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Abstract

Purpose Pancreatic ductal adenocarcinoma (PDAC) is the most common type of pancreatic cancer. It is an aggressive malig-
nancy associated with poor prognosis because of recurrence, metastasis, and treatment resistance. Aberrant glycosylation of
cancer cells triggers their migration and invasion and is considered one of the most important prognostic cancer biomarkers.
The current study aimed to identify glycan alterations and their relationship with the malignant potential of PDAC.
Methods Using a lectin microarray, we evaluated glycan expression in 62 PDAC samples. Expression of fucosyltransferase
8 (FUTS), the only enzyme catalyzing core fucosylation, was investigated by immunohistochemistry. The role of FUTS in
PDAC invasion and metastasis was confirmed using an in vitro assay and a xenograft peritoneal metastasis mouse model.
Results The microarray data demonstrated that core fucose-binding lectins were significantly higher in carcinoma than in
normal pancreatic duct tissues. Similarly, FUTS protein expression was significantly higher in carcinoma than in normal
pancreatic duct tissues. High FUTS protein expression was significantly associated with lymph-node metastases and relapse-
free survival. FUT8 knockdown significantly reduced the invasion in PDAC cell lines and impaired peritoneal metastasis
in the xenograft model.

Conclusions The findings of this study provide evidence that FUTS plays a pivotal role in PDAC invasion and metastasis
and might be a therapeutic target for this disease.
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Introduction

Surgical resection offers the only chance of cure for pancre-
atic ductal adenocarcinoma (PDAC), the most commonly
diagnosed pancreatic cancer. Adjuvant chemotherapy fol-
lowing surgery may improve the prognosis; however, the
5-year survival rate is not more than 44% [1]. Despite
improvements in chemotherapeutic agents, the overall sur-
vival of unresectable PDAC is only 8.5 months, which high-
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lights the need for alternate therapeutic strategies.

We have investigated tumor-associated glycans; in par-
ticular, lectins, as potential new cancer therapeutic targets.
Lectins are glycan-binding proteins that selectively bind
particular glycan structures. Glycan profiling using lectin
microarrays enables the detection of glycan variants in
serum and tissues and provides useful information on bio-
logically relevant glycosylation differences between nor-
mal and tumor tissues, requiring only a small sample [2].
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In previous studies based on lectin microarray analysis, we
identified key lectins that might serve as predictors of cancer
recurrence in colorectal cancer and gastric cancer [3, 4]. We
detected specific alterations in glycans in pancreatic cystic
neoplasms and identified two particular lectins, Aspergillus
oryzae lectin (AOL) and Aleuria aurantia lectin (AAL), that
were associated with fucosylation [5]. AOL and AAL com-
monly recognize a-1,6-fucose (core fucose), the transfer of
which is mediated by fucosyltransferase 8 (FUTS) [6]. Gly-
cosylation is one of the most important cellular mechanisms
to regulate several biological functions, and aberrant glyco-
sylation, especially fucosylation, sialylation, and branched
N-glycans, are associated with cancer-cell proliferation,
migration, and invasion [7, 8]. Glycan alterations on glyco-
proteins or glycoconjugates are potentially useful, not only
as biomarkers, but also as therapeutic targets [8, 9]. In pan-
creatic cancer, carbohydrate antigen 19-9 (CA19-9), a glycan
known as the sialyl-Lewis A (sLeA) antigen, has been used
for diagnostic screening and as a prognostic marker [10, 11],
and fucosylation is also a promising candidate diagnostic
marker or therapeutic target [12]. In our previous study, we
found that FUTS protein expression was significantly higher
during the development of adenoma into carcinoma than
that in normal pancreatic duct tissue [5]. However, the role
of core fucosylation and the detailed underlying mechanism
of malignant transformation are still unknown.

To our knowledge, lectin microarrays have not been used
to analyze alterations in glycans in PDAC. We conducted
the present study to analyze glycan alterations in PDAC by
lectin microarray-based glycan profiling and to investigate
the relationship between fucosylation, especially core fuco-
sylation, and malignant potential, focusing on the cellular
functions of FUTS, in vitro and in vivo.

Methods
Patients and clinical samples

We collected surgical specimens from 62 patients who
underwent curative resection of PDAC at the Department of
Gastroenterological and Pediatric Surgery, Oita University
Faculty of Medicine, between June, 2006 and December,
2015 and for whom medical records were available. The
patients included 26 women and 36 men, ranging in age from
42 to 84 years (mean =+ standard deviation, 70 &8 years).
The tumors were located in the pancreatic head (Ph) in 38
patients and in the body and tail (Pbt) in 24 patients. Tumor
size ranged from 10 to 65 mm (31.0+ 11.4 mm). Thirty-nine
patients (63%) had lymph-node metastases and 54 patients
(87%) received adjuvant chemotherapy after surgery. Tumor
recurrence developed in 51 patients (82%). All samples were
collected with informed consent from the patients.
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Sample preparation and lectin microarray

Tissue samples were fixed in formalin, embedded in paraf-
fin, and sectioned at a thickness of 5 pm. Deparaffinized
sections were placed on dedicated glass slides and stained
with hematoxylin and eosin (HE). Normal pancreatic duct
and carcinoma sections were excised from the same sam-
ple using laser microdissection. Section areas of all sam-
ples were equalized [5].

Lectin microarray analysis using LecChip™ (GP Bio-
sciences Ltd.), which contains 45 lectins, was conducted
as described previously [3-5]. Briefly, cells from dissoci-
ated tissue samples were washed with phosphate-buffered
saline (PBS), pelleted via centrifugation, solubilized in 20
pL of PBS containing 0.5% Nonidet P40, and sonicated in
a Bioruptor UCW-310 (Cosmo Bio, Carlsbad, CA, USA).
Glycoprotein fractions were labeled fluorescently with
cyanine-3 dissolved at 250 ng/mL in probing solution (GP
Biosciences Ltd., Yokohama, Japan) and applied to each
well of a LecChip™, which was then incubated in the dark
under > 80% humidity and at 20 °C for 15 h. Prior to sam-
ple application, the LecChip™ wells were washed three
times with probing solution to reduce the background.
After incubation, fluorescence images of the lectin arrays
were acquired using an evanescent-field fluorescence scan-
ner GlycoStation™ Reader 1200 (GP Biosciences Ltd.),
and the data were analyzed using GlycoStation™ Tool Pro
Suite 1.5.

Immunohistochemical analysis of FUT8 expression
in PDAC

Immunohistochemical analysis of FUT8 was conducted as
described previously [5]. Formalin-fixed, paraffin-embed-
ded tissue specimens were cut into 3-pm slices and depar-
affinized, and endogenous peroxidase activity was blocked
for 20 min with 3% hydrogen peroxidase. Antigens were
retrieved by autoclaving in 10 mM citrate buffer solution
(105 °C, pH 6.0) for 5 min. The tissue sections were incu-
bated with a primary rabbit polyclonal antibody against
FUTS (cat. no. HPA043410, 1:100; Atlas Antibodies). Tis-
sue specimens were stained immunohistochemically using
a standard avidin—biotin-peroxidase method. Antigen—anti-
body complexes were visualized with 3,3'-diaminobenzi-
dine. The sections were counterstained with hematoxylin.
Two investigators independently graded FUTS tissue stain-
ing as 0 (negative), 1 (weak), 2 (moderate), or 3 (strong),
as described previously [5, 13, 14], and the tumors were
divided into low (score O or 1) or high (score 2 or 3) FUTS
protein expression groups. Few interobserver differences
were observed in the staining judgments.
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Cell lines

The human pancreatic cancer cell lines PANC-1, MIA-
PaCa-2, and PK-1 were provided by the Japanese Cancer
Research Bank (Tokyo, Japan). PK-8 was obtained from the
Cell Resource Center for Biomedical Research Institute of
Development, Tohoku University. PANC-1 and MIA-PaCa-2
cells were cultured in Dulbecco’s modified Eagle’s medium
(FUJIFILM Wako Pure Chemical Corp., Osaka, Japan)
containing 10% fetal bovine serum (FBS) and antibiotics,
and PK-1 and PK-8 were cultured in Roswell Park Memo-
rial Institute medium (RPMI 1640) (FUJIFILM Wako Pure
Chemical Corp.) containing 10% FBS and antibiotics.

FUTS8 RNA interference

Small interfering RNA (siRNA)-mediated FUTS8 knock-
out was established as described previously [13]. Lipo-
fectamine™ RNAiMAX Transfection Reagent (Thermo
Fisher Scientific, Waltham, MA, USA) was used to trans-
fect siRNA into the cells. Briefly, 6 pL. of 10 pM negative
control siRNA (NON-TARGETplus Non-Targeting siR-
NAs, D-001810-10-05, Dharmacon, Lafayette, CO, USA)
or FUT8 siRNA (ON-TARGETplus Human FUT8 siRNA
SMARTDpool, L-003668-00-0005; Dharmacon) was mixed
in 2000 pL of Opti-MEM with 10 pL Lipofectamine™ and
added to a dish (100 mm diameter). After incubation at room
temperature for 25 min, cultured cells (1 x 10%) in 3000 pL of
Opti-MEM were added. Regular medium (5000 pL) contain-
ing 20% FBS was added 3 h after transfection. Cells were
harvested for quantitative reverse transcription (RT-q) PCR
or western blotting 48 h after the addition of siRNA.

RT-qPCR

Total RNA was extracted from the pancreatic cancer cell
lines using an RNeasy Mini Kit (Qiagen, Venlo, Nether-
lands) [15]. One microgram of total RNA was reverse-
transcribed to cDNA using a Verso cDNA Synthesis Kit
(Thermo Fisher Scientific). gPCRs were run in a Light-
Cycler 96 Real-time PCR System (Roche, Basel, Switzer-
land). Primer sets for FUTS and actin beta (ACTB) (FUTS-
F, 5'-CAGACAGATGGAGCAGGTGA-3" and FUTS-R,
5-CCATAGCCACAGCCTTTGTT-3'; and ACTB-F, 5-CGG
CATCGTCACCAACTG-3" and ACTB-R, 5'-AACATGATC
TGGGTCATCTTCTC-3") were obtained from Fasmac
(Kanagawa, Japan). ACTB was used as an internal control
for the normalization of FUTS8 expression levels.

Western and lectin blot analysis

Western blot analysis was conducted as described previously
[13]. FUTS-knockdown and control PK-1 and PK-8 cells

were lysed in 1 X radioimmunoprecipitation (RIPA) buffer
(Thermo Fisher Scientific) and incubated on ice for 10 min.
The samples were then centrifuged at 15,000xg for 15 min.
Protein concentrations were calculated using a BCA pro-
tein assay kit (Bio-Rad, Hercules, CA, USA). Samples were
resuspended in RIPA buffer and heated to 96 °C for 5 min.
Equal amounts of protein (20 pg) were separated by 4—-15%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
and transferred onto Immobilon-P PVDF Membranes (Mil-
lipore, Billerica, MA). The membranes were blocked with
PVDF Blocking Reagent for Can Get Signal (Toyobo Co.,
Ltd., Osaka, Japan) in PBS and 0.05% Tween-20 (PBS-T)
at room temperature for 1 h and then incubated with an
antibody against FUTS8 (cat. no. HPA040863, 1:500; Atlas
Antibodies) at 4 °C overnight. After three washes in PBS-T,
the membranes were incubated with horseradish-peroxidase-
conjugated anti-rabbit IgG antibody (Immuno-Biological
Laboratories Co., Ltd., Gumma, Japan) in Can Get Signal®
Immunoreaction Enhancer Solution (Cosmo Bio Co., Ltd.,
Tokyo, Japan). The membranes were washed three times
with PBS-T and immunoreactive bands were then visualized
using Immobilon Western Chemiluminescent HRP Substrate
(Thermo Fisher Scientific). The membranes were stripped
and probed with an anti-ACTB antibody (Wako Pure Chemi-
cal Industries, Ltd., Osaka, Japan) as a loading control. Lec-
tin blot analysis was performed in the same manner as for
western blot. After blocking, the membrane was incubated
with biotinylated AAL (cat. no. B-1395, 1:400; Vector Labo-
ratories, Inc., CA, USA) for 30 min at room temperature.
After washing, lectin reactive proteins were detected using
streptavidin-HRP and an enhanced chemiluminescence kit.

Cell proliferation assay

The proliferation of PK-1 and PK-8 cells was measured
using a methylthiazole tetrazolium (MTT) assay (Sigma-
Aldrich, St. Louis, MO, USA) following the manufacturer’s
protocol. Briefly, off-target control siRNA- or FUTS siRNA-
transfected PK-1 and PK-8 cells (1000/well) were cultured
in a 96-well plate in regular culture medium in triplicate for
24-96 h. An MTT-labeling reagent (10 pL) was added to
each well of the plate. After 4 h’ incubation in a humidified
atmosphere, solubilization solution was added to each well.
After incubation overnight, the absorbance at 650 nm was
measured using a microplate reader (Multiskan FC, Thermo
Fisher Scientific).

Matrigel invasion assay
A Matrigel invasion assay was conducted as described previ-
ously [15, 16], using a 24-well BioCoat Matrigel Invasion

Chamber with a pore size of 8 pm (BD Biosciences, San
Jose, CA, USA) according to the manufacturer’s protocol.
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Before the experiment, the top chamber was rehydrated with
RPMI 1640 at 37 °C for 1 h. Then, 1.0 x 10 cells in 500 pL
of serum-free medium were placed in the top chamber. The
bottom chamber contained 10% FBS as a chemoattractant.
After 24 h’ incubation, non-invaded cells on the upper sur-
face of the filter were removed using a cotton swab and cells
that had migrated through the membrane were stained using
Diff-Quick Stain™ (Sysmex, Kobe, Japan). The filter was
excised from the chamber using a scalpel and the number of
invaded cells was counted under a microscope.

Xenograft model

We used 5-week-old male BALB/c nu/nu mice (Japan SLC,
Inc., Hamamatsu, Japan) to establish subcutaneous trans-
plant and peritoneal dissemination mouse models of human
pancreatic cancer. For the subcutaneous transplant model,
1 10° PK-1 cells suspended in 100 pL of PBS were injected
subcutaneously using a 27-gauge needle. For the perito-
neal dissemination model, 2 x 10° cells suspended in 100
pL of PBS were injected into the peritoneal cavity using a
27-gauge needle. The mice were killed 2 weeks after implan-
tation to check for subcutaneous and metastatic tumors. The
number of disseminated nodules per 1 cm? in visceral peri-
toneum of the abdominal wall were counted at two sites in
the same specimen. The average numbers in each specimen
were compared between the control and KD groups. The
animal experiments were approved by the Committee on
the Use of Live Animals for Teaching and Research and
were conducted in accordance with the Animal Care and
Use Committee guidelines of Oita University.

Statistical analysis

Numerical data are expressed as the mean =+ the standard
deviation. Differences between two variables were compared
using Fisher’s exact test or a Mann—Whitney test. Other
data were evaluated using one-way analysis of variance and
Bonferroni tests for multiple comparisons. Kaplan—Meier
curves were created for overall survival and relapse-free
survival, and survival data were analyzed using a log-rank
test. All statistical analyses were performed using SPSS 23.0
(SPSS Inc., Chicago, IL, USA), and P <0.05 was considered
significant.
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Results

Lectin microarray-based glycan profiling of PDAC
samples

To characterize altered glycosylation patterns in PDAC,
we performed lectin microarray-based glycan profiling
of PDAC and normal pancreatic ductal tissues obtained
from 62 patients. Table 1 summarizes the lectin-glycan
binding signals for the 45 lectins in the microarray in nor-
mal pancreatic duct and carcinoma tissues. Twelve lectins
yielded significantly different signals in the normal pan-
creatic duct and carcinoma tissues. The signals for AOL,
AAL, phytohemagglutinin-L (PHA(L)), Hippeastrum
hybrid lectin (HHL), and Bauhinia purpurea lectin (BPL)
were obviously higher in carcinoma than in normal pan-
creatic duct (P <0.001). AOL and AAL selectively bind
to Fuca-1,6-GIcNAc, and PHA(L), HHL, and BPL bind to
GlcNAcp-1,6-Man, Mana-1,6-(Mana-1,3-)Man, and Galf-
1,3-GalNAc, respectively. These results suggested that
several protein glycosylation pathways, including «-1,6-
fucosylation, may be activated in the carcinoma tissue.

High FUT8 expression is associated with tumor
recurrence and metastasis in PDAC

The lectin microarray-based glycan profiling revealed
that distinct glycosylations, especially a-1,6-fucosylation
mediated by FUTS8 (a-1,6-fucosyltransferase), were
increased in PDAC. Therefore, we examined FUTS expres-
sion in carcinoma and normal pancreatic duct tissues by
immunohistochemistry (IHC). Figure la shows repre-
sentative brightfield FUT8 IHC images of normal pancre-
atic duct and carcinoma. FUTS8 was strongly and locally
expressed in carcinoma tissue, but not in the normal pan-
creatic duct. Figure 1b shows quantitative IHC data for
the 62 patients. FUTS protein expression was significantly
higher in carcinoma than in normal pancreatic duct tissues.

To investigate the potential relationship between FUTS
expression and clinicopathological features in the PDAC
patients, we compared patient age and gender, tumor size
and location, lymph-node metastasis, recurrence, and
tumor markers (CEA and CA19-9) between low and high
FUTS expression groups (Table 2). We found a significant
difference in the occurrence of lymph node metastasis in
patients with low FUTS8 expression and those with high
FUTS8 expression (P =0.033). Tumor recurrence tended
to develop more frequently in the high expression group
(P =0.059). Figure 2 shows the Kaplan—Meier survival
curves for overall survival and relapse-free survival for
the FUTS high and low expression groups. There were no
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Table 1 Lectin—glycan binding signals in normal pancreatic duct and
carcinoma tissue from patients with pancreatic ductal adenocarci-
noma (n=62)

Lectin Normal pancreatic duct ~ Carcinoma P

LTL 16.6 +14.8 144+12.6 0.372
PSA 50.6+16.2 55.3+222 0.180
LCA 952 + 463 96.4+44.4 0.879
UEA_I 28.7+27.5 35.7+28.6 0.169
AOL 121.9+36.9 189.4+64.0 <0.001*
AAL 156.9+45.0 197.0+57.2 <0.001*
MAL_I 18.6+9.5 20.1+10.1 0.376
SNA 157.6 +83.7 137.6+46.2 0.103
SSA 154.2+80.6 134.0+46.0 0.089
TIA-T 2152+101.0 188.2+59.3 0.072
PHA(L) 8.6+6.1 14.2+84 <0.001*
ECA 9.3+79 10.8+10.5 0.365
RCA120 137.6+34.5 144.9 +26.0 0.186
PHA(E) 128.0+42.1 134.5+38.1 0.373
DSA 341.6+91.4 3353819 0.688
GSL-II 3.3+6.6 1.1+0.6 0.012*
NPA 191.8+70.1 179.5+50.9 0.265
ConA 69.0+37.5 74.2+37.6 0.441
GNA 62.5+33.8 74.5+28.8 0.035*
HHL 14.2+9.8 27.3+16.2 <0.001*
ACG 179.9+109.2 145.2+87.3 0.053
TxLC_I 62.0+27.9 66.8+36.3 0.410
BPL 30.1+23.2 59.0+£374 <0.001*
TIA-IT 67.2+35.6 73.2+29.9 0.306
EEL 21.3+304 13.0+222 0.085
ABA 154.3+64.6 148.3+63.1 0.602
LEL 395.6+77.9 344.1+ 634 <0.001*
STL 428.7+75.7 368.9 + 81.6 <0.001*
UDA 185.3+107.5 199.5+99.8 0.447
PWM 10.9+17.6 6.0+6.1 0.043*
Jacalin 197.3+86.9 189.5+71.7 0.584
PNA 2.8+3.6 24+3.0 0.504
WFA 28.6+26.4 40.3+26.9 0.016*
ACA 127.3+51.4 152.3+47.6 0.006*
MPA 27.5+31.6 29.4+194 0.691
HPA 90.4+56.6 77.3+44.7 0.154
VVA 145+17.6 11.6+12.0 0.288
DBA 25.8+40.3 25.1+42.3 0.916
SBA 22.7+23.0 23.8+20.0 0.778
Calsepa 152.4+178.1 169.5+167.0  0.581
PTL_I 12.8+13.2 126+154 0.933
MAH 27.4+21.5 29.0+19.4 0.675
WGA 215.1+50.8 213.5+39.1 0.849
GSL_I_A4 23.7+28.1 20.8+21.9 0.518
GSL_I. B4 11.5+104 10.8+11.7 0.730

Bold significant difference (*P <0.05)
Bold italic significantly higher in carcinoma (P <0.001)
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Fig. 1 Immunohistochemical analysis of fucosyltransferase 8 (FUTS8)
protein expression. a FUT8 protein expression in normal pancreatic
duct and carcinoma tissues. Scale bar=500 pm. b FUT8 expression
was significantly higher in carcinoma than in normal pancreatic duct
tissues (P <0.01)

clear differences in overall survival (Fig. 2a); however,
patients with high FUTS8 expression showed significantly
worse relapse-free survival than those with low expres-
sion (P=0.039; Fig. 2b). Together, these results suggest
strongly that FUT8 expression may affect tumor recur-
rence and metastasis in PDAC.

FUT8 knockdown reduces tumor-cell invasion
in vitro

To evaluate the role of a-1,6-fucosylation in tumor-cell
growth, migration, and metastasis in vitro, we knocked
down FUTS using siRNA. First, we measured the FUTS8
gene expression levels in the PDAC cell lines PANC-1,
MIA-PaCa-2, PK-1, and PK-8, by RT-qPCR. FUT8 mRNA
expression was significantly higher in the PK-1 and PK-8
cells than in the other cell lines (Fig. 3a). Downregula-
tion of FUTS expression after siRNA transfection in PK-1
and PK-8 cells was confirmed by RT-qPCR and western
blot analysis (Fig. 3b, c¢). In lectin blot analysis, AAL
was lower in FUT8 knockdown PK-1 cells than in normal
PK-1 cells (Fig. 4). To evaluate the effect of FUTS8 knock-
down on cancer cell progression in PK-1 and PK-8 cells,
we conducted cell proliferation and invasion assays. The
MTT cell proliferation assay is used widely to measure cell
viability. We observed no significant difference in cell pro-
liferation between the control and FUTS8 knockdown cells
(Fig. 5). A Matrigel invasion assay revealed a remarkable
decrease in cell migration upon FUTS8 knockdown in both
cell lines (Fig. 6).
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Table 2 Relationship

Low FUTS expression High FUTS expression P
between fucosyltransferase
8 (FUTS) expression and n=35 n=27
the clinicopathological ]
features of pancreatic ductal Age (years) 69+38 719 0.310
adenocarcinoma Gender 0.384
Male 22 (63%) 14 (52%)
Female 13 (37%) 13 (48%)
Tumor size (mm) 29+ 10 33+13 0.223
Tumor location 0.197
Ph 19 (54%) 19 (70%)
Pbt 16 (46%) 8 (30%)
Lymph node metastasis 0.033*
Yes 18 (51%) 21 (78%)
No 17 (49%) 6 (22%)
Recurrence 0.059
Yes 26 (74%) 25 (93%)
No 9 (26%) 2 (7%)
CEA (ng/ml) 51+£7.0 45+£35 0.949
CA19-9 (U/ml) 665+1612 10112821 0.148
*P<0.05
(a) (b)
100 100
80 80 -
;\3 60 —— High FUT8 expression § 60 —— High FUT8 expression
c_g Low FUT8 expression § Low FUT8 expression
£ £
> >
2 404 2 40
c c
@ @
o =4
o 5}
o o
20 20 -
0 T T T 1 0 T T T 1
0 30 60 90 120 0 30 60 90 120

Overall survival (months)

Fig.2 Overall survival and relapse-free survival of patients with
pancreatic ductal adenocarcinoma (PDAC). a There was no signifi-
cant difference between the high- and low-FUTS8 expression groups

FUT8 knockdown reduces peritoneal metastasis
in vivo

For phenotypic characterization of xenograft tumors
in vivo, we established and analyzed subcutaneous xeno-
graft mouse models using PK-1 cells treated with non-
targeting siRNA (n=4) or FUT8 siRNA (n=4). There
were no significant differences in the size or histological
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Relapse-free survival (months)

of patients with PDAC (P=0.415). b High FUTS expression was sig-
nificantly associated with worse relapse-free survival of patients with
PDAC (P=0.039)

morphology of subcutaneous tumor masses (data not
shown). Next, we evaluated the effect of FUTS8 knock-
down in a peritoneal metastasis xenograft model of pan-
creatic cancer. Countless tumor nodules had formed in the
visceral peritoneum of the abdominal wall of the mice
injected intraperitoneally with non-targeting siRNA-
transfected PK-1 cells (control group; n=3), whereas in
the mice inoculated with FUTS8 siRNA-transfected PK-1
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Fig.3 FUT8 mRNA and protein expression in pancreatic cell lines. a
FUTS8 mRNA expression in the pancreatic cancer cell lines, PANC-1
and MIA-PaCa-2 (low FUTS expression), and PK-1 and PK-8 (high
FUTS expression) as determined by RT-qPCR. FUT8 mRNA expres-
sion was significantly higher in PK-1 and PK-8 cells than in PANC-1
and MIA-PaCa-2 cells (n=3, P<0.05, PK-1 vs. PANC-1; PK-8 vs.
PANC-1; PK-1 vs. MIA-PaCa-2; PK-8 vs. MIA-PaCa-2; PK-1 vs.
PK-8). b Effect of siRNA-mediated FUTS8 knockdown in PK-1 cells.
FUT8 mRNA (left panel) and protein (right panel) were downregu-
lated in the PK-1 cells (n=4, P <0.05; left panel). ¢ Effect of siRNA-
mediated FUT8 knockdown in PK-8 cells. FUT8 mRNA (left panel)
and protein (right panel) expression were downregulated in PK-8
cells (n=4, P<0.05; left panel)

cells (KD group; n=3), peritoneal nodules were rarely
observed (Fig. 7). Figure 7a shows representative mac-
roscopic views of the inner side of the abdominal wall in
both groups. The abdominal wall surface was rougher in
the control group than in the KD group (Fig. 7a). Micro-
scopic images of HE-stained tissue slices confirmed that
tumor nodule size and number were drastically decreased
in the KD comparison with those in the control group
(Fig. 7b, c and Fig. 8).

Ctrl siRNA FUTS8 siRNA

kDa

200 —

120 —

90 —

64 —

36 —

Fig.4 Lectin blot analysis using Aleuria aurantia lectin (AAL) in
PK-1 cells. AAL binding was decreased in FUT8 knockdown PK-1
cells versus that in control PK-1 cells

Discussion

Glycans, consisting of monosaccharides, are expressed on
the surface of cells, and glycosylation is a modification
that involves the addition of glycans to proteins and lipids.
Glycoproteins and glycolipids play important roles in cell
recognition, interaction, and signaling [17, 18]. In cancer,
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Fig.5 Effect of FUTS knockdown on cell proliferation in pancreatic
cancer cells. a FUT8 knockdown did not affect cell proliferation in
PK-1 cells (n=3). b FUT8 knockdown did not affect cell proliferation
in PK-8 cells (n=3)

glycosylation is a key cellular mechanism and may contrib-
ute to malignant transformation, tumor progression, and
metastasis. Notably, sialylation, increased branched-glycan
structures, and fucosylation occur frequently in cancer [7,
8]. Altered glycan structures also affect cellular signaling
and tumor cell—cell adhesion, and are crucial in the interplay
between cancer cells and their surrounding environment [18,
19]. Glycans interact with glycan-binding proteins called
lectins, which selectively recognize glycan structures [2, 9].
Because of their specific affinity for distinct glycans, lectins
can detect tumor-associated glycans and glycoproteins in
clinical samples [20].

In the present study, we used a 45-lectin microarray to
evaluate glycan expression in the surgical specimens of
PDAC patients. The analysis revealed that lectin-glycan
binding signals of AOL, AAL, PHA(L), HHL, and BPL
were significantly higher in carcinoma than in normal pan-
creatic duct tissues (Table 1). PHA(L) and HHL have been
correlated with colorectal cancer [3, 21], and an increased
BPL signal has also been recognized in pancreatic cystic
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neoplasms [5]. We focused on AOL and AAL, which have
the strongest preference for core fucosylation, also called
a-1,6-fucosylation [6]. Core fucosylation comprises the
transfer of a-1,6-fucose to the innermost GIcNAc residue
of N-glycans by FUTS [8, 22-24]. Core fucosylation medi-
ated by FUTS is one of the most important glycan modi-
fications involved in cancer and inflammation [8, 25, 26].
Overexpression of core fucosylation structures and FUT8
have been reported in several cancers, including prostate
cancer, non-small cell lung cancer, colon cancer, and
breast cancer [13, 14, 27, 28]. In hepatocellular carcinoma
(HCC), core fucosylated a-fetoprotein is a well-known
biomarker for detecting early cancer. HCC is distinguished
from liver cirrhosis depending on whether a-fetoprotein
has a core fucose structure [29]. Fucosylated glycans are
synthesized by a range of fucosyltransferases (FUT1-11).
CA19-9 (sLeA), the most widely used biological marker
in PDAC, is also a fucosylated glycan [10]; however, there
have been few studies on the core fucosylation associated
with PDAC. In this study, we identified core fucosyla-
tion as a specific glycan modification in PDAC by lectin
microarray-based glycan profiling of clinical specimens.
We reported previously that FUT8 expression increases
gradually from normal pancreatic duct to adenoma and
then carcinoma in an intraductal papillary mucinous
neoplasm, a mucinous cystic tumor of the pancreas with
malignant transformation potential [5]. This suggests that
increased FUT8 expression, and thus, activation of the core
fucosylation reaction, may play a key role in the malig-
nancy of pancreatic cancer. In the present study, FUT8
expression was also higher in carcinoma than in normal
pancreatic duct in PDAC patients. Moreover, according to
the clinicopathological analysis, high FUTS expression in
PDAC was associated with lymph-node metastasis. The
recurrence rate also tended to be higher and the prognosis
was likely to be worse under high FUTS8 expression. Over-
all survival was not related to FUT8 expression, possibly
because of improved chemotherapeutics, but relapse-free
survival was significantly lower in the high-expression
group. Chen et al. [14] reported that upregulation of FUT8
correlated with the development of distant metastasis and
poor prognosis in patients with lung cancer. Agrawal et al.
[30] demonstrated that FUTS8 expression was higher in
metastatic than in primary lesions of malignant mela-
noma, and concluded that FUTS triggers tumor invasion
and metastasis. Ito et al. [31] reported that high expres-
sion of FUTS8 was linked to tumor size and lymph-node
metastasis in thyroid cancer. To our best knowledge, the
current study is the first to show that FUTS8 expression
is directly associated with cancer lymph-node metastasis
and recurrence of PDAC. Future studies should focus on
the cellular functions of FUTS in distal metastasis and the
possible mechanism underlying cancer recurrence.
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Fig.6 Effect of FUT8 knockdown on the invasiveness of pancreatic
cancer cells. a Representative images of invaded cells in PK-1. Scale
bar=100 pm. b The number of invaded FUT8 siRNA-transfected
cells was significantly lower than the number of invaded control PK-1

We used siRNA-mediated gene knockdown in appropri-
ate cancer cell lines and clinical models to reveal the cel-
lular functions of FUTS in vivo and in vitro. FUTS8 knock-
down reduced cell invasiveness, but not cell proliferation
in PDAC cell lines. Furthermore, peritoneal metastasis
was obviously suppressed in a xenograft mouse model.
There have been a few recent reports on the molecular
mechanism of FUTS in cancer progression and metasta-
sis. Cheng et al. [32] reported that HCC cells with high
metastatic potential expressed higher levels of FUTS than
cells with low metastatic potential. In prostate cancer cell
lines, FUT8 was overexpressed in aggressive cells, but
was nearly undetectable in non-aggressive cells [13]. The
suppression of FUT8 in aggressive prostate cancer cells
decreased cell migration significantly, but did not affect
cell proliferation [13]. These findings are consistent with
our results in vitro. Several studies have also shown that
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cells (n=9, P<0.01). ¢ Representative images of invaded cells in
PK-8. Scale bar=100 pm. d The number of invaded FUT8 siRNA-
transfected cells was significantly lower than the number of invaded
control PK-8 cells (n=5, P<0.01)

FUTS stimulates cancer invasiveness and metastasis by
inducing epithelial-mesenchymal transition (EMT). Tu
et al. [16] demonstrated that FUTS is upregulated dur-
ing EMT of cancer cells, and that core fucosylation of
transforming growth factor-f (TGF-p) receptor complexes
enhanced ligand binding and promoted downstream sign-
aling in breast cancer cell lines. In malignant melanoma,
core fucosylation impacted L1 cell adhesion molecule
(L1CAM) cleavage and the ability of L1ICAM to support
melanoma invasion [30]. In pancreatic cancer, EMT is
often implicated in the metastatic process and the TGF-3
pathway is the master regulator of EMT [33]. LICAM
is also involved in the metastatic potential of pancreatic
cancer [34]. Hence, our results suggest strongly that FUT8
and its transglycosylation activity play a pivotal role in
PDAC; however, the target molecules of FUT8 and down-
stream signaling remain to be unraveled.
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Fig.7 Effect of FUTS knockdown in a xenograft mouse model of
peritoneal dissemination. a Representative images of peritoneal dis-
semination in the xenograft model. Disseminated tumor nodules in
the visceral peritoneum of the abdominal wall were obviously lower
in the mice that had received FUTS siRNA-transfected PK-1 cells
than in the mice that had been injected with non-targeting siRNA-
transfected control PK-1 cells. b Representative images of the histo-
logical findings from the abdominal wall of a mouse with HE stain-
ing. Solid masses were seen in the mice that had received control
PK-1 cells (arrowheads), whereas nodules were barely seen in the
mice that had received FUT8 siRNA-transfected PK-1 cells (arrow-
heads). Scale bar=500 pm. ¢ Enlarged images of the same samples
as in (b). A solid mass invaded the peritoneum of mice that had
received control PK-1 cells, whereas just small nodules adhered to
the peritoneum of mice injected with FUT8 siRNA-transfected PK-1
cells. Scale bar=100 pm

The present study had some limitations. First, we investi-
gated FUTS protein expression by IHC in PDAC specimens,
but we did not evaluate FUT8 activity. Second, the number
of patients was insufficient to establish clear associations
between FUT8 and clinicopathological data. Finally, we
did not demonstrate the quantitative in vivo data. Thus, the
effect of FUTS8 suppression should be investigated using
quantitative evaluation on the basis of in-vivo images.

To our knowledge, this is the first study to demonstrate
upregulation of FUT8 expression in PDAC. Our findings
suggest that FUT8-mediated fucosylation is associated with
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Fig. 8 Quantitative analysis of the disseminated metastasis. The num-
ber of disseminated tumor nodules in the visceral peritoneum of the
abdominal wall was significantly lower in the mice that had received
FUT8 siRNA-transfected PK-1 cells than in the mice that had been
injected with non-targeting siRNA-transfected control PK-1 cells
(n=3,P<0.01)

cancer invasiveness, lymph-node metastasis, peritoneal
metastasis, and the poor prognosis of PDAC. In conclusion,
FUTS8 may be related to the malignant potential of PDAC
and could be a key driver of metastasis, associated with the
poor prognosis of cancers. Further studies to establish new
reliable diagnostic markers and effective therapeutics target-
ing core fucosylation in PDAC are ongoing.
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