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Abstract. Fucosyltransferases (FUTs) are critical for glyco-
proteins and glycolipid chains and serve an important role in 
the adhesive interaction between selectins and their ligands, 
which contribute to tumor cell spread and metastasis. While 
multiple cancer cell lines heavily express FUT3, the present 
study investigated the expression level of FUT3 in different 
human pancreatic cancer cell lines. Forced expression and 
knockdown of FUT3 in different pancreatic cancer cell line 
demonstrated that FUT3 is important in cell proliferation. 
Using wound healing and transwell assays, it was observed that 
the migratory ability was decreased in FUT3 downregulated 
Capan-1 cell line, compared with the normal Capan-1 cell 
line. Furthermore, it was demonstrated that the knockdown 
of FUT3 impaired the adhesion of Capan-1 with E-selectin 
and inhibited transforming growth factor (TGF)-β-induced 
epithelial-mesenchymal transition. These data suggest that 
the knockdown of FUT3 inhibits the tumorigenesis in vivo 
and FUT3 may be a promising target aiming at reducing the 
metastatic virulence of pancreatic cancer cells.

Introduction

Pancreatic cancer is one of the most threatening malignancies 
characterized by aggressive growth and a high metastatic 
ability during the early stage. The 5-year survival rate is only 
6% (1), and only 10-20% of patients with pancreatic cancer are 
eligible for surgery at the time of diagnosis (2). The mechanism 
of tumor cell invasion and metastasis remains unclear (3). 
Therefore, an improved understanding of the metastatic 
process in pancreatic cancer may assist in developing certain 
effective therapies.

A number of studies have suggested the involvement of 
sialyltransferase and fucosyltransferases (FUTs) in pancreatic 
cancer progression. It has been demonstrated that pancreatic 
cancer metastasis and invasion are mediated by modification 
of the cell surface with attachment of glycosyl residues by 
these enzymes (4,5).

Sialyl-Lewis A (SLea) or sialyl-Lewis X (SLex), the 
E-selectin ligand glycans, are extensively expressed on 
numerous types of cancer cell surface, including colorectal, 
pancreatic, gastric, breast, prostate and lung cancer (6,7). It has 
been previously confirmed that SLea and SLex contribute to 
the metastatic process, thereby constituting the initial step in 
tumor cell extravasation (6).

FUTs belong to the Golgi apparatus enzyme family that 
transfer L-fucose sugars from GDP fucose donor substrates 
to a glycoside or a peptide (8). FUTs are subdivided into 
FUT1 and FUT2 (α-1,2), FUT3, FUT4, FUT5, FUT6, FUT7, 
FUT8 (α-1,6) and FUT9 (α-1,3/4), according to the fucosyl-
ation site (9,10). FUT3 is an α-1,3/4 fucosyltransferase that is 
absorbed by red blood cells and results in the Lewis phenotype; 
it generally transfers fucose residue to type I disaccharides 
compared with type II disaccharides (11).

The role of sialyltransferase and FUTs in cancer metas-
tasis has been improved by numerous previous studies: It was 
observed that elevated sialyltransferase levels or FUTs expres-
sion indicated high metastatic potentiality and poor prognosis 
in epithelial cancers (12-15). Knockdown of the expression 
of FUT significantly reduced metastatic capacity of human 
pancreatic and colon cancer cells (16-18).

It has been demonstrated that Epithelial-mesenchymal 
transition (EMT) serves a crucial role in the early phase of 
cancer metastasis (19,20). EMT is characterized by a pheno-
type transition from epithelial to mesenchymal, featured by 
the transformation of an epithelial shape into a fibroblast‑like 
morphology (21). The process is accompanied by a series 
of enhanced activity of transcriptional repressors including 
Snail Family Transcriptional Repressor 1 (SNAIL1), Zinc 
Finger E-box Binding Homeobox 1 and Twist Family BHLH 
Transcription Factor 1 that downregulate the expression 
level of epithelial (E)-cadherin (7,22,23). A previous study 
indicated that FUTs were associated with EMT in colorectal 
cancer (24,25).

In the present study, FUT3 expression levels in a pancreatic 
ductal epithelial cell line and 4 different pancreatic cancer 
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cell lines were analyzed. The involvement of FUT3 in the 
cell proliferation rate, mobility and potential to form tumors 
in an animal model was also investigated. In addition, the 
association between FUT3 and EMT in cancer metastasis was 
assessed. The present study demonstrated that FUT3 affected 
pancreatic cancer cell proliferation and migration, and that 
downregulation of FUT3 inhibits TGF-β-induced EMT and 
disrupts the tumor formation in an animal model.

Materials and methods

Cell lines and mice. The human pancreatic ductal epithelial 
HPDE6-C7 cell line was obtained from Hongshun Biotech 
Corporation (Shanghai, China). The human pancreatic 
cancer BxPC-3, Capan-1, Mia PaCa-2 and SW-1990 cell lines 
were obtained from the American Type Culture Collection 
(Manassas, VA, USA). The 293T cell line for transfection was 
purchased from The Cell Bank of Type Culture Collection of 
Chinese Academy of Sciences (Shanghai, China). All cells 
were cultured in Dulbecco's modified Eagle medium (DMEM; 
Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) 
supplemented with 10% fetal bovine serum (FBS; Gibco; 
Thermo Fisher Scientific, Inc.) at 37˚C with 5% CO2. A total 
of 20 female BALB/c-nu/nu nude mice aged 4-6 weeks were 
obtained from the Shanghai Institute of Materia Medica, 
Chinese Academy of Sciences (Shanghai, China), housed at 
24˚C and 65% humidity, with an alternating 12:12 h light/dark 
cycle and allowed free access to food and tap water in accor-
dance with the Guide for the Care and Use of Laboratory 
Animals (26).

Antibody and reagents. The anti-FUT3 (cat. no., ab110082) 
antibody was purchased from Abcam (Cambridge, UK), 
and anti-E-cadherin (cat. no., A3044), anti-Vimentin (cat. 
no., A1504) and anti-SNAIL1 (cat. no., A5243) antibodies were 
purchased from ABclonal Biotech Co., Ltd. (Woburn, MA, 
USA), anti-β-actin (cat. no., 4967S, 1:2,000) was purchased 
from Univ-Bio (Shanghai, China), goat anti-mouse/rabbit 
secondary antibody were purchased from Thermo Fisher 
Scientific, Inc. (cat. no., 31430/31460) Recombinant human 
transforming growth factor β (TGF-β1) was obtained from 
PeproTech, Inc. (cat. no., 100-21C, Rocky Hill, NJ, USA).

Plasmids and transfection. For the induced FUT3 expression, 
a cDNA expression vector (2 µg, cat. no., RC211069) was 
purchased from OriGene Technologies, Inc. (Rockville, MD, 
USA) and introduced into Mia PaCa-2 cells using LipoFiter 
reagent (cat. no., HB-TRLF-1000; Hanbio Biotechnology 
Co., Ltd., Shanghai, China). Short hairpin (sh)RNAs against 
human FUT3 were generated by Dharmacon GIPZ™ plas-
mids (GE Healthcare Dharmacon, Inc., Lafayette, CO, USA). 
A total of 2 different sequences of shRNA for the FUT3 gene 
were examined (Clone ID: V2LHS_83410, 5'-TAT AAG TGG 
TGG TCC TGG G-3' and V3LHS_392930, 5'-CCA AGT TGA 
ACC AGA TCC A-3' 10 µg lyophilized plasmid for each). To 
produce FUT3 knockdown cell line, lentiviruses were gener-
ated by transient transfection into 293T cells as previously 
described (27). Briefly, 10 µg of shRNA plasmid and 10‑µg 
package vector were transfected into 10 cm diameter dishes 
plated with 293T cells (70-80% confluence). The medium 

(10 ml) was collected following a 48 h incubation at 37˚C 
and filtered through 0.22 µm cellulose acetate filters. Capan‑1 
cells were cultured in the previous collected lentivirus media 
at 37˚C for 2 days, and stable cell lines expressing the FUT3 
shRNA were selected with puromycin at 5 µg/ml.

Proliferation assay. In 96-well plates, 5x103 Mia PaCa-2 
and Capan-1 cells were added to each well and incubated in 
a humidified 5% CO2 atmosphere at 37˚C. After 0, 1, 2, 3, 4 
and 5 days, cells were washed by PBS for three times and 
cell proliferation was measured daily using a Cell Counting 
Kit-8 according to the manufacturer's protocols (CCK-8; cat. 
no., CK04, Dojindo Molecular Technologies, Inc., Rockville, 
MD, USA). The growth curve was drawn according to the 
optical densityvalues obtained from CCK-8 assay. Plates 
were read using spectrophotometric analysis at a wavelength 
of 450 nm using the SpectraMax M5e microplate reader 
(Molecular Devices, LLC, Sunnyvale, CA, USA) and SoftMax 
Pro version 6.4 software (Molecular Devices). The experiments 
were performed in triplicate, and at least three independent 
assays were performed.

Wound healing assay. A total of 5x105 Capan-1 cells were 
seeded in 6-well plates. Once the monolayer had reached 
70-80% confluence, a 500-600-µm diameter scratch was 
created longitudinally using a sterile pipette tip. Following 
scratching, the wells were gently washed twice with fresh 
medium to remove the detached cells. Images of the monolayer 
were captured at 0, 1, 2 and 3 days using a Leica DMIRB light 
microscope (x200 magnification). A total of 4 different views 
of the wound were marked, and the distance was quantitatively 
evaluated using Leica IM50 Image Manager version 4.0 soft-
ware (Leica Camera AG, Solms, Germany).

Transwell migration assay. Cell migration was evaluated using 
modified 8 µm Boyden chambers (Corning Incorporated, 
Corning, NY, USA). A total of 3x104/well Capan-1 cells were 
seeded onto upper chamber containing 400 µl DMEM with 
1% FBS and 2 ml DMEM (Gibco; Thermo Fisher Scientific, 
Inc.) was added to lower chamber. Following incubation 
in a humidified 5% CO2 atmosphere at 37˚C for 18 h, the 
non‑migrated cells that remained on the upper side of the filter 
membrane were gently removed with a cotton swab. The cells 
on the lower side of the insert filter were fixed by 95% ethanol 
at room temperature for 15 min and stained with 200 µl hema-
toxylin (0.5%, 5 min) and 200 µl eosin (1%, 1 min) at room 
temperature (cat. no., C0105, Beyotime, Shanghai, China) 
according to the manufacturer's protocol. The number of cells 
on the lower side of the filter was counted under light field 
of Leica DMIRB microscope (x200) in 10 random fields. The 
average number of migrated cells per well was recorded from 
3 separate experiments.

E‑selectin binding assay. Rh-E-selectin (5 g/ml; R & D Systems, 
Inc., Minneapolis, MN, USA) or 1% bovine serum albumin (cat. 
no., A8020; Beijing Solarbio Science & Technology Co., Ltd., 
Beijing, China) was coated onto 96‑well microplates at 4˚C for 
24 h. Following washing 3 times with assay buffer (20 mM 
Hepes, pH 7.4 with 150 mM NaCl and 1 mM CaCl2), 1x105 
Capan-1:shNT (shRNA non-targeting) and Capan-1:shFUT3 
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cells were added. Followed by incubation at 37˚C for 1 h, 
adherent cells were examined with 50 µl (5 mg/ml) Thiazolyl 
Blue (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) 
based on a colorimetric method. Plates were read using spec-
trophotometric analysis at a wavelength of 570 nm using the 
SpectraMax M5e microplate reader (Molecular Devices, LLC, 
Sunnyvale, CA, USA) and SoftMax Pro version 6.4 software 
(Molecular Devices). All the experiments were repeated in 
quintuplicate, and three independent assays were undertaken. 
Numbers of adhered cells are presented as mean ± standard 
deviation (SD).

Western blot analysis. Total protein was extracted with radioim-
munoprecipitation assay lysis buffer (cat. no., 89900, Thermo 
Scientific) with protease and phosphatase inhibitors (Roche 
Applied Science, Penzberg, Germany). Total proteins were 
quantified using a BCA kit (Pierce; Thermo Fisher Scientific, 
Inc.; cat. no., 23225) and subjected to 12% SDS/PAGE gel with 
50 µg in each lane, followed by transfer onto polyvinylidene 
fluoride membranes (Bio‑Rad Laboratories, Inc., Hercules, CA, 
USA). Membranes were blocked with 5% nonfat milk in TBST 
(100 mmol/l Tris-HCl, 1% Tween 20, pH 7.5) for 1 h at room 
temperature, and then incubated with appropriate aforemen-
tioned primary antibodies in 1:2,000 dilution at 4˚C overnight. 
Signals were detected using the aforementioned horseradish 
peroxidase-conjugated secondary antibody in 1:5,000 dilu-
tion (Thermo Scientific) and an electrochemiluminescence kit 
(cat. no., RPN2109; Amersham; GE Healthcare Life Sciences, 
Uppsala, Sweden). The quantitative analysis was performed 
using Tanon image version 1.0 software (Tanon Science and 
Technology, Co., Ltd., Shanghai, China).

Xenograft tumor models. All studies involving animal 
manipulations were approved by the Fudan University 
Shanghai Medical College Animal Care and Use Committee 
and followed the National Institutes of Health guidelines for 
the care and use of animals (approval no., 20150330A035). 
FUT3-knockdown or wild type Capan1 cells (2x106 in 0.2 ml 
DMEM/mouse) were injected subcutaneously into the right 
axilla of randomized groups of female nude mice (shFUT3-2 
and shNT group, 10/group). The tumor growth was measured 

weekly using calipers by the formula (a x b2) x 0.5, where 
a and b represent the height and width, respectively. All mice 
were sacrificed on day 21. The tumors were removed and 
weighed. Experiments were performed with 6 mice per group.

Statistical analysis. One-way ANOVA was used in statistics 
involving cell migration and proliferation. Un-paired Student's 
t-test was used for statistics involving tumor volume. P<0.05 
was considered to indicate a statistically significant difference. 
All group results are presented as mean ± standard deviation 
(SD). GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, 
CA, USA) was used for these analyses.

Results

FUT3 exhibits high expression levels in pancreatic cancer 
cell lines. FUT3 was highly expressed in all pancreatic cancer 
cell lines but was poorly expressed in the normal pancreatic 
ductal epithelial HPDE6-C7 cell line and Mia PaCa-2 cell 
line (Fig. 1A). The expression level of FUT3 in Capan-1 was 
significantly increased 3.5‑fold compared with HPDE6‑C7 
(P<0.001), while in Mia PaCa‑2 cells it was not significantly 
increased 0.7-fold compared with HPDE6-C7 (P=0.25; 
Fig. 1B).

FUT3 affects proliferation and cell migration in pancreatic 
cancer cells. To explore the functional importance of FUT3, 
FUT3 overexpression plasmid was transfected into Mia 
PaCa-2 and FUT3 shRNA plasmid into Capan-1 cells. As 
indicated in Fig. 2A and B, overexpressed FUT3 led to a 
significant increase in Mia PaCa‑2 cell proliferation (P<0.05), 
The 2 shRNA reduced FUT3 protein to markedly low levels in 
Capan-1 cells compared with shNT cells (Fig. 2C). Knockdown 
of FUT3 in Capan‑1 significantly inhibited the cell prolifera-
tion rate (P<0.01; Fig. 2D). A wound healing assay was then 
performed to evaluate the effect of FUT3 on the migratory 
capacity of Capan-1 cells. A reduction in the migratory 
ability of the Capan-1:shFUT3 cell line was detected at 3 d 
in comparison with shNT control cell line (Fig. 3A and B). 
The transwell assay indicated that the number of migrated 
FUT3 knockdown Capan-1 cells (shFUT3-2) was decreased 

Figure 1. Differential expression of FUT3 between pancreatic ductal epithelial cell line and pancreatic cancer cell lines. (A) Expression level of FUT3 in 
different cell lines. (B) Quantification of FUT3 expression normalized to HPDE6‑C7. FUT3, fucosyltransferases 3. *P<0.05 and ***P<0.001 in comparison with 
HPDE6-C7.
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almost 3-fold, compared with the shNT (Fig. 3C). E-selectin 
binding assays were performed to determine whether FUT3 
affected the adhesion of Capan-1. In comparison with the 

Capan‑1 cells, a significant decrease in the level of adhesion 
of Capan-1:shFUT3-1/2 cells to E-selectin was indicated 
(Fig. 3D).

Figure 2. Expression of FUT3 associated with pancreatic cancer cell proliferation. (A) Forced expression of FUT3 in Mia PaCa-2 demonstrated by western 
blotting. (B) Forced expression of FUT3 promoted the Mia PaCa-2 cell proliferation rate. (C) The knockdown of FUT3 in Capan-1 demonstrated by western 
blotting. (D) The knockdown of FUT3 inhibited the Capan-1 cell proliferation rate. *P<0.05 and **P<0.01, compared with the control or shNT. FUT3, fucosyl-
transferases 3; OD, optical density; shNT, short hairpin nontargeting.

Figure 3. Cell migration and adhesion analysis of Capan‑1 shRNA cells. (A) Wound image at 0, 1, 2 and 3 days. (B) Quantification of shFUT3 cell migration 
expressed as percentage of migration with shNT. (C) Migrated cells per well following 18 h incubation. (D) Binding of Capan-1 shRNA cells to E-Selectin. 
Values are expressed as mean ± standard deviation. **P<0.01 vs. shNT group. FUT3, fucosyltransferases 3; OD, optical density; shNT, short hairpin nontar-
geting.
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Knockdown of FUT3 in Capan‑1 inhibits TGF‑β‑induced 
EMT. To detect Capan-1 cells undergoing EMT, Capan-1 
introduced with shNT or shFUT-2 cell lines were maintained 
in DMEM supplemented with 10% FBS or in serum-free 
medium supplemented with TGF-β (50 ng/ml). Following 
incubation for 7 d, cells were observed with a phase-contrast 
microscope. Treatment with TGF-β induced a fibroblast‑like 
appearance in Capan-1 shNT cells, but not in Capan-1:shFUT3 
cells (Fig. 4A). TGF-β treatment increased the expression of 
mesenchymal marker genes SNAIL1 and vimentin, whereas 
the level of E-cadherin was downregulated in the shNT 
cell line. However, in the FUT3 knockdown cell line, the 
change was limited by visual observation (Fig. 4B). These 
results indicated that the downregulation of FUT3 inhibits 
TGF-β-induced EMT in Capan-1 cells.

Effect of FUT3 on the Capan‑1 cell tumorigenicity in vivo. 
Marked tumorigenicity was observed in the shNT group 
21 days following subcutaneous inoculation, but it was almost 
impossible to initiate tumorigenesis in the shFUT3 group 
(Fig. 5A). The average sizes of tumors were 678.83±88.2 and 
14.83±12.62 mm3 for the shNT and shFUT3 groups, respec-
tively, which was significantly different (P<0.001). These 

results indicate that FUT3 altered the tumorigenicity capaci-
ties of Capan-1 cells in vivo (Fig. 5B)

Discussion

Increased glycosyltransferases expression has been demon-
strated in pancreatic adenocarcinoma tissues (28,29). In 
addition, immunohistochemistry data indicated an asso-
ciation between tumor differentiation and overexpression 
of the N-acetylgalactos aminyltransferases GalNAcT3 and 
GalNAc-T6 in pancreatic adenocarcinoma (30,31). Certain 
studies have indicated that pancreatic tumor cells presented an 
enhanced expression of SLea and SLex antigens, which serve 
an essential role in adhesion to epithelium and the formation of 
metastasis (32,33). Other studies have suggested that enhanced 
FUT3 activity induces SLea and SLex expression, and potenti-
ates the malignant potential of metastatic cancer cells (6). The 
results of the present study have demonstrated that FUT3 was 
highly expressed in pancreatic carcinoma cell lines compared 
with a normal pancreatic ductal epithelial cell line. The 
functional effects of FUT3 were assessed in cell prolifera-
tion, transwell and wound healing assays in pancreatic cancer 
cells, and it was identified that the forced expression of FUT3 

Figure 4. Induction of EMT in pancreatic cancer cell by TGF-β is inhibited by knockdown of FUT3. (A) Cells treated with TGF-β exhibiting fibroblastic 
morphology (x400 magnification, red arrows). (B) Expression of marker genes for EMT were determined by western blot. FUT3, fucosyltransferases 3; TGF‑β, 
transforming growth factor-β; EMT, epithelial-mesenchymal transition; SNAIL1, Snail Family Transcriptional Repressor 1; E-cadherin, epithelial cadherin.

Figure 5. Knockdown of FUT3 inhibits tumor growth in vivo. (A) Images of tumors arising from subcutaneously transplanted FUT3-knockdown and negative 
control cells. (B) The mean tumor volumes of each group were measured. The mean ± standard deviation was determined in each group. ***P<0.001 vs. shNT 
group. FUT3, fucosyltransferases 3; shNT, short hairpin nontargeting.
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increased the proliferation rate of pancreatic cancer cells, and 
its knockdown suggested a reverse in proliferation ability.

In cancer cells, certain studies have identified that Lewis 
antigens exhibited an alteration in expression pattern and that 
SLex demonstrated a correlation with poor prognosis in gastric 
cancer (34,35). It has been revealed that the combination of SLex 
and E-Selectin molecules facilitates tumor cell extravasation, 
and SLex is also correlated with an invasive phenotype of tumor 
cells (36,37). The present study validated that the knockdown of 
FUT3 in Capan-1 cells decreased the adhesion of cancer cells to 
E-selectin, which is closely associated with the process of metas-
tasis. These data were in accordance with previous studies (38).

It has been suggested that glycans exhibit a marked corre-
lation with EMT (24). Glycosphingolipids have a significantly 
downregulated expression level during the EMT process, either 
induced by TGF-β or glucosylceramide synthase inhibitor 
EtDO-P4 (39). The TGF-β signaling pathway was activated by 
FUT3 through fucosylation of Type I TGF-β receptors kinase 
in SLea and SLex-producing cancer cells, leading to EMT 
and augmentation of their malignant potential (24,40,41). The 
results of the present study demonstrated that the knockdown 
of FUT3 by shRNA in Capan-1 cells increased the expression 
of E-cadherin and decreased the rate of TGF-β-induced EMT, 
which was in accordance with previous studies (7,24).

The interaction between E-selectin and SLex may be 
blocked by their corresponding antagonists. However, the 
normal function of leukocytes was disrupted inevitably 
following the introduction of these reagents (13,37). As all 
E-selectin ligands share the SLex module, we hypothesize that 
fucosylation is critical for SLex function. Due to the different 
expression levels of fucosyltransferase in tumors compared 
with normal tissues, fucosyltransferases may be a more 
suitable therapeutic target.

In conclusion, the results of the present study suggest that 
knocking down of FUT3 was sufficient to impair tumorigenesis 
in vivo. In consideration of its role in cell proliferation and migra-
tion, there is potential value in FUT3 as a therapeutic target to 
develop novel anti-adhesion therapies for pancreatic cancer.
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