycoT 

modifications control the biosynthesis of carbohydrate antigens, like sialyl Lewis-a (sLea) 

and sialyl Lewis-X (sLeX) that regulate tumor cell adhesion and metastasis. The terminal 

enzymes regulating the formation of such glycan structures include the β1,3/4galactosyl 

transferases (galT), α1,3/4fucosyl transferases (fucT or FT) and α2,3sialyltransferases 

(sialylT). Indeed, mRNA expression analysis of sialylT and fucT in gastrointestinal 

carcinoma cell lines reveal the role of these enzymes during sLea and sLeX biosynthesis 

[14]. Similarly, the mRNA expression of these enzymes and other related genes involved in 

glycoprotein and proteoglycan synthesis in breast cancer tissue has been widely studied 

[8,15]. These studies show that the mRNA expression of ST3Gal-I, an enzyme involved in 

the α2,3sialylation of carbohydrate moieties in glycoprotein and glycosphingolipids, is 

upregulated. The mRNA levels of ST3Gal-III, another α2,3sialyltransferase, is also 

upregulated in later stages of breast cancer that are associated with lymph node metastasis 

[15]. In addition, enzymes regulating O-GlcNAcylation are elevated during breast cancer 

metastasis [16]. Besides gene expression, enzymatic studies that use colon and breast cancer 

cell lines also reveal differences in the glycoTs [11]. Limited studies have also been 

performed to confirm some of these findings in primary colon tumor and normal tissue 

[17,18]. Overall, a majority of the above studies focus on glycoT gene expression with some 

of these findings also being confirmed using enzymology.

Glycan structure changes during cancer have been studied using anti-carbohydrate lectins/

antibodies and also mass spectrometry. Lectin based strategies have measured glycans in the 

serum of colon tumor patients [19], and in tumor, blood and urine samples of breast cancer 

patients [20]. Although such studies demonstrate differences between metastatic and non-

metastatic breast cancer, the relatively broad binding specificity of lectins precludes the 
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identification of unique changes in glycans or associated sugar linkages. Mass spectrometry 

based studies also shed light on structural changes between the serum of normal versus 

breast cancer patients [21] and also between metastatic and non-metastatic serum samples 

[22].

Whereas the prior works examine changes in cellular glycosylation by focusing on either 

enzyme analysis or glycan structure changes alone, a systematic strategy to link the two 

approaches is absent. To address this limitation, in the current manuscript, we determined 

the degree to which an analysis of glycoTs in cancer cell lines and primary patient samples 

can ‘predict’ putative carbohydrate epitopes that may be altered during cancer (Figure 1). 

Histochemical analysis using lectin and monoclonal antibody staining was performed to 

‘validate’ these predictions and to draw relationships between the clinical disease indices 

and the altered pattern of glycosylation. Using tissue microarrays (TMAs) with 115 breast 

cancer patient tumors and 26 colon cancer specimen, our data is consistent with previous 

reports that suggest a marked upregulation of the NeuAcα2,3Galβ1,3GalNAc structure 

during breast cancer. Elevated levels of this antigen were also observed in selected colon 

tumor specimen. Among all the clinical indices analyzed, lectin/mAb staining intensity 

varied inversely with breast cancer metastasis. Together, the data suggest that O-linked 

glycans with the NeuAcα2,3Galβ1,3GalNAc may form during breast tumorigenesis and the 

prevalence of these truncated O-linked glycans may be reduced when tumors become 

metastatic.

MATERIAL AND METHODS

Cell and tissue lysates for glycosyltransferase activity assays

Breast cancer cell lines ZR-75-1, MCF7, T-47D and DU4475 were cultured according to 

instructions provided by ATCC (Manassas, VA). Following growth, ~107 cells were 

pelleted and stored at −80°C.

Thirty four de-identified human frozen tissue specimens were obtained from the Roswell 

Park Cancer Institute (RPCI) Tissue Bank. These include primary tumors with matching, 

adjacent non-tumor tissue. These tissue samples were obtained from patients who had 

surgery at RPCI (Buffalo, NY). Following procurement, tissue samples were subjected to 

quality control to verify the presence of tumor or normal tissue in the sample, then de-

identified, and stored in a −80°C freezer. These 34 tissue specimen represent 6 breast, 6 

colon and 5 prostate tumor samples, and matched controls. Patient information was obtained 

using an honest broker system in a de-identified fashion (Table 1A).

In preparation for the enzymology assays, cells/tissue were lysed in 0.1M Tris Maleate 

buffer containing 2% triton-X 100 for 1h at 4°C with gentle rocking. A manual Kontes 

tissue homogenizer was used to assist with lysis in the case of tumor tissue. Following this, 

all samples were centrifuged at 17,000–20,000g for 1h at 4 C. The clear fat-free supernatant 

was collected. Protein concentration was measured using the Coomassie-Bradford assay kit 

(Thermo-Pierce, Rockford, IL) and this was diluted down to 10mg/mL using lysis buffer. 

Cell/tissue lysates prepared in this manner were stored at −80°C until use in enzymology 

assays.
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Enzyme activity assays

GlycoT activity measurements were performed in 32 flat-bottom microwells fabricated in a 

8×4 pattern on 50×75mm microscope slides using photolithography [23]. Each well had 

dimensions of 2mm diameter × 360μm depth corresponding to a volume of ~1.1μL. To 

make these reaction wells, photolithography masks were first generated by sketching the 

well pattern on computer using AutoCAD (San Rafael, CA) and then these were transferred 

onto a high resolution plate (Microchrome, San Jose, CA). SU8 2035 photoresist 

(MicroChem, Newton MA) was then spin-coated onto pre-cleaned microscope slides in two 

cycles, with a 180μm thick film being deposited in each cycle. Microwell mask placed on 

this photoresist coated glass slide was exposed to 365nm UV radiation for 90s. The 

photoresist was then developed using PGMEA (propylene glycol methyl ether acetate) 

solvent for 3min followed by wash with isopropanol.

All enzymatic assays were performed using 1mg/mL lysate as enzyme source as described 

previously [24]. Reaction volume was 1.2μL unless mentioned otherwise and this was made 

up of 1mg/mL cell lysate (final concentration) and reaction buffer (including acceptor and 

radioactive donor) mentioned below. Synthetic biotinylated acceptors used in this study 

were from Glycotech (Gaithersburg, MD), and all other synthetic carbohydrates were from 

previous studies [25,26,23]. These are listed in Supplemental Table S1. 10% glycerol was 

present in the reaction mixture and studies were performed in chambers with >90% relative 

humidity in order to minimize evaporation. The galT activity was measured in buffer 

containing 100mM HEPES (pH 7.0), 7mM ATP, 20mM Mn Acetate, 1mM UDP-Gal, 

7.752μM C14 uridine diphospho galactose (UDP-gal, specific activity: 258 mCi/mmol, 

Perkin Elmer, Watham, MA) and 5mM acceptor. The fucT reaction buffer containing 50mM 

HEPES buffer (pH 7.5), 5mM MnCl2, 7mM ATP, 3mM NaN3, 4.167μM C14guanosine 

diphosphate fucose (GDP-Fuc, specific activity: 240 mCi/mmol, American Radiolabeled 

Chemicals, St. Louis, MO) and 1.5mM acceptor. The sialylT assay buffer contained 100mM 

sodium cacodylate (pH 6.0), 6.826μM C14-CMP-NeuAc (0.0024μCi total from either Perkin 

Elmer or American Radiolabel Chemicals) and 0.6mM acceptor. Enzyme assays for tissue 

samples proceeded under identical conditions as studies with cell lysate, with the exception 

of sialylT reactions which had 45.45μM C14 CMP-NeuAc. Unless stated otherwise, 

reactions with breast cancer cell lines proceeded for 3h and patient sample reactions were 

carried out for 24h.

Upon completion of the reaction, reaction mixtures were blotted onto Silica gel 60 RP-18 

reverse phase-TLC plates (EMD-Chemicals) by simply overlaying the plate over the 

reaction microwells. Water containing 0.2% acetic acid was the mobile phase. After the 

mobile phase moved 2–5cm on the TLC plates, the plates were dried, wrapped in thin 

plastic, and exposed overnight to a Super Resolution (SR, Medium) phosphor screen (Perkin 

Elmer). The screen was imaged using a Cyclone Storage Phosphor System (Perkin Elmer). 

As described in detail previously [23], such reverse phase separation results in clean 

delineation of unreacted sugar nucleotide from radioactive product. For all acceptors used in 

this study, the unreacted sugar nucleotide moves with the mobile phase during the TLC 

separation step. Radioactive product remains stationary at the initial spot. By utilizing 

appropriate C-14 radioactivity standards and image analysis software (NIH-Image J, 
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Bethesda, MD), absolute radioactivity of unreacted donor and product was quantified. Such 

analysis reveals both the overall extent of reaction and the absolute reaction velocity. 

Product formation is quantified in units of dpm/mg protein, based on the absolute amount of 

product formed per mg of protein in cell/tissue lysate.

Tissue microarrays (TMAs) for histochemical analysis

Breast and gastrointestinal (GI) cancer tissue microarrays (TMAs) were constructed using 

patient samples collected at the Roswell Park Cancer Institute (RPCI) between 1995 and 

2010 (clinical data summarized in Table 1B). After review and selection of the donor 

blocks, three 0.6mm core samples were acquired from each patient site (primary with or 

without metastasis) and assembled into a receiving TMA block. Hematoxylin and eosin 

stained sections were prepared and reviewed from each TMA block to confirm the presence 

of invasive tumor. Breast TMAs used for this project represent 115 breast cancer patients 

whereas the GI TMAs contain 26 patients. In addition, normal breast tissue sections from 15 

patients served as control for histochemical analysis.

Immunohistochemical Staining

Prior to histochemical analysis, paraffin embedded samples were dewaxed and rehydrated 

using water followed by washes with hydrogen peroxide and phosphate buffered saline 

(PBS). In some cases, the TMAs/tissue sections were treated with 0.05 U/mL of α2,3/6/8/9 

Arthrobacterureafaciens neuraminidase in 30mM HEPES buffer containing 1.5mM Ca2+ 

and 10% fetal bovine serum for 1h at 37°C. In other cases, neuraminidase was absent in the 

above step. Tissue samples were then further treated with either 4μg/mL mouse IgM 

monoclonal antibody against the Thomsen-Friedenreich or core-1/Galβ1,3GalNAc/T-

antigen (clone A78-G/A7, Abcam, Cambridge, MA)[27] or 50μg/mL HRP conjugated 

Arachishypogaea/Peanut lectin (PNA-HRP, EY labs, San Mateo, CA) for 1h at 25°C in PBS 

containing 3% bovine serum albumin (BSA). The anti-T antigen treated slides were 

additionally washed with PBS and incubated with 0.8μg/ml HRP conjugated Goat Anti-

Mouse IgM secondary Ab (Jackson ImmunoResearch, West Grove, PA) for 1h at 25°C in 

PBS containing 3% BSA. Following a final wash, DAB (3,3′-diaminobenzidine) was 

applied to both anti-T antigen mAb and PNA-HRP lectin treated slides until color reaction 

was observed for 1–5 min. The slides were counterstained with hematoxylin after rinsing. 

Stained TMA and whole sections of normal breast tissue were scanned into digital format 

using Scanscope® XT (Aperio, Vista, CA).

Stain analysis

Individual, manual scoring of TMA samples was performed using the Spectrum™ Plus web 

access interface or ImageScope image viewer from Aperio. No automated image analysis 

method was used for scoring. Intensity was recorded/scored in a semi-quantitative fashion 

on a scale: 0= no staining, 1 = weak, 2 = moderate, 3 = strong. The percentage of stained 

cells was also recorded on a scale from 0–100. In cases where a core was missing, a symbol 

representing ‘not valid score’ was placed. Index score in the scale of 0–300 was obtained for 

each core by multiplying the intensity score by the percentage of stained cells. At the end, 

Patil et al. Page 5

Glycoconj J. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



the final score for any patient was determined by averaging the score obtained from valid 

cores for that individual.

Statistics

Error bars represent standard error mean for ≥3 experiments. Statistical tests were performed 

using one-way ANOVA followed by the Tukey test for multiple comparisons during cell 

line studies. P<0.05 was considered to be statistically significant. For the patient tumor 

samples, Wilcoxon paired test was used to compare the normal and tumor tissue samples. 

(*=P<0.05 and **=P<0.005). Histological samples stained using lectin and antibody were 

correlated with patient specific clinical parameters. These parameters include tumor size, 

number of positive nodes, nodes resected, histological grade, node stage, tumor stage, 

pathological stage, ER, PR and HER-2 status. Parameters were sorted as categorical, ordinal 

or interval variables. General linear models (GLM, procglm; SAS, Cary, NC) was used to 

perform linear regression. P<0.05 was considered to be significant.

RESULTS

We elucidated specific glycan changes based on glycoT enzyme activity measurements 

made using both cancer cell lines and primary tissue specimens (Figure 1).

GlycoT activity in cell lysates

Enzymology studies were performed in microwells fabricated using BioMEMS technology. 

Such assays were performed using lysates from breast cancer cell lines, ZR-75-1, MCF7, 

T-47D and DU4475, as the source of enzyme activity. In all cases, product formation 

increased linearly with time up to 6h (Supplemental Fig. S1). Thus, conversion data 

presented in Figure2 are proportional to the overall reaction rate or enzyme activity.

For galT assays, acceptors that were acted upon by β1,3GalTalone (Fig. 2A), β1,4GalT alone 

(Fig. 2B) and both β1,3/4GalT (Fig. 2C) were applied. The results show that β1,3GalT 

activity was high and comparable for all cells except MCF-7, where it was lower (Fig. 2A,

2C) Here, the activity of β1,3GalT for both GalNAc -sp-biotin and GlcNAcβ1,6GalNAc -sp-

biotin was 50–80% lower for MCF7 compared to other cells. β1,4GalT activity was low or 

absent in all cell lines (Fig. 2B).

In the case of sialylTs, all cells showed greater activity towards Galβ1,3GalNAc (Type-III) 

or core-1 type acceptors (Fig. 2D) compared to Galβ1,4GlcNAc (LacNAcType II chains) 

(Fig. 2E). The former enzyme activity is termed ST3/6[Galβ1,3GalNAc] since sialic acid 

can attach to either the 3-position of Gal in the Type-III substrate using α2,3sialyTs 

belonging to the ST3Gal family or the 6-position of GalNAc using the ST6GalNAc 

enzymes. The latter enzyme activity is similarly termed ST3/6[Galβ1,4GlcNAc] since sialic 

acid can attach to either the 3 or 6-positon of Gal using either the ST3Gals or ST6Gal-I 

respectively. Among the cell lines, ST3/6[Galβ1,3GalNAc] activity varied according to: 

ZR-75-1>MCF7>T-47D>DU4475. With regard to ST3/6[Galβ1,4GlcNAc] activity, only 

ZR-75-1 prominently sialylated the LacNAc chains with T-47D exhibiting lower activity.
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Studies of fucT levels reveal subtle differences between the cell lines. Our previous studies 

show that α1,2-FT activity is low in breast cancer cells [11]. Also, α1,3-

FT[Galβ1,4GlcNAc] activity detected using LacNAc acceptors was ~50% higher in all cell 

lines compared to DU4475 (Fig. 2F). α1,3-FT[sialylLacNAc] activity detected using 

sialylated acceptors was low in all cells, with detectable activity only being measured with 

ZR-75-1 and MCF7 (Fig. 2G). α1,4-FT[Galβ1,3GlcNAc] activity was observed in all cells 

and it followed a trend similar to ST3[Galβ1,3GalNAc] with enzyme activity varying as: 

ZR-75-1>MCF7>T-47D>DU4475(Fig. 2H).

Overall the findings summarized in Supplemental Table S2 highlight several glycoTs that 

are elevated in all breast cancer cell lines including β1,3GalT, ST3[Galβ1,3GalNAc] and 

α1,3FT[Galβ1,4GlcNAc] activities. They also demonstrate differences in the enzyme 

profiles among these cells.

Enzyme activity in tumor and normal tissue

In order to determine the degree to which the prominent enzyme activities associated with 

cell lines in Fig. 2 are unique to tumor compared to normal tissue, enzymatic studies were 

undertaken with human patient samples (Figure 3). In addition to breast tissue, such studies 

were undertaken with colon and prostate tissue also in order to determine the degree to 

which changes in enzyme activity are cancer type specific. Patient population characteristics 

are provided in Table 1A. As seen, β1,3GalT activity is elevated in tumor of all three cancer 

types compared to normal tissue (Fig. 3A). Unlike the cell lines, β1,4GalT activity was also 

elevated in breast tumor, though it was lower compared to β1,3GalT activity (Fig. 3B). In 

studies that evaluated fucT activity, also, both α1,3FT[Galβ1,4GlcNAc] (Fig. 3C) and 

α1,4FT[Galβ1,3GlcNAc] (Fig. 3D) was significantly elevated in breast tissue. These 

enzyme activities did not change in colon and prostate tumor. The α2,3sialylT that acts on 

both the Galβ1,3GalNAc epitope (Fig. 3E) and Galβ1,4GlcNAc epitope (Fig. 3F) were also 

higher in breast and colon tumor samples compared to normal tissue. In particular, in 

agreement with studies with cell lines, ST3[Galβ1,3GalNAc] activity was markedly elevated 

in breast and colon tumor samples using both Type-III [Galβ1,3GalNAc] (Fig. 3E) and 

core-2 trisaccharide [Galβ1,3(GlcNAcβ1,6)GalNAc] (Fig. 3G) based acceptors. The use of 

the latter core-2 based acceptor allows us to attribute the enhanced sialyT activity to 

ST3[Galβ1,3GalNAc] rather than ST6GalNAcTs.

Overall, the elevated β1,3GalT and ST3[Galβ1,3GalNAc] activity measured in the tissue 

samples was also noted in the cell lines. Thus, elevated Neu5Acα2,3Galβ1,3GalNAc (sialyl 

T-antigen) epitope expression may be expected in breast tumor. Significant, but lower levels 

of this antigen may appear during colon cancer.

Histochemical analysis of tissue sections and tissue microarrays (TMAs)

Histochemical analysis was performed on tissue blocks and TMAs to determine if the 

sialylated T-antigen was elevated during breast and colon cancer. A description of the 

patient population is provided in Table 1B. Efforts were also undertaken to determine the 

topological distribution of this epitope. Since specific antigens and antibodies against the 

sialyl T-antigen were not available, tissue sections were treated with neuraminidase to 
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expose the underlying Galβ1,3GalNAc antigen/T-antigen. HRP conjugated Peanut/PNA 

lectin and anti T-antigen mAbA78-G/A7[27] were then applied to recognize the T-antigen.

As expected, breast tumor and normal tissue did not bind either PNA-HRP or the anti T-

antigen mAb in the absence of sialidase (Supplemental Fig. S2). These same tissue sections, 

however, bound both the lectin and the antibody upon treatment with neuraminidase (Figure 

4). Here, lectin and mAb binding to tumor was more intense compared to normal tissue 

present in the same tissue block. Whereas some staining of normal breast tissue was 

observed in the ductal region, staining of tumor tissue was uniformly intense in all regions. 

Quantitative analysis of histology data show that whereas 86.7% of breast tumor tissue had 

moderate or high levels of PNA-HRP staining, this fraction was 13.3% in the case of 

matched/paired normal controls (Table 2). In the case of anti T-antigen mAb binding, these 

percentages were 73.3% for tumor versus 0% for normal tissue. When staining of all 

sialidase -treated tumor samples in the TMA were analyzed, independent of the availability 

of paired normal tissue, 75.6% and 64.3% of the tumor samples stained with PNA-HRP and 

anti T-antigen mAb respectively at moderate to high levels. A correlation analysis of PNA-

HRP versus anti T-antigen mAb staining revealed a Pearson’s coefficient of correlation of 

0.73, and this partially confirms the binding specificity of the reagents (Supplemental Figure 

S3). Overall, while some staining of both the lectin and mAb to normal breast tissue was 

observed, this level was markedly higher for tumors as predicted by the enzymology 

analysis.

Similar analysis as breast specimens was performed for colon TMAs. Similar to breast 

tissue, these tissue sections also did not stain with either PNA-HRP or anti T-antigen mAb 

in the absence of neuraminidase. Upon removing sialic acid using neuraminidase, 30.7% and 

44.4% of the colon tumor samples stained with PNA-HRP and anti T-antigen mAb 

respectively, at moderate to high levels (Table 2, bottom). Supplemental Fig. S4 compares 

the staining of a colon tumor with its matched normal tissue in the absence and presence of 

sialidase. In general, as predicted by enzymology studies, antigen staining in colon tissue 

was less intense compared to breast tissue.

Relating sialyl T-antigen staining to clinical index

Statistical analysis using SAS was performed with breast cancer TMA data to relate the 

measured lectin and mAb staining to a variety of patient clinical indices: tumor size, number 

of positive nodes, nodes resected, histological grade, node stage, tumor stage, pathological 

stage, ER, PR and HER-2 status. Here, the only statistically significant relationship 

identified related patient HER2 status with PNA-lectin staining (P=0.0324) and anti T-

antigen mAb binding (P=0.0074). As seen in Figure 5, patients with strong HER2 levels had 

low sialyl T-antigen expression, as measured using both the mAb (Fig. 5C) and PNA-HRP 

(Fig. 5F). On the other hand, HER2 negative patients (Fig. 5A, D) and patients with weak 

HER2 expression (Fig. 5B, E) displayed high levels of sialyl T-antigen expression.

Since HER2 relates to the aggressiveness of breast cancer, we also determined if a 

relationship exists between sialyl T-antigen expression and tumor metastatic potential 

(Supplemental Fig. S5). In such analysis, the expression of the sialyl T-antigen epitope was 

high in primary tumors, regardless of whether it was non-metastatic (N=0) or metastatic 
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(N>0). Also, sialyl T-antigen expression was lower in metastasized tumors at secondary 

sites both when the anti-T antigen (Supplemental Fig. 5A) and PNA lectin (Supplemental 

Fig. 5B)were used to quantify glycan expression. In the case of PNA-lectin, the lower 

staining observed in the metastatic tumors was statistically significant relative to primary 

tumors that were non-metastatic (N=0). Together, these data suggest that the sialyl T-antigen 

expression may be reduced when tumors metastasize. Further, the HER-2 status combined 

with the sialyl T-antigen score may provide an indication of which tumors will metastasize.

DISCUSSION

The current study systematically evaluated glycoT activities in various breast cancer cell 

lines, primary tumors and matched normal tissue. This was facilitated by the development of 

a miniaturized glycoT assay that allowed rapid measurement of enzyme activity even when 

the amount of available tumor sample was scarce.

Truncated O-glycans in primary tumors

The enzyme analyses demonstrate several prominent differences in the cellular glycoT 

activity of tumor cells compared to normal tissue. Among these, high levels of β1,3GalT and 

ST3[Galβ1,3GalNAc] activity were noted in breast tumors and to a lesser extent in colon 

cancer tissue. The difference in enzyme activity between prostate cancer and normal tissue 

was less remarkable, and thus this avenue was not pursued further. Moderate amount of 

α1,3FT activity was also noted in breast but not colon cancer tissue.

Based on the above, we tested the hypothesis that high levels of the sialylated T-antigen 

structure may accompany oncogenic transformation during breast and also colon cancer. 

Consistent with this: (i). Galβ1,3GalNAc/T-antigen binding lectin and mAb did not 

recognize breast and colon tissue blocks. The addition of neuraminidase enhanced binding 

of these reagents thus confirming the capping of the T-antigen by sialic acid residues. (ii). 

The binding of these reagents that recognize the T-antigen was more prominent for sialidase 

treated tumor samples compared to normal controls. In this regard, the presence of the 

sialylT-antigen at modest or high levels was observedin 67–88% of the breast tumor sections 

while it varied from 0–13% in the case of normal tissue sections. These data are consistent 

with the high levels of core-1 β1,3GalT activity measured in tumor compared to normal 

tissue. (iii). The binding of PNA-HRP or anti T-antigen mAb to neuraminidase treated 

histological samples was more prominent in the case of breast cancer compared to colon 

cancer. Thus, distinct glycan structure changes may be expected with different cancers.

Our data are consistent with a body of literature that suggest the existence of truncated O-

glycan structures during cancer, including the nakedT-(Galβ1,3GalNAc), Tn- (GalNAc 

linked to Ser/Thr on peptide backbone) and the sialylated STn antigen [5,28–30]. Some of 

these studies suggest that the expression of such truncated glycan epitopes may be applied to 

determine the prognosis of breast patient following chemotherapy [28]. Research performed 

by several investigators that is significantly related to this work also suggests the 

overexpression of the sialylated T-antigen during breast cancer [31–33]. In this regard by 

comparing glycosyltransferase enzyme activity in immortalized mammary epithelial cell line 

MTSV1-7 to breast cancer cells BT20, MCF-7 and T-47D, Brockhausen et al. (1995) 
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demonstrated the prominent over-expression of the α2,3ST3[Galβ1,3GalNAc] enzyme 

activity in breast cancer cells compared to normal MTSV1-7 cells. By studying the glycans 

on MUC1 expressed in MTSV1-7 cells and these breast cancer cells, Lloyd et al. 

(1996)extend this observation to show that the disialylated core-2 glycoform is formed in 

MTSV1-7 cells while MUC1 from T-47D contains the simple structures, T-antigen, ST-

antigen and Tn-antigens. Follow up work by this group of investigators also shows that 

α2,3sialyltransferase expression may be functionally important in terms of regulating breast 

cancer tumorigenesis [34,35]. Similar observations as above were also made by Muller and 

Hanisch [36], who transfected a soluble MUC1 fusion protein called MFP6 into various 

breast cancer cell lines including T-47D, MCF-7, MDA 231 and ZR-75-1. These 

investigators showed that the sialylated T-antigen [Neu5Acα2,3Galβ1,3GalNAc, 

Galβ1,3[Neu5Acα2,6]GalNAc, plus Neu5Acα2,3Galβ1,3[Neu5Acα2,6]GalNAc] is a 

prominent epitope in breast cancer cell lines. The percent of O-glycans expressing this 

epitope varies as T-47D (93%)>MDA 231(38%) >ZR-75-1(32%)>MCF-7(5%). Further, 

upon comparing O-glycans of secreted versus cell-surface MUC-1 from MCF-7 cells, these 

investigators show that extended core-2 based oligosaccharides dominate in secreted 

proteins, whereas truncated NeuAcα2,3Galβ1,3GalNAc type structures appear on 83% of 

the O-glycans of membrane bound MUC1[37]. While the above studies largely focus on cell 

lines, a study using patient serum samples also demonstrates that 81% of the O-glycans of 

serum MUC1 from advanced breast cancer patients contain mono, di and tri-sialylated 

structures [33]. These authors report that the sialylatedT-antigen/core-1 glycans are the most 

abundant glycan species and that only 14.3% of the total O-linked glycans bear the 

Galβ1,3GalNAc epitope without sialylation. The present study also shows that the sialyl T-

antigen is prominently over-expressed in breast tumor as compared to the normal tissue 

obtained from the same individual. Further, this work provides a relatively simple strategy to 

detect the sialylated T-antigen using mAbs and lectins.

Enzymes forming the sLeX antigen

Besides the glycoTs contributing to the truncation of the O-glycan, our study noted 

moderate elevation of α1,3-FT, β1,4GalT and ST3[Galβ1,4GlcNAc] activity in breast tumor 

tissues compared to normal controls. While detailed analysis of the effect of these enzymes 

on glycan structure was not evaluated in the TMAs, it is possible that these enzymatic 

changes may support a modest increase in the expression of sialofucosylated Type-II/

LacNac structures during breast cancer, particularly in N-glycans. In this regard, only 10.1% 

of O-glycans from the secreted MUC1 of MCF-7 are reported to have α1,3fucosylated 

structures [36]. Fucosylated O-glycans were absent in MUC-1 expressed by other breast cell 

lines studied by these investigators. Expression of the sialyl Lewis-X is also, however, 

reported to be elevated in advanced breast cancer patient serum glycoproteins that carry 

trisialylated triantennary N-glycans containing α1,3-linked fucose [21]. Further, the 

combined expression of α1,3-fucosylated monogalactosylated biantennary (A2F1G1),α1,3-

fucosylated monogalactosylated triantennary (A3F1G1) and core fucosylated a galactosyl 

biantennary (FA2)N-glycans are reported to depend on patient nodal metastasis status [22].
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Relation to clinical indices

Attempts were made to relate lectin and mAb staining in the breast tumor samples to patient 

specific parameters. Such analysis did not reveal a correlation between sialyl T-antigen 

expression and a variety of parameters related to tumor size or pathology grade. We 

however noted an inverse relation between sialyl-T antigen expression and tumor metastatic 

state and HER2 status. In this regard, PNA-lectin staining after neuraminidase treatment, 

which indicates sialylated T-antigen expression, was lower in metastatic tumor samples 

compared to non-metastatic primary tumors. These data suggest that while the sialyl T-

antigen expression may be expected to be uniformly expressed in all breast tumors, a 

reduction in this epitope may correlate with metastasis.

In summary, the current study applies miniaturized glycoT assays to predict tumor 

associated carbohydrate antigens. Using this approach, it demonstrates the high expression 

of the sialylated T-antigen O-glycan in breast tumor but not normal tissue sections. It also 

suggests a possible transition from the linear core-1 glycan to other glycan epitopes when 

tumor cells metastasize. More detailed investigations are needed to identify the precise 

glycosylation change that accompanies metastasis and also to determine the prevalence of 

the sialylated T-antigen in serum glycoproteins secreted from breast tumors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

GlycoT glycosyltransferase

Galβ1, 3GalNAc Type-III or core-1 type acceptors

Galβ1, 4GlcNAc Type II or LacNAc type chain

GalT galactosyltransferase

FT or FucT fucosyltransferase

SialylT sialyltransferase

ST3[Galβ1, 3GalNAc] α2,3 sialyltransferase acting on Galβ1,3GalNAc

ST3/6[Galβ1, 4GlcNAc] α2,3/6 sialyltransferase acting on Galβ1,4GlcNAc

Bn Benzyl

PAA polyacrylamide

Φ-NO2 p-nitrophenol
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Figure 1. Overall Scheme
Glycosyltransferase activity assays were performed in miniaturized microwells using cell 

lysates as source of enzyme activity. Such studies performed using cell lines ‘predict’ 

activities that may be altered during cancer. These predictions are tested using human 

patient tumor and normal tissue samples. Glycan structures that were predicted to be altered 

based on glycoT activity assays are ‘validated’ using lectin and antibody based 

histochemical analysis of tissue microarrays and sections.
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Figure 2. Enzyme activity in breast cancer cell lines
Product formed was quantified in terms of dpm/mg of protein in cell lysate for four breast 

cancer cell lines. A. β1,3GalT activity was measured using acceptors with GalNAcα reactive 

groups. B. β1,4GalT was quantified using acceptors with Galβ1,3(GlcNAcβ1,6)GalNAcα 

unit. C. β1,3/4GalT activity was measured using GlcNAcβ1,6GalNAcα-sp-biotin, a 

substrate that can simultaneously measure both enzyme activities. D. 
ST3/6[Galβ1,3GalNAc] activity was measured using acceptors with the Galβ1,3GalNAc 

unit. E. ST3/6[Galβ1,4GlcNAc] was quantified using acceptors with LacNAc 

[Galβ1,4GlcNAcβ] unit. F. α1,3FT[Galβ1,4GlcNAc] activity measured using acceptors with 

LacNAc unit. G.α1,3FT[sialylLacNAc] was quantified using 

Neu5Acα2,3Galβ1,4GlcNAcβ-PAA-biotin. Previous studies show thatα1,2FT activity is 

low in breast cancer cells. H. α1,4FT[Galβ1,3GlcNAc] activity was measured using the 

acceptor Galβ1,3GlcNAcβ1,3lacβ-Φ-NO2. *indicates P<0.05 with respect to the “No 
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Acceptor” control in the respective cell line. #indicates P<0.05 with respect to all other cell 

lines.
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Figure 3. Enzyme activity in patient tumor versus normal control tissue
Enzyme activity assays were performed identical to Figure 2 using breast, colon or prostate 

tumor or normal tissue as enzyme source. Enzyme activities measured include: A. β1,3GalT 
using GalNAcα-PABA acceptor; B. β1,4GalTusing Galβ1,3(GlcNAcβ1,6)GalNAcα-O-Bn; 

C. α1,3-FT[Galβ1,4GlcNAcβ] using Galβ1,4GlcNAcβ1,3Galβ1,4GlcNAcβ-O-Bn; D.α1,4-
FT[Galβ1,3GlcNAc] activity using Galβ1,3GlcNAcβ1,3lacβ-Φ-NO2; E. 
ST3/6[Galβ1,3GalNAc] using Galβ1,3GalNAcα-sp-biotin; F. ST3/6[Galβ1,4GlcNAc] using 

Galβ1,4GlcNAcβ1,3Galβ1,4GlcNAcβ-O-Bn; and G. ST3[Galβ1,3GalNAc] using 

Galβ1,3(GlcNAcβ1,6)GalNAcα-O-Bn. Data are represented as box plots where the top, 

middle and bottom of the box represent the upper (Q1), median (Q2) and lower (Q3) 

quartiles of the observations. The ends of the whiskers represent the maximum or minimum 

data points within 1.5 times the height of the box, while points indicated by are outliers. 

Pictorial representation of products formed on top of each panel follow Consortium for 

Functional Glycomics (CFG) nomenclature. * P<0.05 and **P<0.005 compared to normal 

tissue.
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Figure 4. Histochemistry images after sialidase treatment
A. Staining with anti T-antigen antibody for breast tumor section with adjacent normal 

section. The section is labeled as a. Tumor section b. Ductal region in normal section c. 

Lobular section in normal section. B. Staining with PNA lectin for breast tumor section with 

adjacent normal section. The section is labeled identical to panel A.
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Figure 5. Pie charts showing relation between T-antigen mAb/PNA staining and HER-2 
expression in breast TMAs. A to C
Pie charts for anti-T antigen mAb staining for patients with negative, weak and strong 

HER-2 expression, respectively. D to F. Pie charts for PNA lectin staining for patients with 

negative, weak and strong HER-2 expression, respectively. Results are collated for TMAs 

that were treated with sialidase. The distribution in the pie chart shows the index score as 

“Low”: 0–100, “Moderate”: 101–200, “High”: 201–300. Patients with strong HER-2 

expression have low T-antigen mAb/PNA-lectin staining.
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Table 1

Patient Data

A. Enzymology assay patient data

Specimen Sample ID Cancer Histology Pathology Stage

Breast 1 Breast Infiltrating duct carcinoma IIB

2 Breast Infiltrating duct mixed with other types of carcinoma IIB

3 Breast Comedocarcinomanon-infiltrating 0

4 Breast Infiltrating duct and lobular carcinoma IIB

5 Breast Infiltrating duct carcinoma IIA

6 Breast Infiltrating duct carcinoma IIIB

Colon 1 Colorectal Adenocarcinoma IIA

2 Colorectal Adenocarcinoma IV

3 Colorectal Adenocarcinoma IIIC

4 Colon Adenocarcinoma -

5 Colon Serous surface papillary carcinoma -

6 Colon Adenocarcinoma IIA

Prostate 1 Prostate Adenocarcinoma III

2 Prostate Adenocarcinoma II

3 Prostate Adenocarcinoma III

4 Prostate Adenocarcinoma -

5 Prostate Adenocarcinoma II

B. Breast tumor microarray patient data

Parameter vs # of patients

Diagnosis Age # Tumor size # Pathological stage # Node stage #

25–35 5 T1 67 IIA 47 N0 31

35–45 22 T2 13 IIB 45 N1 74

45–55 27 T3 15 IIIA 8 N2 3

55–65 33 T4 20 IIIB 12 N3 7

65–75 15 IIIC 1

75–95 13 IV 2

Metastatic # ER # PR # HER-2 #

M0 113 Positive 101 Positive 77 Negative 90

M1 2 Negative 13 Negative 37 Weak 13

Not determined 1 Not determined 1 Strong 11
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