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Abstract
AIM: To evaluate/isolate cancer stem cells (CSCs) from cancer tissue or cell lines using their definition varies, and various kinds of cell surface markers. 

METHODS: CSCs are an emerging topic in cancer biology. Because different cell types display different oligosaccharide structures on the cell surface, these structures could potentially be used as markers for various cell types, including CSCs. Fucosylation is one of the most important types of glycosylation in carcinogenesis. In this study, we found that fucosylation is a common oligosaccharide modification in pancreatic cancer CSC-like cells, which are established through one of three strategies: long-term anti-cancer drug treatment, sphere formation, and cell sorting using antibodies against typical CSC markers (CD24 and CD44).

RESULTS: Several types of fucosylation were increased under these conditions, and the expression of fucosylation regulatory genes such as fucosyltransferases, GDP-fucose synthetic enzymes and GDP-fucose transporters were dramatically enhanced in CSC-like cells. These changes were especially significant in gemcitabine-resistant cells and sphere cells of a human pancreatic cancer cell line, Panc1. However, downregulation of cellular fucosylation by knockdown of the GDP-fucose transporter did not alter gemcitabine resistance, suggesting that increased cellular fucosylation is not the cause but a result of CSC-like transformation. 

CONCLUSION: Fucosylation might be a biomarker of CSC-like cells in pancreatic cancer.
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INTRODUCTION
[bookmark: bbib28]Increasing evidence indicates that many tumors are composed of significant functionally and morphologically heterogeneous cells. Tumor initiation and selected growth are driven by a small subset of cancer stem cells (CSCs) or tumor-initiating cells that give rise to a large population of differentiated progeny, and comprise the bulk of tumors[1,2]. Several lines of research indicate that CSCs are preferentially resistant to many current therapies, including various chemotherapeutic agents and radiation treatment[3,4]. Therapeutic strategies that effectively target CSCs could significantly impact patient survival. Recent progress in CSC research includes advances in CSC isolation methods, CSC markers, and biological functions of CSCs. CSCs exhibit the following general biological characteristics: slow growth, asymmetric growth, anti-cancer drug resistance, increased tumorigenicity in immunodeficient mice, and sphere formation.   
 Pancreatic cancer is the fourth leading cause of cancer-related mortality, with an overall 5-year survival rate of only 1%-4% and a median survival period of 4-6 mo[5,6]. It is usually diagnosed at a late stage with metastasis and resistance to chemotherapy and radiotherapy. In a case of pancreatic cancer, CSC of pancreatic cancer was reported to appear at the chronic pancreatitis stage, and that the detection of CSCs at this stage can help overcome pancreatic cancer completely[7]. 
 Glycans are branched oligosaccharide moieties that often become attached to proteins and lipids, and are then structurally and functionally modified. Because glycan structures differ among cell types, glycans can be called the characteristic face of the cell. Recently, we reported that sialylated glycans are useful markers for CSC-like cells in hepatoma cell lines[8]. CSC-like fractions, isolated using a combination of CD133 antibody and Sambucus sieboldiana agglutinin lectin, showed higher tumorigenicity in athymic mice, greater spheroid formation ability, and resistance to 5-fluorouracil (5-FU) treatment[8]. Therefore, it appears that sialylation is a characteristic glycan modification for CSC-like cells of hepatoma cells. The biological functions of oligosaccharides, however, differ in various cancer types. For example, although increased N-glycan branching by N-acetylglucosaminyltransferase V (GnT-V) plays a pivotal role in cancer metastasis, and high GnT-V expression is associated with poor prognosis in some cancers[9-11], it is a favorable prognosis marker in other cancers[12]. Thus, characteristic glycan structures for CSC-like cells could differ in different cancer types.
 In the present study, to examine the characteristic glycan structures of CSC-like cells in pancreatic cancers, we performed lectin microarray analysis on CSC-like fractions of the human pancreatic cancer cell line Panc1, by establishing anti-cancer drug-resistant cells. Changes in glycan structure of CSC-like cells were also investigated in sphere-forming cells as well as in CSC fractions obtained from overexpression of CD24 and CD44, which are conventional CSC markers for pancreatic cancer cells. We found that fucosylation is a common type of glycosylation in cancer stem cell-like phenotypes of pancreatic cancer under various conditions.

MATERIALS AND METHODS
Cell culture 
Pancreatic cancer cell lines, Panc1, MIA PaCa-2, PSN-1, Capan-1, and BxPC-3 were obtained from the American Type Culture Collection (ATCC, Manassas, VA). A pancreatic cancer cell line, PK59 was purchased from RIKEN BioResource Center (Tsukuba, Japan). All cell lines except Capan-1 cells were cultured in RPMI-1640 (Sigma, St. Louis, MO) with 10% fetal bovine serum, 100 units/mL penicillin, and 100 μg/mL streptomycin at 37°C under 5% CO2 in humidified air. Capan-1 cell line was cultivated with Iscove’s Modified Dulbecco’s Medium (Gibco, Gland Island, NY) supplemented with 20% FBS and the same antibiotics. To establish gemcitabine-resistant Panc1 cells, the cells were treated step-wise with 1 to 200 ng/mL gemcitabine (Sigma) for 5 mo, and the resulting gemcitabine-resistant Panc1 cells were named Panc1-RG. Parental Panc1 cells were also cultured for the same period without gemcitabine, and designated as Panc1-P. In the case of short-term gemcitabine treatment in five pancreatic cancer cell lines (PK59, MIA PaCa-2, PSN-1, Capan-1, and BxPC-3), the cells were incubated with IC50 gemcitabine (in the case of PK59, 1 μg/mL) for two days. 

Lectin microarray
Total patterns of oligosaccharide structures in Panc1-P and Panc1-RG cells were investigated using evanescent-field fluorescence-assisted lectin microarray. Forty-five kinds of lectin were immobilized on a glass slide in triplicate. This procedure has been previously described in detail by Kuno et al[13]. 

Lectin blotting and Western blotting
Cells were harvested from culture dishes in phosphate-buffered saline (PBS). After precipitation by centrifugation at 400 g for 5 min at 4°C, cells were suspended in TNE buffer [10 mmol/L Tris-HCl (pH 7.8), 1% NP40, 0.15 mol/L NaCl, 1 mmol/L ethylenediaminetetraacetic acid (EDTA)] containing a protease inhibitor cocktail (Roche, Basel, Switzerland), and then placed on ice for 30 min to allow solubilization. Samples were centrifuged at 20000 g for 15 min at 4°C, and supernatants were collected. Cell lysates were quantitated using a bicinchoninic acid protein assay kit (Thermo, Rockford, IL). Ten micrograms of total cellular protein were subjected to 10% SDS-polyacrylamide gel electrophoresis under reducing conditions, and then transferred to a nitrocellulose membrane (Millipore, Billerica, MA). After blocking with PBS containing 3% bovine serum albumin (BSA) overnight at 4°C, the membrane was incubated with biotinylated Aleuria aurantia lectin (AAL; J-Oil Mills, Tokyo, Japan) or Aspergillus oryzae lectin (AOL; unbiotinylated form purchased from Tokyo Chemical Industry, Tokyo, Japan, and biotinylated using the Biotin Labeling Kit-NH2, DOJINDO Molecular Technologies, Kumamoto, Japan). The membrane was washed with Tris-buffered saline containing 0.05% Tween 20 (pH 7.4) and incubated with diluted avidin-peroxidase conjugates (ABC kit, Vector Laboratories, Burlingame, CA). Signals were detected using RX-U X-ray film (Fujifilm, Tokyo, Japan) with ImmobilonTM Western Chemiluminescent HRP Substrate (Millipore) according to the manufacturer’s protocol.

RNA extraction and real-time reverse transcription polymerase chain reaction 
Total RNA was extracted from cells using the ReliaPrep RNA Cell Miniprep System (Promega, Madison, WI). The RNA concentration was determined spectrophotometrically, and samples were then stored at -80°C until use. RNA samples (500 ng) were reverse-transcribed into complementary DNA (cDNA) using SuperScript III reverse transcriptase with oligo(dT), dNTPs, and RNaseOUT (all from Invitrogen, Carlsbad, CA). The cDNA was then diluted five-fold and specific PCR product amplification was performed with SYBR Premix Ex TaqII (TAKARA Bio, Shiga, Japan). Primers were used at 625 nM each in a 20-μL reaction volume. The cycle parameters were: denaturation at 95°C for 2 min, and 40 cycles composed of 15-s denaturation at 95°C, 10-s annealing at 59°C, and 25-s polymerization at 72°C. Total RNA from each sample was analyzed in triplicate for each target RNA in separate wells. Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) was performed on an Mx3000P Real-Time QPCR System (Agilent, Santa Clara, CA). Primer sequences used in this study are provided in Supplementary Table 1. Expression levels of the genes of interest were normalized to ribosomal protein L4 (RPL4) and calculated based on the ΔΔCT method[14]. The results are expressed relative to those of Panc1-P as control.

Sphere formation assay
Panc1 and PSN-1 cells were seeded on 10-cm culture dishes (AGC Techno Glass, Tokyo, Japan) and cultured in serum-free medium consisting of DMEM⁄F-12 medium (Invitrogen) supplemented with 20 ng/mL epidermal growth factor (Peprotech, Rocky Hill, NJ), 20 ng⁄mL basic fibroblast growth factor (Peprotech), B27 (Invitrogen), 5 μg/mL insulin, and 2.75 μg/mL transferrin (Sigma). Sphere cells were passaged every 3 d. Sphere cells cultured for 6 d were collected and analyzed. Sphere cell-forming ability was calculated with the BZ Analyzer II software equipped with fluorescence microscope (KEYENCE Corporation, Osaka, Japan). Briefly, 5 × 105 pancreatic cancer cells were seeded in 60 mm culture dish and after three days culture, the area of the formed sphere colonies were estimated in each cell line.

Flow cytometry
Cells were harvested with PBS containing 0.5 mmol/L EDTA and fixed with Cytofix/Cytoperm solution (BD Biosciences, San Jose, CA) for 20 min on ice. The cells were incubated with fluorescein isothiocyanate-labeled AAL, Pholiota squarrosa lectin (PhoSL, J-Oil Mills), or Ulex europaeus agglutinin I (UEA-l, J-Oil Mills) for lectin flow cytometry analyses. To investigate the expression of CSC markers, Panc1 cells were incubated with allophycocyanin-conjugated anti-human CD24 (Miltenyi Biotec GmbH, Germany) and phycoerythrin- conjugated anti-human CD44 (BD Biosciences) in PBS containing 0.1% BSA for 20 min on ice. Isotype-matched mouse IgG (BD Biosciences) was used as a control. Cells were washed three times with PBS, and flow cytometric analysis was performed using a FACSCalibur flow cytometer operated with CellQuestPro software version 5.2, (BD Biosciences). Ten thousand events were acquired in each sample. For FACS cell sorting, 5-10 × 106 living cells were stained with anti-human CD24 and CD44 antibodies, and then sorted using FACS BD Aria II (BD Biosciences). Doublet cells were eliminated using FSC-A ⁄ FSC-H and SSC-A/SSC-H. Dead cells were also excluded by gating staining with 7-amino-actinomycin D (BD Biosciences).

RNA interference 
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Cell survival assay
Cell growth was assessed by WST-8 assay [2-(2-methoxy-4-nitrophenyl)-3-(4- nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt] (Nacalai Tesque, Kyoto, Japan) following the manufacturer’s protocol. Briefly, 10 μL of WST-8 reagent was added to the cells in each well and incubated at 37°C for 3 h. After incubation, sample absorbance was determined using an iMarkTM Microplate Reader (Bio-Rad, Tokyo, Japan) at 450 nm.

Enzyme linked immunosorbent assay for IL-6
Panc1 cells (Panc1-P, Panc1-RG, monolayer cells[the same as Panc1-P], and sphere cells) were seeded at a density of 2.4 × 105 cells/60 mm culture dish, and cultivated in RPMI-1640 (Sigma, St. Louis, MO) supplemented with 10% fetal bovine serum, 100 units/mL penicillin, and 100 μg/mL streptomycin or in sphere conditioned medium described in sphere formation assay. After 48 h, the supernatants were collected and interleukin-6 (IL-6) levels were quantified using enzyme linked immunosorbent assay system SRL Inc. (Tokyo, Japan). The IL-6 concentrations were normalized each cell number at the collecting time. 

Statistical analysis
Statistical analysis was conducted using JMP Pro 10.0 software (SAS Institute Inc., Cary, NC). The results are expressed as mean ± SD. Groups of data were compared by the Wilcoxon test for non-parametric data. Differences were considered statistically significant when the P value was less than 0.05.

RESULTS
Gemcitabine-resistant Panc1-RG cells are enriched with CSC-like cells
By exposing Panc1 cells stepwise to increasing gemcitabine concentrations over 5 mo, we established gemcitabine-resistant Panc1 cells, which we named, Panc1-RG. Panc1-RG cells were 37.5-fold more resistant to gemcitabine treatment compared with Panc1-P cells [Figure 1A; 25% inhibitory concentration (IC25) values, 80 and 3000 ng/mL for Panc1-P and Panc1-RG, respectively]. Next, we performed flow cytometry analysis to investigate whether CSC markers for pancreatic cancer are increased on the Panc1-RG cell surface. In general, CD24 and CD44 are often used as cell surface markers of pancreatic CSC fractions. As expected, Panc1-RG cells exhibited an increased population of CD24+CD44+ cells (98.3%) compared with Panc1-P cells (56.40%; Figure 1B). These results indicate that CSC-like cells are enriched in Panc1-RG cells following long-term gemcitabine treatment. 

Identification of characteristic glycan structure in Panc1-RG cells
To determine glycan structures unique to Panc1-RG cells, lectin microarray analysis was performed (Figure 2A). Panc1-P and Panc1-RG cells exhibited several differences in lectin binding; in particular, three fucosylated glycan-recognizing lectins (UEA-l, AAL, AOL) showed significantly higher intensities in Panc1-RG than in Panc1-P cells. UEA-l specifically recognizes α1,2-fucosylation, AAL recognizes all types of fucosylation such as α1,2, α1,3/α1,4 and α1,6 linkages, and AOL recognizes α1,2- and α1,6-fucosylation[15]. Lectin blot analyses using AAL or AOL also revealed increased cellular fucosylation in Panc1-RG cells (Figure 2B). Furthermore, flow cytometric analysis showed increased cell surface expression of fucosylated proteins recognized by UEA-1 and AAL lectins, but not PhoSL lectin, which recognizes α1,6-fucosylated glycans[16]. These results indicate an increase in α1,2- and α1,3-/α1,4-fucosylation but not in α1,6-fucosylation, in Panc1-RG cells (Figure 2C).
 To investigate the role of various regulatory factors in the increased fucosylation, we compared the mRNA expression levels of GDP-mannose-4,6-dehydratase, FX, GDP-fucose transporter (GDP-Fuc Tr), fucosyltransferase (FUT) 1, FUT2, FUT3, FUT4 and FUT8 between Panc1-P and Panc1-RG cells by real-time RT-PCR analysis (Figure 2D). FUT1, FUT2, FUT3, FUT4, FX and GDP-Fuc Tr expression levels in Panc1-RG cells were significantly higher than those in Panc1-P cells. These results corroborate the results of lectin blot analysis and lectin flow cytometry, because FUT1 and FUT3 catalyze the formation of α1,2 and α1,3/α1,4 linkages, respectively. Moreover, FX and GDP-Fuc Tr increase the amount of GDP-Fuc substrate in the Golgi apparatus.
　We established Panc1-RG cells for long-term gemcitabine treatment and this cell line contained more CSC like cells than Panc1-P. However, Hermann et al[17] showed short-term gemcitabine treatment also works in CSC-like cells concentration. Therefore the fucosylation status in other cell lines such as PK59, MIA PaCa-2, PSN-1, Capan-1, and BxPC-3, which were treated with gemcitabine for a short time. Expectedly, we found that short-term gemcitabine treatment also caused concentration of CSC-like cells and enhanced fucosylation in several cell lines. The representative results in PK59 cells were shown in Figure 2E and F.

Sphere-forming cells and CD24high CD44high cancer stem-like cells from Panc1-P showed high expression of fucosylated glycans
Because numerous studies demonstrated that the formation of spheres in serum-free medium is one of the characteristics of cancer stem cells[17,18], Panc1-P cells were cultured under stem cell-selective conditions. After 6 d, Panc1 cells aggregated into floating spheroid clusters (Figure 3A). To examine CD24 and CD44 expression in sphere and monolayer cells, we performed flow cytometry analysis. A larger CD24+CD44+ population was observed in sphere cells (97.13%) compared with monolayer cells (54.93%). Subsequently, we performed western blot analysis using AAL or AOL lectins to examine whether fucosylated glycans were increased in sphere cells. Increased binding to both lectins was observed in sphere cells as compared with monolayer cells (Figure 3C). Furthermore, the expression pattern of fucosylation regulatory genes in sphere cells was similar to that seen in Panc1-RG cells (data not shown). It is already known that CSC markers for pancreatic cancer, such as CD24 and CD44, perform the biological function of regulating cellular behavior[19,20]. To evaluate the relationship between the extent of fucosylation and CD24 and CD44 expression, we further studied cellular fucosylation in the CD24high CD44high fraction, and compared this with the CD24low CD44low fraction. The region of each fraction is indicated in the Figure 3B “monolayer”. The CD24high CD44high fraction exhibited higher cellular fucosylation than the CD24low CD44low fraction (Figure 3D). These results indicate increased fucosylation in cancer stem-like phenotype cells.
 Panc1-RG cells contained more CSC like cells than parental Panc1-P cells (Figure 1B). This observation suggests that Panc1-RG forms more sphere colonies than Panc1-P. To clarify this possibility in Panc1-RG, we performed sphere-forming assay using Panc1-P and Panc1-RG cells. We found sphere formation was significantly increased in Panc1-RG compared with in Panc1-P (Figure 3E). 
Next, we investigated whether or not sphere formation enhance cellular fucosylation in other pancreatic cancer cell lines (PK59, MIA PaCa-2, PSN-1, Capan-1, and BxPC-3). Among these cell lines, sphere formation was observed in only PSN-1 cells, and we confirmed fucosylation was increased in sphere formation of PSN-1 cells (Figure 3F). 

Fucosylation does not directly contribute to gemcitabine resistance
Previously, Cordel et al[21] reported that α1,2-fucosyltransferase (FUT1) is associated with 5-FU resistance in rat colon cancer cells. To examine whether or not α1,2-fucosylation by FUT1 is involved in gemcitabine resistance in Panc1 cells, shRNA against FUT1 was transfected into Panc1-RG cells and stable transfectants were selected with hygromycin B. The shFUT1 transfectants exhibited an approximately 30% decrease in FUT1 mRNA expression compared with the shRNA-negative control (Figure 4). Alpha1,2-fucosylation levels were lower in shFUT1-transfected Panc1-RG cells, as evidenced by AOL lectin blot as well as UEA-1 flow cytometry. However, there was no change in gemcitabine resistance among these cells. Next, to investigate whether total cellular fucosylation is directly involved in gemcitabine resistance, GDP-Fuc Tr, a key regulator of cellular fucosylation, was knocked down in Panc1-RG cells[22]. The shRNA transfectants showed decreased GDP-Fuc Tr mRNA expression compared to negative control (Figure 5A). Cellular fucosylation also decreased dramatically in shRNA transfectant cells, as evidenced by lectin blot analyses using AAL or AOL lectins (Figure 5B). However, decreased fucosylation had no effect on gemcitabine sensitivity (Figure 5C). In other words, cellular fucosylation does not directly contribute to gemcitabine resistance in Panc1 cells; increased fucosylation is merely a marker for CSC-like cells in pancreatic cancer.

Pnac1-RG cells secreted higher levels of IL-6, compared to Panc1-P cells 
In this study, we found that fucosylation was increased under several CSC-like cell transformation conditions. Some bioactive substances should be related to the increased fucosylation in CSC-like cells. Previously, we reported that IL-6 treatment of human hepatoma cell lines increased fucosylation with a marked increase in fucosylation regulatory genes[23]. Therefore, we also investigated the IL-6 production between Panc1-P and Panc1-RG in this study. Expression of IL-6 mRNA was significantly higher in Panc1-RG than that in Panc1-P (Figure 6A). The concentration of IL-6 in conditioned media from Panc1-RG cultures was also significantly higher than that from Panc1-P (Figure 6B). In addition, the concentration of IL-6 in conditioned media from sphere Panc1-P cells was also higher than those from monolayer Panc1-P cells (Figure 6C). These results indicated that both anti-cancer drug resistance and sphere formation enhanced IL-6 production in Panc1-P cells. 

DISCUSSION
In this study, we found that fucosylation is a common glycosylation marker for three cancer stem cell-like phenotypes: gemcitabine-resistant cells, sphere-forming cells, and CD24high CD44high CSC fractions. Specifically, gemcitabine-resistant cells and sphere-forming cells exhibited very similar fucosylation patterns. In our present study, the fucosylation patterns in each figure seem to be different (Figures 2, 3). We think these differences are dependent on the various conditions of cells in culture. It is a well-known fact that different conditions in culture should change the glycoprotein expression pattern. As CBB figures demonstrated, the protein expression patterns were different in each condition. Although α1-2- and α1-3/1-4-fucosylation increased, α1-6-fucosylation did not change upon downregulation of FUT8 gene expression and upregulation of FX and GDP-Fuc Tr genes. These results suggest that CSC-like cells, similar to sphere-forming cells, were condensed during long-term exposure to gemcitabine. Induced pluripotent cells and embryonic stem cells have been shown to exhibit increased α1-2-fucosylation and decreased α1-6-fucosylation[24]. Although α1-6-fucosylation was unchanged in Panc1-RG cells compared with Panc1-P cells, FUT8 gene knockdown in Panc1-RG cells decreased α1-6-fucosylation, accompanied by a slight enhancement in gemcitabine resistance (data not shown). 
 Next, we investigated whether other types of fucosylation are directly involved in gemcitabine resistance. Downregulation of α1-2-fucosylation in Panc1-RG cells using shFUT1 RNA did not alter gemcitabine resistance (Figure 4). This result is inconsistent with the observation that FUT1 is involved in 5-FU resistance in rat colon cancer cell lines[21]. This might be due to differences between cancer cell lines and/or anti-cancer agents. Our insufficient FUT1 knockdown efficiency, in spite of repeated attempts, might have caused the discrepancy in gemcitabine resistance. Therefore, we focused on GDP-Fuc Tr, the most important regulatory factor for all types of fucosylation[22].
 GDP-Fuc Tr was knocked down to about 1/4 of its original expression level; this resulted in a dramatic decrease in total cellular fucosylation, but no change in gemcitabine resistance (Figure 4C). This indicates that fucosylation does not directly contribute to gemcitabine resistance, and might be merely a marker for pancreatic cancer CSC-like cells. The molecular mechanisms underlying increased fucosylation in Panc1-RG cells remain unknown. Recently, Lauc et al[25] reported that hepatocyte nuclear factor 1α (HNF1α), and its downstream molecule HNF4α are master transcription factors controlling cellular fucosylation. High HNF4α mRNA expression was observed in Panc1-RG cells compared with Panc1-P cells. IL-6 production in pancreatic cancer has been associated with cancer aggressiveness and poor prognosis in patients with pancreatic cancer[26,27]. We previously reported that treatment of human hepatoma cell lines with IL-6 caused a marked increase in fucosylation regulatory genes[23]. Interestingly, secreted IL-6 levels as well as IL-6 mRNA levels were significantly higher in Panc1-RG cells than in Panc1-P cells (Figure 6). These results strongly suggest that long-term stimulation with high-dose IL-6 induces increasing fucosylation in Panc1-RG cells. Yamada et al[28] showed that IL-6 is involved in resistance to anticancer drugs. These findings suggest that IL-6 plays pivotal and independent roles in increased cellular fucosylation and gemcitabine resistance. Taken together, increased cellular fucosylation is a common glycan change in three CSC-like phenotypes in pancreatic cancer (Figure 7), and the identification of fucosylated glycoproteins derived from pancreatic cancer cells could lead to novel biomarker development for anticancer drug resistance.
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Fucosylation is one of the most important glycosylation events involved in cancer and inflammation. 
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In the present study, authors investigated oligosaccharide modifications in pancreatic cancer cancer stem cell (CSC)-like cells. Using several models of CSC-like cells, they could find that fucosylation is a common type of glycosylation change in pancreatic cancer CSC-like cells. 
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CSCs are known to be preferentially resistant to many current therapies, including various chemotherapeutic agents and radiation treatment. Their present study suggests that the identification of fucosylated glycoproteins derived from pancreatic cancer cells could lead to novel biomarker development for anticancer drug resistance.
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The manuscript reported an interesting finding that fucosylation is a common oligosaccharide modification in pancreatic cancer CSC-like cells, and increased cellular fucosylation is correlated with drug (such as gemcitabine) resistance. Therefore, the identification of fucosylated glycoproteins derived from pancreatic cancer cells could lead to novel biomarker development for anticancer drug resistance. Overall, the experiments were well done and properly interpreted.
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Figure 1 Cancer stem cells are enriched in established gemcitabine-resistant cells. A: Panc1-RG cells were established by long-term step-wise gemcitabine treatment. WST assay showed that Panc1-RG cells exhibited gemcitabine resistance compared with Panc1-P cells; B: Flow cytometric analysis showing a higher ratio of CD24+CD44+ cells in Panc1-RG cells compared with Panc1-P cells. All results are expressed as mean + SD; aP < 0.05 vs Panc1-P cells.




Figure 2 Fucosylation is enhanced in gemcitabine-treated pancreatic cancer cells. A: Differential glycan profiles of Panc1-P and Panc1-RG cells were analyzed by lectin microarray. The fluorescence intensity of each lectin was normalized to the intensity of wheat germ agglutinin; B: Aleuria aurantia lectin (AAL) or Aspergillus oryzae lectin (AOL) lectin blot of Panc1-P and Panc1-RG. Coomassie brilliant blue (CBB) staining confirms equal protein loading among lanes; C: Cell-surface fucosylated glycoproteins in Panc1-P and Panc1-RG cells were assessed by flow cytometry using Ulex europaeus agglutinin (UEA)-I, AAL, and Pholiota squarrosa lectin (PhoSL) lectins; D: Fucosylation-related gene expression, determined by real-time reverse transcription polymerase chain reaction in Panc1-P and Panc1-RG cells, and expressed relative to that of Panc1-P cells; E: Flow cytometric analysis represented gemcitabine treatment increased the ratio of CD24+CD44+ cells in PK59 cells; F: AAL or AOL lectin blot of PK59 cells with (+) or without (-) gemcitabine treatment. All results are expressed as mean + SD; aP < 0.05 vs Panc1-P cells.





Figure 3 Fucosylation is enhanced in cancer stem cell-like cells fractions of pancreatic cancer cells. A: Phase-contrast images of monolayer (left panel) and sphere cells (right panel) derived from Panc1 cells; B: Results of flow cytometric analysis in monolayer and sphere Panc1 cells using CD24 and CD44 antibodies. CD24+CD44+ cells were increased in sphere cells compared with monolayer cells; C: Aleuria aurantia lectin (AAL) or Aspergillus oryzae lectin (AOL) lectin blot of monolayer and sphere Panc1 cells; D: AAL or AOL lectin blot of CD24highCD44high or CD24lowCD44low Panc1 cells. CD24highCD44high and CD24lowCD44low populations were obtained by cell sorting. Each region is indicated as a square field in (B); E: Comparison of sphere cells forming ability between Panc1-P and Panc1-RG. Results are expressed as mean + SD; bP < 0.01 vs Panc1-P cells; F: AAL or AOL lectin blot of monolayer and sphere polystyrene nanosphere-1 cells. CBB: Coomassie brilliant blue.


Figure 4 FUT1 gene knockdown in Panc1-RG cells does not alter gemcitabine resistance. A: Expression of fucosyltransferase (FUT)1 mRNA in Panc1-RG cells stably expressing small hairpin RNA (shRNA). Small hairpin normal control (shNC) or small hairpin FUT1 (shFUT1) indicate control shRNA- and FUT1 shRNA-expressing Panc1-RG cells, respectively; B: Aspergillus oryzae lectin (AOL) blot of shNC- or shFUT1-expressing Panc1-RG cells; C: Flow cytometric analysis using Ulex europaeus agglutinin (UEA)-I; D: WST assay results of transfectant cells treated with various gemcitabine concentrations. Error bars indicate SD. All results are expressed as mean + SD; aP < 0.05 vs shNC. CBB: Coomassie brilliant blue.


Figure 5 GDP-Fuc Tr gene knockdown does not affect gemcitabine resistance in Panc1-RG cells. A: Expression of GDP-fucose transporter (GDP-Fuc Tr) mRNA in small hairpin RNA (shRNA)-expressing Panc1-RG cells. Small hairpin normal control (shNC) or small hairpin GDP-fucose transporter (shGDP-Fuc Tr) indicate control shRNA- and GDP-Fuc Tr-expressing Panc1-RG cells, respectively; B: Aleuria aurantia lectin (AAL) or Aspergillus oryzae lectin (AOL) blots for shRNA transfectant cells; C: WST assay results for cells treated with various gemcitabine concentrations. Error bars indicate SD. All results are expressed as means + SD; aP < 0.05 vs shNC. CBB: Coomassie brilliant blue.


Figure 6 Increased interleukin-6 production was observed in both anti-cancer drug resistance cells and sphere-forming cells. A: Expression of interleukin-6 (IL-6) mRNA was measured by real-time reverse transcription polymerase chain reaction in Panc1-P and Panc1-RG; B: The concentration of IL-6 in conditioned media from Panc1-P or Panc1-RG cultures was assessed by enzyme-linked immunosorbent assay (ELISA); C: The concentration of IL-6 in conditioned media from monolayer or sphere-forming Panc1-P cells was measured by ELISA. All results are expressed as means + SD; aP < 0.05 vs Panc1-P cells.


Figure 7 Overview for the relations between fucosylation and three types of cancer stem cell-like cells. Cancer stem cell (CSC) is a limited fraction of cancer cells, which show asymmetric growth, slow growth, anti-cancer drug resistance, and sphere formation. CSC-like cells are differentiated from CSC, but have similar biological characters like CSC in part. Fucosylation is common type of glycosylation in the cancer stem cell-like phenotype of pancreatic cancer under various conditions.



Microsoft_PowerPoint_Slide1.sldx
A

a

a

a

a

a





Panc1-P

Panc1-RG





Panc1-P

Panc1-RG

CD44

CD24

B

Figure 1  Terao et al 





Panc1-P

Panc1-RG

Isotype matched IgG

Isotype matched IgG







1



Panc1-P	4.6155025202333404E-3	1.1852584046555609E-2	1.5335029898160109E-2	5.8338155243686501E-3	1.1812034546769405E-2	6.4825100831904819E-2	3.8648355410816411E-2	0	10	100	200	500	1000	5000	1	0.9741530373831796	0.64705023364486147	0.56293808411214996	0.56410630841121479	0.595064252336449	0.50803154205607504	Panc1-RG	6.6297515693178294E-2	6.333640336835511E-2	8.0648188733406706E-2	5.6341391877303616E-2	4.1163711525266017E-2	2.3270703129696299E-2	2.5157497388961308E-2	0	10	100	200	500	1000	5000	1	0.96792890262751341	0.8535548686244202	0.86012364760432924	0.85278207109737203	0.79945904173106475	0.63137557959814639	Gemcitabine ( ng/mL )



Relative ratio



image1.png

FL4-H

PANC-1 Wt CD24 & CD44.001

104

103

102

101

104






image2.jpeg

Panc1-RG CD24544.001

104

b
102

1

ol 102

Tot






image3.png

FL4-H

Panc1-P FL2&4 Ctr.001

104

103

102

102
FL2-H

104






image4.png

FL4-H

Pancl1-RG FL2&4 Ctr.001

104

103

102

104













image2.emf
0

1

2

3

4

5

6

FUT1 FUT2 FUT3 FUT4 FUT8 FX GMDS GDP-Fuc 

Tr

relative expression

control  UEA-1

AAL

PhoSL

Cell count

Fluorescence

C

Panc1-P

Panc1-RG

D

a

a

a

a

a

a

a

Panc1-P

Panc1-RG

B

AOL AAL CBB

0

100

200

300

400

500

600

700

LTL

PSALCAUEA_IAOLAALMAL_ISNASSA

TJA

-

IPHA(L)ECARCA120PHA(E)DSA

GSL

-

II

NPA

ConAGNA

HHL

ACG

TxLC_IBPL

TJA

-

II

EEL

ABA

LELSTL

UDA

PWMJacalinPNA

WFAACA

MPA

HPA

VVADBA

SBACalsepa

PTL_I

MAH

WGA

GSL_I_A4

GSL_I_B4

Normalized Intensity

A

Panc1-P

Panc1-RG

Figure 2  Terao et al 


Microsoft_PowerPoint_Slide2.sldx








control 

UEA-1

AAL

PhoSL

Cell count

Fluorescence

C

Panc1-P

Panc1-RG

D

a

a

a

a

a

a

a





Panc1-P

Panc1-RG

B

AOL

AAL





CBB



Panc1-P

Panc1-RG



A





Panc1-P

Panc1-RG

Figure 2  Terao et al  

Panc1-P

Panc1-RG

Panc1-P

Panc1-RG







2



Panc1-P	0.70984492826001022	0.22201282802449299	7.3109875596207005E-2	0.40767205580860411	2.0007895840302798	2.3645234855394199	0.22403182676351588	0.90702589077066298	0.47501993740905812	2.4337691131220867	7.2530651286497494E-2	0.32139772599941729	1.6489209449267308	10.016592247642054	10.668954297585502	0.25031069127248023	3.3882804374471198	7.2228973188955266	1.56874205242169	0.96949372941145573	6.5719901650003925	0.61495911281963522	3.3957245227593402	2.8368150538628782	0.28326109253698489	1.6978009223236801	12.733166942259587	25.144184684528401	3.7841585273062801	0.25196914548593891	3.8186800204662177	0.16033939502271499	7.538052506365249E-2	1.1030334150326646	0.68435135515741496	0.43369451869912101	0	0.38166721794104413	0.91186810305545596	1.3946180234842265	0.74240055761075718	0.692438519803521	1.3151470631662479	0.28552518373612101	0.29388258344382723	1	LTL	PSA	LCA	UEA_I	AOL	AAL	MAL_I	SNA	SSA	TJA-I	PHA(L)	ECA	RCA120	PHA(E)	DSA	GSL-II	NPA	ConA	GNA	HHL	ACG	TxLC_I	BPL	TJA-II	EEL	ABA	LEL	STL	UDA	PWM	Jacalin	PNA	WFA	ACA	MPA	HPA	VVA	DBA	SBA	Calsepa	PTL_I	MAH	WGA	GSL_I_A4	GSL_I_B4	41.371621829639828	108.357875668533	225.74149178671499	11.578939972144704	197.57100462445425	69.960390574455616	37.471471453196095	30.928215889041002	29.157427676236001	61.270458923516713	12.160696949435422	8.7451756901418758	75.154350083876679	271.26362911064302	596.54315898290736	4.5048076083834445	192.46190331206506	219.184261548873	120.45525388264602	22.738689562362758	190.13285513400001	25.986418198199488	34.958963853223729	63.009115675029356	4.4738600087560503	70.92481043930853	410.13451775861625	468.29257944388326	243.50397294334334	18.391227333480799	301.41926004585332	1.4128657093628099	3.7257966790171531	53.738939044412611	18.387888084022105	10.128617050578598	0	0.26987947796271822	6.0780201658388844	24.682314646383002	1.88897619403336	61.363848614281999	147.5146836046406	1.6719955585785899	1.2877692079181782	Panc1-RG	1.31680878911301	1.6890008063707453	1.7662576740681264	1.2684550021713001	8.3296620198637754	2.0336674679923012	1.95032329945072	1.0759294720933434	1.6482412188053399	3.0424890772151998	0.62340972152170004	0.58619911697901395	1.7874915322955498	2.3007769796952382	2.2027207578606318	0.36822609342043511	2.6150137027005802	5.7877610050868844	1.8476233083747646	1.8067578194027765	4.7124260475002346	1.0372305699167879	2.0339975617768107	1.8895511526515401	0.4930989157733851	1.0577210317231098	5.7358212059621918	6.9828286951657423	0.77699007800300146	0.23956135286107111	5.0512717671988314	0.10581418311887	0.25196860257652193	0.57136782699695177	0.66475201487286895	0.53217628875434575	0.215332829003792	0.28658972576661512	0.417632990266396	0.58974540855073521	0.4536315547830459	1.6725137255743501	2.0626352475933212	0.45407279794642313	0.21091744707603213	1	LTL	PSA	LCA	UEA_I	AOL	AAL	MAL_I	SNA	SSA	TJA-I	PHA(L)	ECA	RCA120	PHA(E)	DSA	GSL-II	NPA	ConA	GNA	HHL	ACG	TxLC_I	BPL	TJA-II	EEL	ABA	LEL	STL	UDA	PWM	Jacalin	PNA	WFA	ACA	MPA	HPA	VVA	DBA	SBA	Calsepa	PTL_I	MAH	WGA	GSL_I_A4	GSL_I_B4	37.322729629106597	123.040691145485	225.25717311103401	41.305008625567098	223.92960827779001	114.56461250646367	55.972589808098199	51.795298944713828	48.9919923252654	96.06702579990133	19.443799253358108	12.399582828272676	76.561162818875204	270.56832734374001	492.72268706966031	4.4443356408067256	193.05943919778201	215.22202362833798	142.98409164492199	36.724035052877412	170.74136259321722	41.54244287969199	29.896009500630488	97.354321850748349	4.8614198129169246	89.499849033284548	347.07283676135904	375.372205950031	225.69432438093801	17.126082317615101	252.33444527969101	1.5013026051005198	3.4388040365096781	54.266641198466701	26.887519940049589	7.6728258374442246	0.78971966255182924	0.94504211053449638	6.7382986153278335	51.355660502407005	2.3134141292375268	66.319250310188281	139.69173670645199	2.7132929262779402	1.4949764072718099	

Normalized Intensity



Panc1-P	0.15523100000000006	0.10253425236947303	8.2790000000000002E-2	0.48140884445311244	0.29463516747838836	0.34088164409234867	0.29177066279035024	0.20905886111050004	1	FUT1	FUT2	FUT3	FUT4	FUT8	FX	GMDS	GDP-Fuc Tr	1	1	1	1	1	1	1	1	Panc1-RG	0.47695200000000015	0.34007284015148098	0.17027200000000001	0.11325057998749584	0.10077460262908444	0.23183040256601659	5.5453918982916071E-3	0.23319441593602239	1	FUT1	FUT2	FUT3	FUT4	FUT8	FX	GMDS	GDP-Fuc Tr	4.8199999999999985	1.9134670736913644	5.1599999999999984	1.7157408253723339	0.51171346672084683	2.4003194155196348	1.1314191343829383	1.9364173214043638	

relative expression



image7.jpeg

e







image1.jpeg

oz

W

"%
Kl

W

W
el o

i3






image2.jpeg

3 it

I3
P, 23

oz

£3

@

s

)

o






image3.jpeg

[ R

Fo o]

0
0

oz

W

W,

)
ol

W

k3






image4.jpeg

il

I3
T

oz

W

W

A

)

W






image5.jpeg

AAL(3M'¢~)
|04 - (0% gel

175 -
/80
100 *
25

Jgo*

P R4 P RG Waekly Ya0RG

Tl Ui M “(Rbwndaie

oJ=2 .
i tucwsidoil






image6.jpeg

A'OL(BMM.
“i)‘g' (0/8@

73v- I
/00
783
So.

D | /QOKQ —/’0
(.EJM;’L %OEML g 3

bz M dase M\d,.se








"






image3.emf
(-)     (+)

Gem

1 μg/mL

(-)    (+)

(-)    (+)

AOL AAL CBB

55.9 %

68.6 %

CD24

CD44

Gem (-) Gem (+)

E

Figure 2  Terao et al 

F


Microsoft_PowerPoint_Slide3.sldx
(-)     (+)

Gem

1 μg/mL

(-)    (+)



(-)    (+)

AOL

AAL

CBB













55.9 %

68.6 %

CD24

CD44

Gem (-)

Gem (+)

E

Figure 2  Terao et al  

F





image1.jpeg







image2.png







image3.png

ave®
ave

Sl @)
s
Cdees @
Genss—
a2m ol
wwr@

anz—






image4.png

PK5 P CD24248.001

104







image5.png

PK59 P Gem48 CD24&48.001

19° 104

At
10?

100














image4.emf
sphere

monolayer

C

CD44

CD24

monolayer sphere

A B

AAL

CBB AOL

AOL AAL CBB

D

High / High

Low / Low

Figure 3  Terao et al 


Microsoft_PowerPoint_Slide4.sldx




sphere



monolayer



C

CD44

CD24

monolayer

sphere

A

B

sphere

AAL

CBB









AOL

monolayer



sphere

monolayer

sphere

monolayer







CD44low CD24low

CD44highCD24high

AOL

AAL

CBB

CD44low CD24low

CD44highCD24high

CD44low CD24low

CD44highCD24high

D

High / High

Low / Low

Figure 3  Terao et al  







4



image8.jpeg

4/ Aol

(P6gel - (O)4
- 8l
760
7% 'l’
‘w -
37

(oy) 0 3 6 25 3

fanc/ -~ fRalBN
Shore






image9.jpeg







image10.png







image11.png







image12.jpeg







image1.png

FL4-H

PANC-1 Wt CD24&CD44.001

104

103

102

R

101

104






image2.jpeg

1 Sphere COPARA4.001

103

102

—

0%







image3.png







image4.jpeg







image5.jpeg

541 AAL
(0,530l - (Y §

- — .-
. —

panc! (RUEN)
sohere






image6.jpeg

547 AAL
10,5530l - (Q4§-

: — - -
R

3 6 &9

pacc! (RUEN)
sohere

(y) 0







image7.jpeg

(D6 ge/ - (V4
=
700 -
7% I'!
‘so .
5 o

(o) 0 3 6 25 3

Yanc/ ~fHEN
| gt














image5.emf
0.00

0.10

0.20

0.30

0.40

0.50

0.60

Panc1-P Panc1-RG

b

Figure 3  Terao et al 

AAL AOL

monolayer

sphere

monolayer

sphere

monolayer

sphere

CBB

E F

Sphere area (μm

2

)


Microsoft_PowerPoint_Slide5.sldx
b

Figure 3  Terao et al  





AAL

AOL

monolayer

sphere

monolayer

sphere



monolayer

sphere

CBB

E

F

Sphere area (μm2)





2.1643976962810296E-2	0.16543504864397171	1	Panc1-P	Panc1-RG	0.11757310000000004	0.35473850000000001	



image1.png







image2.png

&
&
[s
€

>
morolayey| 5
monolay €V (Panc (- R30,
MONGIAYE b~ (Pome|-RECEN

i €
Sphere 1

i

Parel

merwol hyey ‘

w%: e, | - ,Mr
monelayey -

wlayey _ S

v






image3.jpeg









Eon i





image6.emf
control  UEA-1

shNC

shFUT1

AOL CBB

Cell count

Fluorescence

A

B

C

shNC

shFUT1

0

0.2

0.4

0.6

0.8

1

1.2

0 10 50 100 500 1000 5000

Relative

Ratio

Gemcitabine (ng/mL)

D

0.0

0.5

1.0

1.5

shNC shFUT1

Relative expression

FUT1

a

Figure 4 Terao et al 


Microsoft_PowerPoint_Slide6.sldx






control 

UEA-1

shNC

shFUT1

AOL

CBB

shNC

shFUT1

Cell count

shNC

shFUT1

Fluorescence



A

B

C



shNC

shFUT1

D

a

Figure 4  Terao et al  







6



RG shNC	3.0596433602516692E-2	5.9171257663198584E-2	8.1775360446218234E-2	2.5989071245404508E-2	5.20013584205435E-2	6.1519420330793211E-2	7.3284544447561897E-2	0	10	50	100	500	1000	5000	1	1.0312907431551486	1.0365058670143419	1.041720990873533	0.96911042021863403	0.88606960184535177	0.80784274395747702	RG shFUT1	2.5803363986128616E-2	3.8733705772811912E-2	5.4207539362860997E-2	4.5804504263588598E-2	6.1981807263209482E-2	3.0177558493831892E-2	5.8100558659217795E-2	0	10	50	100	500	1000	5000	1	1.0864059590316584	1.0476722532588438	1.054127870887648	0.97467411545623805	0.98112973308504003	0.84208566108007521	Gemcitabine (ng/mL)



Relative Ratio





FUT1

1.0605705065597007E-2	1.9876884190431501E-2	shNC	shFUT1	1.000037410031392	0.61153770363396098	

Relative expression



image1.jpeg







image2.jpeg

o

)

)

o
L

3

W
e

T
Lt

100






image3.jpeg

o

)

)

s

3

3

3 it

3
o






image4.jpeg

e AoL(fose)
HM f"'/‘a(;,









2EE





image7.emf
0

0.2

0.4

0.6

0.8

1

1.2

0 10 100 200 500 1000 2000 5000

Relative ratio

Gemcitabine (ng/mL)

AAL AOL CBB

0

0.5

1

1.5

siNC siGDP-fuc 

Tr

Relative expression

GDP-Fuc Tr

a

shNC shGDP-FucTr

A B

shNC

shGDP-FucTr

C

Figure 5  Terao et al 


Microsoft_PowerPoint_Slide7.sldx
AAL

AOL

CBB

             shNC  

    shGDP-Fuc Tr







a

 shNC               shGDP-Fuc Tr

A

B

shNC

shGDP-Fuc Tr

             shNC  

    shGDP-Fuc Tr

             shNC  

    shGDP-Fuc Tr

C

Figure 5  Terao et al  







7



RG shNC	7.3948534549603304E-2	1.7712865133623301E-2	1.3184091631818209E-3	2.8496146606568108E-2	2.6976425623630507E-2	4.284829780341113E-2	1.0602064704308304E-2	4.4381002512147813E-2	0	10	100	200	500	1000	2000	5000	1	1.01678060907396	0.80981976382846499	0.70975761342448951	0.67775015537601024	0.60891858297078905	0.61155997513983795	0.56152889993784882	RG shGDP-fuc Tr	2.5557143538448901E-2	5.2511219089466814E-2	1.422242726468731E-2	3.2610955605213612E-2	4.0681299929312416E-2	9.0003800477400031E-2	3.4399230086156717E-2	3.4630690307756E-2	0	10	100	200	500	1000	2000	5000	1	0.96834203655352646	0.86325065274151525	0.75620104438642322	0.72845953002611019	0.70071801566579728	0.66122715404699695	0.64001305483028703	Gemcitabine (ng/mL)



Relative ratio



GDP-Fuc Tr

0.32584980342300612	6.2235796119150102E-2	1	siNC	siGDP-fuc Tr	1	0.36988972858078312	

Relative expression



image1.png

W e

£
@ A
S

FPonci-06 (50795 )
Pascl-#6 z6fy
Fanc (-G sipc
Panc 1-RG
Pancy (Avec)






image2.png

Vi Pol. (Voo

(o4 (%

k:

o
©
~

8

(-) &)

o|¢
E)

N

Panci-RG chnL

Farc 1-RG siafT

Panc [-RG siINC

Panc[~RG

Poncl (ATee)

Gen






image3.jpeg














image8.emf
A

a

0

0.5

1

1.5

2

2.5

3

Panc1-P Panc1-RG

Relative expression 

IL-6

B

0

0.5

1

1.5

2

2.5

3

3.5

Panc1-P Panc1-RG

Relative Production

sup. IL-6

Figure 6 Terao et al 

C

sup. IL-6

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

monolayer sphere

Relative 

Production


Microsoft_PowerPoint_Slide8.sldx
A

a

B

Figure 6  Terao et al  

C

sup. IL-6



Relative Production







8



IL-6

0.38489345945690201	0.33663325892726098	1	Panc1-P	Panc1-RG	1	2.3116472526149572	

Relative expression 



sup. IL-6

Panc1-P	Panc1-RG	1	2.8821373684832747	

Relative Production





pg/cell ×10^-6



monolayer	sphere	1	1.44	










image9.emf
Sphere formation

Fucosylation

CSC marker (CD24 and CD44)

positive cells

Anti-cancer drug

resistance

CSC-like cells

CSC-like cells CSC-like cells

CSC

Figure 7  Terao et al 


Microsoft_PowerPoint_Slide9.sldx






Sphere formation

Fucosylation



CSC marker (CD24 and CD44)

positive cells

Anti-cancer drug 

resistance

CSC-like cells

CSC-like cells

CSC-like cells

CSC

Figure 7  Terao et al  












image1.emf
A

0

0.2

0.4

0.6

0.8

1

1.2

0 10 100 200 500 1000 5000

Relative ratio

Gemcitabine ( ng/mL )

a a

a

a

a

Panc1-P

Panc1-RG

Panc1-P Panc1-RG

CD44

CD24

B

Figure 1  Terao et al 

Panc1-P Panc1-RG

Isotypematched IgG

Isotype

matched 

IgG


