Chapter 1
Roles of Fucosyltransferases in Cancer
Phenotypes

Eiji Miyoshi, Naofumi Uozumi, Tomoaki Sobajima, Shinji Takamatsu,
and Yoshihiro Kamada

Abstract Fucosylation is one of the most important types of glycosylation in
carcinogenesis. Fucosylation is linked to certain processes in cell-cell interaction
and dynamic regulation of growth factor receptor signaling on cell surface, and
changes in fucosylation result in differences of biological phenotype in cancer cells.
Eleven fucosyltransferases are involved in the synthesis of fucosylated glycans and
belong to some family of fucosyltransferases. To regulate cellular fucosylation,
GDP-fucose, a donor substrate of fucosyltransferases, and GDP-fucose transporter
are also important. Terminal fucosylation (Lewis-type fucosylation) is associated
with the synthesis of sialyl Lewis antigens, leading to cancer metastasis. In contrast,
core fucosylation is linked to the regulation of membrane-anchored glycoproteins,
such as growth factor receptors and adhesion molecules. Target glycoproteins for
each fucosyltransferase might be different in various kinds of cancer. In this
chapter, we describe the roles of fucosyltransferase in several kinds of cancer,
particularly gastroenterological cancers.

Keywords Fucosylation » Fucosyltransferases ¢ Pancreatic cancer » Colon cancer ¢
HCC « Lewis antigen « Cancer biomarker « CA19-9

1.1 Introduction

Fucosylation is one of the most important types of glycosylation involved in cancer
and inflammation (Miyoshi et al. 2008). Cancer fucosylation is mainly divided into
three types: al-2 fucosylation, al-3/1-4 fucosylation, and al-6 fucosylation, as
shown in Fig. 1.1. All fucosylations are regulated by orchestration of many
fucosyltransferases (FUTs), guanosine 5'-diphosphate (GDP)-fucose synthetic
enzymes, and GDP-fucose transporter(s). FUT1 and FUT2 have been shown to be
responsible for al-2 fucosylation (Larsen et al. 1990; Kelly et al. 1995). A family of

E. Miyoshi (P<)) « N. Uozumi ¢ T. Sobajima ¢ S. Takamatsu * Y. Kamada

Department of Molecular Biochemistry and Clinical Investigation, Osaka University Graduate
School of Medicine, 1-7, Yamada-oka, Suita, Osaka 565-0871, Japan

e-mail: emiyoshi@sahs.med.osaka-u.ac.jp; bpcqd109@tcct.zaqg.ne.jp; stomoaki@sahs.med.
osaka-u.ac.jp; shinjit@sahs.med.osaka-u.ac.jp; ykamada@ gh.med.osaka-u.ac.jp

© Springer Japan 2016 3
K. Furukawa, M. Fukuda (eds.), Glycosignals in Cancer: Mechanisms of Malignant
Phenotypes, DOI 10.1007/978-4-431-55939-9_1


mailto:emiyoshi@sahs.med.osaka-u.ac.jp
mailto:bpcqd109@tcct.zaq.ne.jp
mailto:stomoaki@sahs.med.osaka-u.ac.jp
mailto:stomoaki@sahs.med.osaka-u.ac.jp
mailto:shinjit@sahs.med.osaka-u.ac.jp
mailto:ykamada@gh.med.osaka-u.ac.jp

4 E. Miyoshi et al.

Lewis X

Core fucose

/
Asn
/
Lewis a
al-3FucT
ol-AFucT al-6FucT (Fut8)

{ PB1-3GIcNACT
ASN g = = — Asn
! pBi1-sGalT
B1-3GalT

O Mannose

N-Acetyl-
glucosamine

O Galactose
A Fucose

Fig. 1.1 Cancer fucosylation is mainly divided into 3 groups: al-2 fucosylation, al-3/1-4
fucosylation, and al-6 fucosylation. Representative biosynthetic pathways and structures of
the H, Lewis A, and Lewis X antigens. Type 1 and type 2 structures differ in the linkage of the
outermost galactose (B1-3 and p1-4, respectively) and in the linkage of the fucose moiety to the
internal GIcNAc (al-4 and al-3, respectively). The core fucose structure is synthesized by the
glycosyltransferase FUTS, which catalyzes the transfer of a fucose residue from the donor
substrate, guanosine 5'-diphosphate (GDP)-B-L-fucose, to the reducing terminal GIcNAc of the
core structure of asparagine-linked oligosaccharide via an al-6 linkage

al-3 fucosyltransferases, including FUT3 (Kukowska-Latallo et al. 1990), FUT4
(Goelz et al. 1990), FUT5 (Weston et al. 1992), FUT6 (Koszdin and Bowen 1992),
FUT7 (Natsuka et al. 1994), and FUT9 (Kudo et al. 1998), is involved in the
synthesis of Lewis blood group antigens. FUTs 3—7 can synthesize the sialyl
Lewis X (sLe®) structure, NeuAco2-3Galf1-4(Fucal-3)GIcNAcB-R, and FUTs
3-6 and FUT9 can synthesize the Le* structure, Galpl-4(Fucal-3)GlcNAc-
B-R. Only FUT3 exhibits al-4 fucosyltransferase activity, resulting in the synthesis
of type 1 Lewis antigens such as Le®, Le®, and sialyl Le* (sLe®) (Galp1-3(Fucal-4)
GlcNAcB-R, (Fucal-2)Galpl-3(Fucal-4)GIcNAcf-R, and NeuAca2-3Galfl-3
(Fucal-4)GIlcNAcf-R, respectively). Therefore, individuals with FUT3 mutations,
comprising approximately 10 % of the Japanese population, have a problem
regarding diagnosis of pancreatic cancer using the CA19-9 antigen, sLe®
(Narimatsu et al. 1998). In contrast, FUTS is the only al-6 fucosyltransferase
involved in core fucosylation at the innermost N-acetylglucosamine on N-glycans
(Uozumi et al. 1996). Among the many fucosyltransferases, Fut8-deficient mice
show severe phenotypes, including mortality rates of 70-80 % after birth, and the



1 Roles of Fucosyltransferases in Cancer Phenotypes 5

survivors show severe growth disturbances and lung emphysema (Wang
et al. 2005). The phenotype of Fut8 knockout mice is due to insufficient signaling
via membrane-anchored receptors. Mice with a deficiency of FX (GDP-4-keto-6-
deoxy-mannose-3, S-epimerase-4-reductase), a rate-limiting enzyme for
GDP-fucose synthesis, show severe phenotypes, which are mostly caused by the
loss of Lewis-type fucosylation (Smith et al. 2002). There are two pathways of
GDP-fucose synthesis: de novo and alternative (Miyoshi et al. 2008). Because FX is
involved in the de novo pathway, the salvage pathway compensates the synthesis of
GDP-fucose in FX knockout mice (Smith et al. 2002). These reports suggest that
core fucosylation is associated with growth factor receptor-mediated cell signaling
and Lewis-type fucosylation is linked to lymphocyte/white blood cell adhesion
through selectin and sLe™* interaction. In cases of many cancers, fucosylation
levels are increased. The biological significance of increased fucosylation in each
cancer has some common and some different aspects. In this review article, we
discuss the roles of fucosyltransferase in several kinds of cancer, with a particular
focus on gastroenterological cancers.

1.2 Fucosylation in Colorectal Cancer

al-2 Fucosylation, as seen in H, Lewis B, and Lewis Y antigens, is regulated by
FUT1 and FUT2 and plays pivotal roles in colorectal cancer. Increased ol-2
fucosylation is observed in the progression of colorectal cancer (Misonou
et al. 2009). Based on mass spectrometry analysis of neutral and acidic glycosphin-
golipids, structures of normal colorectal epithelial cells are characterized by the
dominant expression of neutral type-1 chain oligosaccharides. Three specific alter-
ations were observed in malignant transformation: increased ratios of type-2 oli-
gosaccharides, increased o2-3 and/or o2-6 sialylation, and increased ol-2
fucosylation. Pendu et al. have published several papers regarding the biological
function of a1-2 fucosylation in colorectal cancer cells (Goupille et al. 2000; Cordel
et al. 2000). They used gene manipulation techniques, but did not identify target
glycoproteins/glycolipids for al-2 fucosylation, which regulates biological func-
tions. When the FUT1 expression vector was transfected into colorectal cancer cell
lines, the cells showed resistance to serum-starved apoptosis and anticancer drug
treatment. In contrast, transfection with antisense cDNA against FUT1 induces
apoptosis under these conditions. An increase in tumorigenicity was observed in rat
colon carcinoma cells after transfection with rat al, 2-fucosyltransferase FTA
(human FUT1) antisense cDNA (Hallouin et al. 1999). Antisense transfection of
a cDNA fragment of the FTB enzyme (human FUT?2) decreased the cell-surface
levels of H-antigen and concomitantly decreased tumorigenicity. Interestingly,
these phenomena were observed only in synergic animals but not in immunodefi-
cient mice. These results suggest that FTA and FTB fucosylate distinct glycan
chains in the same cell, leading to opposite effects, under the control of the immune
system. The immune system regulated by a1-2 fucosylation is not mediated by NK
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cell cytotoxicity, but lymphokine-activated killer cytotoxicity (Marionneau
et al. 2000). In the case of al-3 fucosylation, increased expression of sLe® in
colorectal cancer is associated with liver metastasis (Nakamori et al. 1993). This
is due to enhanced selectin-mediated cell adhesion. Selectins are intrinsic ligands
for sLe*, and the interaction between selectin and oligosaccharides plays a pivotal
role in the rolling of white blood cells and the initial adhesion of cancer cells to
metastatic organs. Overexpression of FUT7 induces the expression of sLe* antigen,
resulting in the promotion of cell migration and invasion in a colon cancer cell line,
LoVo (Li et al. 2010). The authors identified CD24 as a carrier molecule for the
sLe* antigen, which is a well-known cell-surface marker for cancer stem cells.
Administration of disaccharides blocked colorectal cancer cells from forming
selectin ligands and inhibited adhesion to immobilized selectins, suggesting that
glycosides might prove useful for interfering with tumor cell adhesion and metas-
tasis (Brown et al. 2003). This approach opens up the possibility of clinical
glycotherapy with no gene manipulations. Apart from fucosyltransferases, the
sialidase NEU4 inhibits the synthesis of Le* antigens on O-glycans (Shiozaki
etal. 2011). Cell adhesion to and motility and growth on E-selectin are significantly
reduced by NEU4. Under hypoxia conditions, whereby sLe* antigens are increased
concomitantly with several sialyl- and fucosyltransferases, NEU4 expression is
markedly decreased. These results suggest that NEU4 plays an important role in
the control of sLe® expression and its impairment is involved in colon cancer
progression. The epithelial-mesenchymal transition (EMT) is involved in cancer
metastasis, and fibroblast growth factor (FGF)/basic FGF (bFGF)-mediated EMT
induced increases cancer invasion and metastasis. During the EMT, transcript
levels of the glycosyltransferase genes ST3GAL1/3/4 and FUT3 were significantly
elevated, and that of FUT2 was markedly suppressed (Sakuma et al. 2012).
GDP-mannose-4,6-dehydratase (GMDS) is a rate-limiting enzyme in GDP-fucose
synthesis, in addition to FX (Miyoshi et al. 2008). Mutation of the GMDS gene was
found in the colon cancer cell line HCT116 (Moriwaki et al. 2009). HCT116 cells
showed complete loss of all types of fucosylation, and the fucosylation level was
recovered upon transfection of a wild-type GMDS expression vector. Unexpectedly,
HCT116 cells showed higher metastatic potential through escape from NK cell-
mediated immune surveillance. The molecular mechanisms underlying the inhibition
of cell death by NK cell killing are suppressed during death signaling through the Fas
or tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) receptors. Inter-
estingly DRS, a TRAIL receptor, has neither N-glycans nor O-glycans, although
DR5-mediated cell death is inhibited in HCT116 cells, but not in fucosylation-rescued
HCT116 cells (Moriwaki et al. 2011). There is an unknown pathway in fucosylation
and receptor-mediated cell signaling. Mutation of the GMDS gene was found in
approximately 10 % of original colorectal cancer tissues and 15 % of metastatic
colorectal cancer tissues, but not in the normal colon (Nakayama et al. 2013). This
report suggests a novel type of metastatic pathway due to the loss of fucosylation in
colon carcinogenesis.
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1.3 Fucosylation in Pancreatic Cancer

Pancreatic cancer is one of the worst diseases in terms of prognosis. The reason for the
poor prognosis of pancreatic cancer is the difficulty in early diagnosis and high
metastatic potential. Sialyl Lewis A, referred to as CA19-9, is a representative cancer
biomarker for pancreatic cancer and is a fucosylated glycan (Kannagi et al. 2004).
Measurement of serum CA19-9 levels in patients with pancreatic cancer is dependent
on the levels of several kinds of mucins that carry many sialyl Lewis A molecules.
Recently, we identified another type of CA19-9 carrier molecule, microlipid mem-
branes, in both bile and sera of patients with pancreatic cancer (Uozumi et al. 2010).
Details of the synthetic pathway of CA19-9, as well as its carrier molecules, remain
unknown, but this appears to be one of the most interesting topics in glycobiology
research. Fucosylated haptoglobin has been found in the sera of patients with pancre-
atic cancer (Okuyama et al. 2006), and we have developed a lectin ELISA system for
measuring fucosylated haptoglobin (Kamada et al. 2013b). Various screening ana-
lyses using this ELISA assay have revealed that fucosylated haptoglobin is increased
in several cancers and liver diseases (Kamada et al. 2013a; Takeda et al. 2012).
Fucosylated haptoglobin is probably produced in the liver upon metastasis of colon/
pancreatic cancers, and this is the reason why the positive rate of fucosylated hapto-
globin is much higher in pancreatic cancer, which easily metastasizes at the early
clinical stages (Okuyama et al. 2006). Detailed oligosaccharide analysis of
fucosylated haptoglobin showed that most of the fucosylation is the Lewis type, and
there are small amounts of core fucosylation. Interestingly, site 3 of the N-glycan on
haptoglobin has a unique oligosaccharide structure with unique fucosylation, com-
pared to the other 3 sites (Nakano et al. 2008). High expression of sLe* antigen is
involved in the metastasis of pancreatic cancer as well as colorectal cancer (Mas
et al. 1998). The restoration of a1-2 fucosyltransferase (FUT1) activity decreases the
adhesive and metastatic properties of human pancreatic cancer cells, although the
molecular mechanisms are not clarified (Aubert et al. 2000; Mathieu et al. 2004).

1.4 Fucosylation in Hepatocellular Carcinoma

Fucosylation in the liver is different from that in other organs because the expression
of al-6 fucosyltransferase (FUTS) is quite low in normal hepatocytes (Noda
et al. 1998a). Inflammation induces the expression of fucosylation regulatory genes,
resulting in increases in Lewis-type fucosylation on hepatic glycoproteins. FUT6 is
important in the synthesis of Lewis-type fucosylation in the liver but is a pseudogene
in the mouse. Therefore, FUTS is the main fucosyltransferase involved in cellular
fucosylation in the mouse liver. FUT8-deficient mice show dramatic inhibition of
hepatic glycoproteins in bile (Nakagawa et al. 2006), suggesting that fucosylation
might be a sorting signal for the secretion of liver glycoproteins into bile. This
hypothesis could explain the molecular mechanisms underlying the production of
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fucosylated cancer biomarkers in hepatocellular carcinoma (HCC). a-Fetoprotein
(AFP) is clinically used as cancer biomarker but has the drawback that serum AFP
levels are increased in certain cases of chronic liver disease such as chronic hepatitis
and liver cirrhosis (Taketa 1990). In contrast, fucosylated AFP, referred to as AFP-L3,
is specifically increased in the sera of patients with HCC. AFP-L3-positive HCC
showed worse prognosis than did AFP-L3-negative HCC (Yamashita et al. 1996).
Although it has been reported that AFP-L3 could be a cancer biomarker for early HCC
(Sato et al. 1993), many clinicians think that AFP-L3 is a marker for HCC with poor
prognosis and that AFP-L.3-positive HCC should be treated with hepatic resection, but
not percutaneous radiofrequency ablation. However, a highly sensitive AFP-L3 assay
might provide another possibility as a biomarker for the early diagnosis of HCC
(Kumada et al. 2013). While FUTS is involved in the synthesis of AFP-L3, the
expression of FUTS is increased in chronic liver disease (Noda et al. 1998b). In
contrast, the level of GDP-fucose, a donor substrate of FUTS, is higher in HCC tissue
than in the surrounding tissue (Noda et al. 2003). Increased levels of GDP-fucose are
caused by high FX expression in HCC tissue. However, the most important factor
involved in the production of AFP-L3 seems to be an abnormal sorting system for
fucosylated proteins in HCC (Nakagawa et al. 2012). Fucosylated proteins produced
by normal hepatocytes are secreted into bile, but this system is disrupted in HCC. This
disruption might be due to the loss of the intrahepatic bile duct or the loss of cargo
receptors for core fucose in HCC. In the case of hepatitis B virus-related HCC, it is
reported that FUTS is directly involved in the progression of HCC (Ji et al. 2013). In
this report, downregulation of FUTS in cancer cells was found to cause a decrease in
cell growth in HCC cell lines as in other cancer cell lines. Although liver diseases have
different etiologies and each disease has a characteristic biomarker, common changes
in protein glycosylation in liver diseases are hyperfucosylation and an increase in the
branching structure of N-glycans (Blomme et al. 2009). Moreover, mass spectrometry
analysis of N-glycans on hepatic glycoproteins in HCC tissue revealed that the
characteristic changes in glycan structure involve increases in tetra-antennary N-
linked glycan but not in core fucosylation (Mehta et al. 2012). These papers further
support the presence of an abnormal sorting system of fucosylated proteins in liver
diseases. A previous report suggests that fucosyltransferase activity in serum, plasma,
and tissue is different in patients with liver cirrhosis and HCC (Hutchinson etal. 1991),
although its biological significance remains unknown.

1.5 Fucosylation in Other Cancers

Gastric cancer is the most popular carcinoma and the second cause of cancer-related
death in Japan. In addition to hepatocarcinogenesis, inflammation induced by
Helicobacter pylori infection plays a key role in the carcinogenesis of gastric cancer
(Wang et al. 2013). Interestingly, polymorphisms of fucosyltransferases are involved
in infection by Helicobacter pylori (Ikehara et al. 2001). Both IL-1 and IL-6, which are
associated with inflammation-related cytokines, regulate the expression of
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fucosyltransferases in gastric cancer cell lines (Padro et al. 2011). This finding is
similar to the observed induction of fucosylation regulatory genes in HCC cell lines
with IL-6 treatment (Narisada et al. 2008). Interestingly, FUT3 gene expression,
involved in the synthesis of the sialyl Lewis A antigen, CA19-9, is regulated by
DNA methylation (Serpa et al. 2006). Hypo-methylation of the FUT3 gene promoter
in gastric cancer leads to the production of CA19-9. The expression pattern of
fucosyltransferases alters oligosaccharides of mucins produced in normal and cancer
tissue (Lopez-Ferrer et al. 2000). In the case of prostate cancer, «l-3
fucosyltransferases are very important in the regulation of cell behaviors such as
adhesion, trafficking, and cell growth (Barthel et al. 2009; Inaba et al. 2003). Further-
more, FUT6 is involved in the bone metastasis of prostate cancer (Li et al. 2013). It has
recently been reported that the high expression of GnT-IX and FUTS is associated
with the malignant phenotype of prostate cancer (Lange et al. 2012). Serum levels of
fucosylated haptoglobin are also increased in patients with prostate cancer (Fujimura
et al. 2008). Several papers on mammary cancer and fucosylation have been
published, and their contents are similar to observations in other cancers (Yang
et al. 2013, 2014; Julien et al. 2011). A very old article reported in Science indicates
that a decrease in human serum fucosyltransferase is an indicator of successful tumor
therapy in breast cancer (Bauer et al. 1978). A recent interesting paper on cholangio-
carcinoma suggests that FUT2 and FUT3 genotypes determine the cutoff value for
CA19-9 in differential diagnosis of cancer in patients with sclerosing cholangitis
(Wannhoff et al. 2013). The involvement of FUT8 in EMT and EGF signaling has
been reported in lung cancer (Liu et al. 2011; Chen et al. 2013).

1.6 Closing

Both FUT10 and FUT11 are novel types of al-3 fucosyltransferases (Mollicone
et al. 2009; Kumar et al. 2013; Both et al. 2011). These FUTs might play specific
roles in carcinogenesis or may have other pathological functions that have not been
mentioned in this review. A summary of FUT genes, including their chromosomal
localization, is provided in Table 1.1. Interestingly, many fucosyltransferase genes are
localized on chromosome 19. The amino acid homology of «ol-3/1-4
fucosyltransferases is shown in Fig. 1.2. Here, we should note the structural charac-
teristics of a1-3 fucosyltransferases. FUT3 is a unique glycosyltransferase that has the
enzymatic activities of both a1-3 and 1-4 fucosyltransferase. FUT3 plays an important
role in the synthesis of Lewis antigen in blood type, and loss of Fut3 activity leads to
deficiency of the Lewis antigen in blood type, as well as of the Lewis A antigen
(CA19-9). However, the amino acid sequence of FUT3 is very similar to those of other
al-3 fucosyltransferases. PCR primers for each fucosyltransferase should be designed
carefully, due to their high gene/amino acid homologies. While this number is not so
much, compared to other research fields, the number is relatively high in glycobiology
research. Recently, O-fucosylation and notch signaling are two of the most important
issues in glycobiology (Stanley 2007). Since notch signaling is involved in EGF
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Table 1.1 Papers on the chromosomal localization and cloning of fucosyltransferases (FUTs)

Location | Gene ID | References (cDNA

FUTs Official full name (Human) | (Human) | cloning)

FUT1 | Fucosyltransferase 1 (galacto- | 19q13.3 2523 Larsen RD, et al. Proc Natl
side 2-alpha-L- Acad Sci U S A
fucosyltransferase, H blood 87, 6674-6678 (1990)
group)

FUT2 | Fucosyltransferase 2 (secretor | 19q13.3 | 2524 Kelly RJ, et al. J Biol Chem
status included) 270, 4640-4649 (1995)

FUT3 | Fucosyltransferase 3 (galacto- | 19p13.3 | 2525 Kukowska-Latallo JF,
side 3(4)-L-fucosyltransferase, et al. Genes Dev
Lewis blood group) 4, 1288-1303 (1990)

FUT4 | Fucosyltransferase 4 (alpha 11q21 2526 Goelz SE, et al. Cell
(1,3) fucosyltransferase, mye- 63, 1349-1356 (1990)
loid specific)

FUTS5 | Fucosyltransferase 5 (alpha 19p13.3 | 2527 Weston BW, et al. J Biol
(1,3) fucosyltransferase) Chem 267, 4152-4160

(1992)

FUT6 | Fucosyltransferase 6 (alpha 19p13.3 | 2528 Koszdin KL, et al. Biochem

(1,3) fucosyltransferase) Biophys Res Commun
187, 152-157 (1992)

FUT7 | Fucosyltransferase 7 (alpha 9q34.3 2529 Natsuka S, et al. J Biol

(1,3) fucosyltransferase) Chem 269, 16789-16794
(1994),

FUT8 | Fucosyltransferase 8 (alpha 149243 2530 Uozumi N, et al. J Biol

(1,6) fucosyltransferase) Chem 271, 27810-27817
(1996)

FUT9 | Fucosyltransferase 9 (alpha 6ql6 10690 Kudo T, et al. J Biol Chem
(1,3) fucosyltransferase) 273, 26729-26738 (1998)

FUTI10 | Fucosyltransferase 10 (alpha 8pl2 84750 Mollicone R, et al. J Biol
(1,3) fucosyltransferase) Chem 284, 4723-4738

(2009)
FUT11 |Fucosyltransferase 11 (alpha 10g22.2 | 170384 | Mollicone R, et al. J Biol

(1,3) fucosyltransferase)

Chem 284, 4723-4738
(2009)

receptor-mediated cell signaling, O-fucosylation might be important in cancer biol-
ogy. Globally, if we search for all fucosyltransferases and cancer, the number is 588. If
we search for all sialyltransferases and cancer, the number is 780. We believe that
fucosylation, sialylation, and branching are three major glycosylations involved in
cancer. Taken together, each fucosylation shows commonalities in each gastroenter-
ological cancer and also shows differences in different cancers, suggesting that the
target glycoproteins for fucosylation might be different in each cancer phenotype.
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(A)

FUT3  ARVRYYQSLQAHLKVDVYGRSH KPLPKGTMMETLSRYKFYLAFENSLHPDYITEKLWRNALEAWAVPVVLGPSRSNYERFLPPDAFIHVDDFQSPKDLARYLQELDKDHARYLSYFRWR
FUTS  ARVRYYQSLQAHLKVDVYGRSH KPLPKGTMMETLSRYKFYLAFENSLHPDYITEKLWRNALEAWAVPVVLGPSRSNYERFLPPDAFIHVDDFQSPKDLARYLQELDKDHARYLSYFRWR
FUT6  ARVRYYQSLQAHLKVDVYGRSH KPLPQGTMMETLSRYKFYLAFENSLHPDYITEKLWRNALEAWAVPVVLGPSRSNYERFLPPDAFTHVDDFQSPKDLARYLQELDKDHARYLSYFRWR
FUT7  LRARLYRQLAPHLRVDVFGRANG RPLCASCLVPTVAQYRFYLSFENSQHRDYITEKFWRNALVAGTVPVVLGPPRATYEAFVPADAFVHVDDFGSARELAAFLTGM--NESRYQRFFAWR

FUT4  ARVRYYHQLSQHVTVDVFGRGGPGQ PVPEIGLLHTVARYKFYLAFENSQHLDYITEKLWRNALLAGAVPVVLGPDRANYERFVPRGAFIHVDDFPSASSLASYLLFLDRNPAVYRRYFHWR
FUT9  ARVKYYNELSKSTIEIHTYGQAFGEYVNDKNLT PTISACKFYLSFENSTHKDYITEKLY NAFLAGSVPVVLGPSRENYENYIPADSFIHVEDYNSPSELAKYLKEVDKNNKLYLSYFNWR
FUT11 DRDRYVRELMRHIPVDSYGKCLQNRELPTARLQDTATATTEDPELLAFLSRYKFHLALENAICNDYMTEKLWR-PMHLGAVPVYRGSPSVR-DWMPNNHSVILIDDFESPQKLAEFIDFLDKNDEEYMKYLAYK
FUT1@0 DRDSYVRELMTYIEVDSYGECLRNKDLPQQLKNPASMDADGFYRIIAQ  YKFILAFENAVCDDYITEKFWR-PLKLGVVPVYYGSPSIT-DWLPSNKSAILVSEFSHPRELASYIRRLDSDDRLYEAYVEWK

(B)

FUT3  MDPLGAAKPQWPWRRCLAALLFQLLVAVCFFSYLRVSRDDATGSPRAPSGSSRQDT

FUT5  MDPLGPAKPQWLWRRCLAGLLFQLLVAVCFFSYLRVSRDDATGSPRPGLMAVEPVTGAPNGSRCQDSMA
FUT6  MDPLGPAKPQWSWRCCLTTLLFQLLMAVCFFSYLRVSQDDPTVYPNGSRFPDSTG

FUT7  MNNAGHGPTRRLRGLGVLAGVALLAALWLLWLLGSAPRG

FUT9  MTSTSKGILRPFLIVCIILGCFMACLLIYIKPTNSWIFSPMESASSVLKMKNFFS

FUT4  MRRLWGAARKP: GP ALAARPARHL HSGTAPFHSRASGERQRRLEPQLQHESRCRSSPVRA
MGAPWGSPTAAAGGRRGWRRGRGLPWTVCVLAAAGLTCTALITYACWGQLPPLPWASP

FUT11 MAAGPIRVVLVLLGVLSVCAASGI G/ GAVGVTRSSG

FUT10 MEEAPTHFNSFLKKEGLTFNRKRKWELDSYPIML

FUT3  TPTRPTLLILL WTWPFHIPVALSR CSEMVPGTADCHITA DRKVYPQADT VIVHHWDIMSNPKSRLPPSPRPQG

FUTS TPTRPTLLILL WTWPENTPVALPR CSEMVPGAADCNITA DSSVYPQADA VIVHHWDIMYNPSANLPPPTRPQG

FUT6 TPAHPTLLILL WTWPFNKPTALPR CSEMVPGTADCNITA DRKVYPQADA VIVHHREVMYNPSAQLPRSPRRQG

FUT7 TPAPQPTITILV WHWPFTDQPPELPSDT =~ CTRYGIAR CHLSA NRSLLASADA VVFHHRE LQTRRSHLPLAQRPRG

FUT9 TKTDYFNETTILV ~ WVWPFGQTFDLTS CQAMFNIQG CHLTT DRSLYNKSHA VLIHHRDISWDL TNLPQQARPPF

FUT4 TPSRPVGVLL WWEPFGGRDSAPRPPPD CRLRFNISG CRLLT DRASYGEAQAVLAE ~ ALFHHRDLVKG PPDWPPPWGIQAHTAEEVDLRVLDYEEAAAAATSSPRPPG

FUT11 TPADAWRAEAAL WWSPGLFPHFPGDSERTECARGA CVASR NRRALRDSRTRA LLFYGTDFRASAA  PLPRLAH

FUT1@ TPRPGREEAGDLPVLLWWSPLTGETGRLGQ CGADA CFFTI NRTYLHHHMTKA FLFYGTDFNIDSL ~ PLPRKAHHDWAVFHEESPKNNYKLFHKPVITLFNYTATFSRHSHL

PPL NLSAKTELVAWAVSNWKPDS
PPL NLSAKTELVAWAVSNWKPDS
PPL NLSAKTELVAWAVSNWGPNS

FUT3  QRWIWFNLEPPPNCQHLEALD RYFNLTMSYRSDSDIFTPYGWLEP WSGQPAH
FUTS  QRWIWFSMESPSNCRHLEALD GYFNLTMSYRSDSDIFTPYGWLEP WSGQPAH

ARVRYYQSLQAHLKVDVYGRSH
ARVRYYQSLQAHLKVDVYGRSH
ARVRYYQSLQAHLKVDVYGRSH

FUT6  QRWIWFSMESPSHCWQLKAMD ~GYFNLTMSYRSDSDIFTPYGWLEP WSGQPAH
FUT7  QPWVWASMESPSHTHGLSHLR ~ GIFNWVLSYRRDSDIFVPYGRLEPHWGPS PPLPAKSR  VAAWVVSNFQERQ
FUT4  QRWVWMNFESPSHSPGLRSLAS NLFNWTLSYRADSDVFVPYGYLYPRSHPGDPPSGLA PPL  SRKQGLVAWVVSHWDERQ ARVRYYHQLSQHVTVDVFGRGGPGQ

FUT9  QKWIWMNLESPTHTPQKS ~GIEHLFNLTLTYRRDSDIQVPYGFLTVSTN PFVFEVPSKEKLVCWVVSNWNPEH ARVKYYNELSKSTETIHTYGQAFGEYVNDKNLI

FUT11 QSWALLHEESPLNNFLLSHGPGIRLFNLTSTFSRHSDYPLSLQWLPGTAYLRRPV PPPMERAEWRRRGYAPLLYLQSHCDVPA  DRDRYVRELMRHIPVDSYGKCLQNRELPTARLQDTATATTED
FUT10 PLTTQYLESIEVLKSLRYLVPLQSKNKLRKRLAPLVYVQSDCD PPS DRDSYVRELMTYIEVDSYGECLRNKDLPQQLKNPASMDADGFYRITAQ

LRARLYRQLAPHLRVDVFGRANG

FUT3 KPLPKGTMMETLSRYKFYLAFENSLHPDYITEKLWRNALEAWAVPVVLGPSRSNYERFLPPDAFTHVDDFQSPKDLARYLQELDKDHARYLSYFRWRETLRPRSFS-WALDFCKACWKLQQESRYQTVRSIAAWFT
FUTS KPLPKGTMMETLSRYKFYLAFENSLHPDYITEKLWRNALEAWAVPVVLGPSRSNYERFLPPDAFIHVDDFQSPKDLARYLQELDKDHARYLSYFRWRETLRPRSFS-WALAFCKACWKLQQESRYQTVRSIAAWFT
FUT6 KPLPQGTMMETLSRYKFYLAFENSLHPDYITEKLWRNALEAWAVPVVLGPSRSNYERFLPPDAFIHVDDFQSPKDLARYLQELDKDHARYLSYFRWRETLRPRSFS-WALAFCKACWKLQEESRYQT-RGIAAWFT
FUT7 RPLCASCLVPTVAQYRFYLSFENSQHRDYITEKFWRNALVAGTVPVVLGPPRATYEAFVPADAFVHVDDFGSARELAAFLTGM--NESRYQRFFAWRDRLRVRLFTDWRERFCAICDRYPHLPRSQVYEDLEGWFQ
FUT4  PVPEIGLLHTVARYKFYLAFENSQHLDYITEKLWRNALLAGAVPVVLGPDRANYERFVPRGAFIHVDDFPSASSLASYLLFLDRNPAVYRRY FHWRRSYAVHITSFWDEPWCRVCQAVQRAQEYKSVGNLEKWFWN

FUT9 PTISACKFYLSFENSIHKDYITEKLY NAFLAGSVPVVLGPSRENYENYIPADSFIHVEDYNSPSELAKYLKEVDKNNKLYLSYFNWRKDFTVNLPRFWESHACLACDHVKRHGDRPKSIRNLASWFE
FUT11 PELLAFLSRYKFHLALENATICNDYMTEKLWR-PMHLGAVPVYRGSPSVR-DWMPNNHSVILIDDFESPQKLAEFIDFLDKNDEE YMKYLAYK
FUT10 YKFILAFENAVCDDYITEKFWR-PLKLGVVPVYYGSPSIT-DWLPSNKSATLVSEFSHPRELASYTRRLDSDDRLYEAYVEWK

Fig. 1.2 Amino acid homology of al-3 fucosyltransferases (Fut3—Futl1). (A) High-homology
region of «l-3 fucosyltransferases (Fut3—Futll). (B) Total amino acid structure of al-3
fucosyltransferases (Fut3—Futl1)

References

Aubert M, Panicot L, Crotte C, Gibier P, Lombardo D, Sadoulet MO, Mas E (2000) Restoration of
alpha(1,2) fucosyltransferase activity decreases adhesive and metastatic properties of human
pancreatic cancer cells. Cancer Res 60(5):1449-1456

Barthel SR, Wiese GK, Cho J, Opperman MJ, Hays DL, Siddiqui J, Pienta KJ, Furie B, Dimitroff
CJ (2009) Alpha 1,3 fucosyltransferases are master regulators of prostate cancer cell traffick-
ing. Proc Natl Acad Sci USA 106(46):19491-19496. doi:10.1073/pnas.0906074106,
0906074106 [pii]

Bauer CH, Reutter WG, Erhart KP, Kottgen E, Gerok W (1978) Decrease of human serum
fucosyltransferase as an indicator of successful tumor therapy. Science 201(4362):1232-1233

Blomme B, Van Steenkiste C, Callewaert N, Van Vlierberghe H (2009) Alteration of protein
glycosylation in liver diseases. J Hepatol 50(3):592-603. doi:10.1016/j.jhep.2008.12.010,
S0168-8278(08)00802-7 [pii]

Both P, Sobczak L, Breton C, Hann S, Nobauer K, Paschinger K, Kozmon S, Mucha J, Wilson IB
(2011) Distantly related plant and nematode core alphal,3-fucosyltransferases display similar


http://dx.doi.org/10.1073/pnas.0906074106
http://dx.doi.org/10.1016/j.jhep.2008.12.010

12 E. Miyoshi et al.

trends in structure-function relationships. Glycobiology 21(11):1401-1415. doi:10.1093/
glycob/cwr056, cwr056 [pii]

Brown JR, Fuster MM, Whisenant T, Esko JD (2003) Expression patterns of alpha
2,3-sialyltransferases and alpha 1,3-fucosyltransferases determine the mode of sialyl Lewis
X inhibition by disaccharide decoys. J Biol Chem 278(26):23352-23359. doi:10.1074/jbc.
M303093200, M303093200 [pii]

Chen CY, Jan YH, Juan YH, Yang CJ, Huang MS, Yu CJ, Yang PC, Hsiao M, Hsu TL, Wong CH
(2013) Fucosyltransferase 8 as a functional regulator of nonsmall cell lung cancer. Proc Natl
Acad Sci USA 110(2):630-635. doi:10.1073/pnas.1220425110, 1220425110 [pii]

Cordel S, Goupille C, Hallouin F, Meflah K, Le Pendu J (2000) Role for alphal,2-
fucosyltransferase and histo-blood group antigen H type 2 in resistance of rat colon carcinoma
cells to 5-fluorouracil. Int J Cancer 85(1):142—-148. doi:10.1002/(SICI)1097-0215(20000101)
85:1<142::AID-1JC24>3.0.CO;2-K [pii]

Fujimura T, Shinohara Y, Tissot B, Pang PC, Kurogochi M, Saito S, Arai Y, Sadilek M,
Murayama K, Dell A, Nishimura S, Hakomori SI (2008) Glycosylation status of haptoglobin
in sera of patients with prostate cancer vs. benign prostate disease or normal subjects. Int J
Cancer 122(1):39-49. doi:10.1002/ijc.22958

Goelz SE, Hession C, Goff D, Griffiths B, Tizard R, Newman B, Chi-Rosso G, Lobb R (1990)
ELFT: a gene that directs the expression of an ELAM-1 ligand. Cell 63(6):1349-1356,
doi:0092-8674(90)90430-M [pii]

Goupille C, Marionneau S, Bureau V, Hallouin F, Meichenin M, Rocher J, Le Pendu J (2000)
Alphal,2Fucosyltransferase increases resistance to apoptosis of rat colon carcinoma cells.
Glycobiology 10(4):375-382, doi:cwd035 [pii]

Hallouin F, Goupille C, Bureau V, Meflah K, Le Pendu J (1999) Increased tumorigenicity of rat
colon carcinoma cells after alphal,2-fucosyltransferase FTA anti-sense cDNA transfection. Int
J Cancer 80(4):606—611. doi:10.1002/(SICI)1097-0215(19990209)80:4 <606::AID-1JC20>3.
0.CO;2-M [pii]

Hutchinson WL, Du MQ, Johnson PJ, Williams R (1991) Fucosyltransferases: differential plasma
and tissue alterations in hepatocellular carcinoma and cirrhosis. Hepatology 13(4):683-688,
doi:S0270913991000812 [pii]

Ikehara Y, Nishihara S, Yasutomi H, Kitamura T, Matsuo K, Shimizu N, Inada K, Kodera Y,
Yamamura Y, Narimatsu H, Hamajima N, Tatematsu M (2001) Polymorphisms of two
fucosyltransferase genes (Lewis and Secretor genes) involving type I Lewis antigens are
associated with the presence of anti-Helicobacter pylori IgG antibody. Cancer Epidemiol
Biomarkers Prev 10(9):971-977

Inaba Y, Ohyama C, Kato T, Satoh M, Saito H, Hagisawa S, Takahashi T, Endoh M, Fukuda MN,
Arai Y, Fukuda M (2003) Gene transfer of alphal,3-fucosyltransferase increases tumor growth
of the PC-3 human prostate cancer cell line through enhanced adhesion to prostatic stromal
cells. Int J Cancer 107(6):949-957. doi:10.1002/ijc.11513

Ji J, Gu X, Fang M, Zhao Y, Yi C, Wang A, Gao C (2013) Expression of alpha
1,6-fucosyltransferase 8 in hepatitis B virus-related hepatocellular carcinoma influences
tumour progression. Dig Liver Dis 45(5):414-421. doi:10.1016/j.d1d.2012.12.007, S1590-
8658(12)00467-7 [pii]

Julien S, Ivetic A, Grigoriadis A, QiZe D, Burford B, Sproviero D, Picco G, Gillett C, Papp SL,
Schaffer L, Tutt A, Taylor-Papadimitriou J, Pinder SE, Burchell JM (2011) Selectin ligand
sialyl-Lewis x antigen drives metastasis of hormone-dependent breast cancers. Cancer Res 71
(24):7683-7693. doi:10.1158/0008-5472.CAN-11-1139, 0008-5472.CAN-11-1139 [pii]

Kamada Y, Akita M, Takeda Y, Yamada S, Fujii H, Sawai Y, Doi Y, Asazawa H, Nakayama K,
Mizutani K, Yakushijin T, Miyazaki M, Ezaki H, Hiramatsu N, Yoshida Y, Kiso S, Imai Y,
Kawada N, Takehara T, Miyoshi E (2013a) Serum fucosylated haptoglobin as a novel
diagnostic biomarker for predicting hepatocyte ballooning and nonalcoholic steatohepatitis.
PLoS ONE 8(6):¢66328. doi:10.1371/journal.pone.0066328, PONE-D-13-02561 [pii]


http://dx.doi.org/10.1093/glycob/cwr056
http://dx.doi.org/10.1093/glycob/cwr056
http://dx.doi.org/10.1074/jbc.M303093200
http://dx.doi.org/10.1074/jbc.M303093200
http://dx.doi.org/10.1073/pnas.1220425110
http://dx.doi.org/10.1002/(SICI)1097-0215(20000101)85:1%3C142::AID-IJC24%3E3.0.CO;2-K
http://dx.doi.org/10.1002/(SICI)1097-0215(20000101)85:1%3C142::AID-IJC24%3E3.0.CO;2-K
http://dx.doi.org/10.1002/(SICI)1097-0215(20000101)85:1%3C142::AID-IJC24%3E3.0.CO;2-K
http://dx.doi.org/10.1002/(SICI)1097-0215(20000101)85:1%3C142::AID-IJC24%3E3.0.CO;2-K
http://dx.doi.org/10.1002/ijc.22958
http://dx.doi.org/10.1002/(SICI)1097-0215(19990209)80:4%3C606::AID-IJC20%3E3.0.CO;2-M
http://dx.doi.org/10.1002/(SICI)1097-0215(19990209)80:4%3C606::AID-IJC20%3E3.0.CO;2-M
http://dx.doi.org/10.1002/(SICI)1097-0215(19990209)80:4%3C606::AID-IJC20%3E3.0.CO;2-M
http://dx.doi.org/10.1002/(SICI)1097-0215(19990209)80:4%3C606::AID-IJC20%3E3.0.CO;2-M
http://dx.doi.org/10.1002/ijc.11513
http://dx.doi.org/10.1016/j.dld.2012.12.007
http://dx.doi.org/10.1158/0008-5472.CAN-11-1139
http://dx.doi.org/10.1371/journal.pone.0066328

1 Roles of Fucosyltransferases in Cancer Phenotypes 13

Kamada Y, Kinoshita N, Tsuchiya Y, Kobayashi K, Fujii H, Terao N, Kamihagi K, Koyama N,
Yamada S, Daigo Y, Nakamura Y, Taniguchi N, Miyoshi E (2013b) Reevaluation of a lectin
antibody ELISA kit for measuring fucosylated haptoglobin in various conditions. Clin Chim
Acta 417:48-53. doi:10.1016/j.cca.2012.12.014, S0009-8981(12)00585-2 [pii]

Kannagi R, Izawa M, Koike T, Miyazaki K, Kimura N (2004) Carbohydrate-mediated cell
adhesion in cancer metastasis and angiogenesis. Cancer Sci 95(5):377-384

Kelly RJ, Rouquier S, Giorgi D, Lennon GG, Lowe JB (1995) Sequence and expression of a
candidate for the human Secretor blood group alpha(l,2)fucosyltransferase gene (FUT2).
Homozygosity for an enzyme-inactivating nonsense mutation commonly correlates with the
non-secretor phenotype. J Biol Chem 270(9):4640-4649

Koszdin KL, Bowen BR (1992) The cloning and expression of a human alpha-1,3
fucosyltransferase capable of forming the E-selectin ligand. Biochem Biophys Res Commun
187(1):152-157, doi:S0006-291X(05)81472-X [pii]

Kudo T, Ikehara Y, Togayachi A, Kaneko M, Hiraga T, Sasaki K, Narimatsu H (1998) Expression
cloning and characterization of a novel murine alphal, 3-fucosyltransferase, mFuc-TIX, that
synthesizes the Lewis x (CDI15) epitope in brain and kidney. J Biol Chem 273
(41):26729-26738

Kukowska-Latallo JF, Larsen RD, Nair RP, Lowe JB (1990) A cloned human cDNA determines
expression of a mouse stage-specific embryonic antigen and the Lewis blood group alpha(1,3/
1,4)fucosyltransferase. Genes Dev 4(8):1288-1303

Kumada T, Toyoda H, Tada T, Kiriyama S, Tanikawa M, Hisanaga Y, Kanamori A, Tanaka J,
Kagebayashi C, Satomura S (2013) High-sensitivity lens culinaris agglutinin-reactive alpha-
fetoprotein assay predicts early detection of hepatocellular carcinoma. J Gastroenterol. doi:10.
1007/s00535-013-0883-1

Kumar A, Torii T, Ishino Y, Muraoka D, Yoshimura T, Togayachi A, Narimatsu H, Ikenaka K,
Hitoshi S (2013) The Lewis X-related alphal,3-fucosyltransferase, Futl10, is required for the
maintenance of stem cell populations. J Biol Chem 288(40):28859-28868. doi:10.1074/jbc.
M113.469403, M113.469403 [pii]

Lange T, Ullrich S, Muller I, Nentwich MF, Stubke K, Feldhaus S, Knies C, Hellwinkel OJ,
Vessella RL, Abramjuk C, Anders M, Schroder-Schwarz J, Schlomm T, Huland H, Sauter G,
Schumacher U (2012) Human prostate cancer in a clinically relevant xenograft mouse model:
identification of beta(1,6)-branched oligosaccharides as a marker of tumor progression. Clin
Cancer Res 18(5):1364-1373. doi:10.1158/1078-0432.CCR-11-2900, 1078-0432.CCR-11-
2900 [pii]

Larsen RD, Ernst LK, Nair RP, Lowe JB (1990) Molecular cloning, sequence, and expression of a
human GDP-L-fucose:beta-D-galactoside 2-alpha-L-fucosyltransferase cDNA that can form
the H blood group antigen. Proc Natl Acad Sci USA 87(17):6674-6678

Li W, Zhang W, Luo J, Cao A, Zhang Y, Huang D, Sheng W, Cai S, Li J (2010) Alphal,3
fucosyltransferase VII plays a role in colorectal carcinoma metastases by promoting the
carbohydration of glycoprotein CD24. Oncol Rep 23(6):1609-1617

Li J, Guillebon AD, Hsu JW, Barthel SR, Dimitroff CJ, Lee YF, King MR (2013) Human
fucosyltransferase 6 enables prostate cancer metastasis to bone. Br J Cancer. doi:10.1038/
bjc.2013.690 bjc2013690 [pii]

Liu YC, Yen HY, Chen CY, Chen CH, Cheng PF, Juan YH, Khoo KH, Yu CJ, Yang PC, Hsu TL,
Wong CH (2011) Sialylation and fucosylation of epidermal growth factor receptor suppress its
dimerization and activation in lung cancer cells. Proc Natl Acad Sci USA 108
(28):11332-11337. doi:10.1073/pnas.1107385108, 1107385108 [pii]

Lopez-Ferrer A, de Bolos C, Barranco C, Garrido M, Isern J, Carlstedt I, Reis CA, Torrado J, Real
FX (2000) Role of fucosyltransferases in the association between apomucin and Lewis antigen
expression in normal and malignant gastric epithelium. Gut 47(3):349-356

Marionneau S, Bureau V, Goupille C, Hallouin F, Rocher J, Vaydie B, Le Pendu J (2000)
Susceptibility of rat colon carcinoma cells to lymphokine activated killer-mediated


http://dx.doi.org/10.1016/j.cca.2012.12.014
http://dx.doi.org/10.1007/s00535-013-0883-1
http://dx.doi.org/10.1007/s00535-013-0883-1
http://dx.doi.org/10.1074/jbc.M113.469403
http://dx.doi.org/10.1074/jbc.M113.469403
http://dx.doi.org/10.1158/1078-0432.CCR-11-2900
http://dx.doi.org/10.1038/bjc.2013.690%20bjc2013690%20%5Bpii%5D
http://dx.doi.org/10.1038/bjc.2013.690%20bjc2013690%20%5Bpii%5D
http://dx.doi.org/10.1073/pnas.1107385108

14 E. Miyoshi et al.

cytotoxicity is decreased by alphal,2-fucosylation. Int J Cancer 86(5):713-717. doi:10.1002/
(SICI)1097-0215(20000601)86:5<713::AID-1JC17>3.0.CO;2-V [pii]

Mas E, Pasqualini E, Caillol N, El Battari A, Crotte C, Lombardo D, Sadoulet MO (1998)
Fucosyltransferase activities in human pancreatic tissue: comparative study between cancer
tissues and established tumoral cell lines. Glycobiology 8(6):605-613, doi:cwb066 [pii]

Mathieu S, Prorok M, Benoliel AM, Uch R, Langlet C, Bongrand P, Gerolami R, El-Battari A
(2004) Transgene expression of alpha(1,2)-fucosyltransferase-I (FUT1) in tumor cells selec-
tively inhibits sialyl-Lewis x expression and binding to E-selectin without affecting synthesis
of sialyl-Lewis a or binding to P-selectin. Am J Pathol 164(2):371-383, doi:S0002-9440(10)
63127-6 [pii]

Mehta A, Norton P, Liang H, Comunale MA, Wang M, Rodemich-Betesh L, Koszycki A, Noda K,
Miyoshi E, Block T (2012) Increased levels of tetra-antennary N-linked glycan but not core
fucosylation are associated with hepatocellular carcinoma tissue. Cancer Epidemiol Bio-
markers Prev 21(6):925-933. doi:10.1158/1055-9965.EPI-11-1183, 1055-9965.EPI-11-1183
[pii

Misonou Y, Shida K, Korekane H, Seki Y, Noura S, Ohue M, Miyamoto Y (2009) Comprehensive
clinico-glycomic study of 16 colorectal cancer specimens: elucidation of aberrant glycosyla-
tion and its mechanistic causes in colorectal cancer cells. J Proteome Res 8(6):2990-3005.
doi:10.1021/pr900092r

Miyoshi E, Moriwaki K, Nakagawa T (2008) Biological function of fucosylation in cancer
biology. J Biochem 143(6):725-729. doi:10.1093/jb/mvn011, mvnO11 [pii]

Mollicone R, Moore SE, Bovin N, Garcia-Rosasco M, Candelier JJ, Martinez-Duncker I, Oriol R
(2009) Activity, splice variants, conserved peptide motifs, and phylogeny of two new alphal,3-
fucosyltransferase families (FUT10 and FUT11). J Biol Chem 284(7):4723—-4738. doi:10.
1074/jbc.M809312200, M809312200 [pii]

Moriwaki K, Noda K, Furukawa Y, Ohshima K, Uchiyama A, Nakagawa T, Taniguchi N,
Daigo Y, Nakamura Y, Hayashi N, Miyoshi E (2009) Deficiency of GMDS leads to escape
from NK cell-mediated tumor surveillance through modulation of TRAIL signaling. Gastro-
enterology 137(1):188-198. doi:10.1053/j.gastro.2009.04.002, e181-e182

Moriwaki K, Shinzaki S, Miyoshi E (2011) GDP-mannose-4,6-dehydratase (GMDS) deficiency
renders colon cancer cells resistant to tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) receptor- and CD95-mediated apoptosis by inhibiting complex II formation. J Biol
Chem 286(50):43123-43133. doi:10.1074/jbc.M111.262741, M111.262741 [pii]

Nakagawa T, Uozumi N, Nakano M, Mizuno-Horikawa Y, Okuyama N, Taguchi T, Gu J,
Kondo A, Taniguchi N, Miyoshi E (2006) Fucosylation of N-glycans regulates the secretion
of hepatic glycoproteins into bile ducts. J Biol Chem 281(40):29797-29806. doi:10.1074/jbc.
M605697200, M605697200 [pii]

Nakagawa T, Moriwaki K, Terao N, Miyamoto Y, Kamada Y, Miyoshi E (2012) Analysis of
polarized secretion of fucosylated alpha-fetoprotein in HepG2 cells. J Proteome Res 11
(5):2798-2806. doi:10.1021/pr201154k

Nakamori S, Kameyama M, Imaoka S, Furukawa H, Ishikawa O, Sasaki Y, Kabuto T, Iwanaga T,
Matsushita Y, Irimura T (1993) Increased expression of sialyl Lewisx antigen correlates with
poor survival in patients with colorectal carcinoma: clinicopathological and immunohisto-
chemical study. Cancer Res 53(15):3632-3637

Nakano M, Nakagawa T, Ito T, Kitada T, Hijioka T, Kasahara A, Tajiri M, Wada Y, Taniguchi N,
Miyoshi E (2008) Site-specific analysis of N-glycans on haptoglobin in sera of patients with
pancreatic cancer: a novel approach for the development of tumor markers. Int J Cancer 122
(10):2301-2309. doi:10.1002/ijc.23364

Nakayama K, Moriwaki K, Imai T, Shinzaki S, Kamada Y, Murata K, Miyoshi E (2013) Mutation
of GDP-mannose-4,6-dehydratase in colorectal cancer metastasis. PLoS ONE 8(7):e70298.
doi:10.1371/journal.pone.0070298, PONE-D-13-03666 [pii]


http://dx.doi.org/10.1002/(SICI)1097-0215(20000601)86:5%3C713::AID-IJC17%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1097-0215(20000601)86:5%3C713::AID-IJC17%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1097-0215(20000601)86:5%3C713::AID-IJC17%3E3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1097-0215(20000601)86:5%3C713::AID-IJC17%3E3.0.CO;2-V
http://dx.doi.org/10.1158/1055-9965.EPI-11-1183
http://dx.doi.org/10.1021/pr900092r
http://dx.doi.org/10.1093/jb/mvn011
http://dx.doi.org/10.1074/jbc.M809312200
http://dx.doi.org/10.1074/jbc.M809312200
http://dx.doi.org/10.1053/j.gastro.2009.04.002
http://dx.doi.org/10.1074/jbc.M111.262741
http://dx.doi.org/10.1074/jbc.M605697200
http://dx.doi.org/10.1074/jbc.M605697200
http://dx.doi.org/10.1021/pr201154k
http://dx.doi.org/10.1002/ijc.23364
http://dx.doi.org/10.1371/journal.pone.0070298

1 Roles of Fucosyltransferases in Cancer Phenotypes 15

Narimatsu H, Iwasaki H, Nakayama F, Ikehara Y, Kudo T, Nishihara S, Sugano K, Okura H,
Fujita S, Hirohashi S (1998) Lewis and secretor gene dosages affect CA19-9 and DU-PAN-2
serum levels in normal individuals and colorectal cancer patients. Cancer Res 58(3):512-518

Narisada M, Kawamoto S, Kuwamoto K, Moriwaki K, Nakagawa T, Matsumoto H, Asahi M,
Koyama N, Miyoshi E (2008) Identification of an inducible factor secreted by pancreatic
cancer cell lines that stimulates the production of fucosylated haptoglobin in hepatoma cells.
Biochem Biophys Res Commun 377(3):792-796. doi:10.1016/j.bbrc.2008.10.061, S0006-
291X(08)02016-0 [pii]

Natsuka S, Gersten KM, Zenita K, Kannagi R, Lowe JB (1994) Molecular cloning of a cDNA
encoding a novel human leukocyte alpha-1,3-fucosyltransferase capable of synthesizing the
sialyl Lewis x determinant. J Biol Chem 269(32):20806

Noda K, Miyoshi E, Uozumi N, Gao CX, Suzuki K, Hayashi N, Hori M, Taniguchi N (1998a) High
expression of alpha-1-6 fucosyltransferase during rat hepatocarcinogenesis. Int J Cancer 75
(3):444-450. doi:10.1002/(SICI)1097-0215(19980130)75:3<444::AID-1JC19>3.0.CO;2-
8 [pii]

Noda K, Miyoshi E, Uozumi N, Yanagidani S, lIkeda Y, Gao C, Suzuki K, Yoshihara H,
Yoshikawa K, Kawano K, Hayashi N, Hori M, Taniguchi N (1998b) Gene expression of
alphal-6 fucosyltransferase in human hepatoma tissues: a possible implication for increased
fucosylation of alpha-fetoprotein. Hepatology 28(4):944-952. doi:10.1002/hep.510280408,
S0270913998004005 [pii]

Noda K, Miyoshi E, Gu J, Gao CX, Nakahara S, Kitada T, Honke K, Suzuki K, Yoshihara H,
Yoshikawa K, Kawano K, Tonetti M, Kasahara A, Hori M, Hayashi N, Taniguchi N (2003)
Relationship between elevated FX expression and increased production of GDP-L-fucose, a
common donor substrate for fucosylation in human hepatocellular carcinoma and hepatoma
cell lines. Cancer Res 63(19):6282-6289

Okuyama N, Ide Y, Nakano M, Nakagawa T, Yamanaka K, Moriwaki K, Murata K, Ohigashi H,
Yokoyama S, Eguchi H, Ishikawa O, Ito T, Kato M, Kasahara A, Kawano S, Gu J,
Taniguchi N, Miyoshi E (2006) Fucosylated haptoglobin is a novel marker for pancreatic
cancer: a detailed analysis of the oligosaccharide structure and a possible mechanism for
fucosylation. Int J Cancer 118(11):2803-2808. doi:10.1002/ijc.21728

Padro M, Mejias-Luque R, Cobler L, Garrido M, Perez-Garay M, Puig S, Peracaula R, de Bolos C
(2011) Regulation of glycosyltransferases and Lewis antigens expression by IL-1beta and IL-6
in human gastric cancer cells. Glycoconj J 28(2):99-110. doi:10.1007/s10719-011-9327-4

Sakuma K, Aoki M, Kannagi R (2012) Transcription factors c-Myc and CDX2 mediate E-selectin
ligand expression in colon cancer cells undergoing EGF/bFGF-induced epithelial-mesenchy-
mal transition. Proc Natl Acad Sci USA 109(20):7776-7781. doi:10.1073/pnas.1111135109,
1111135109 [pii]

Sato Y, Nakata K, Kato Y, Shima M, Ishii N, Koji T, Taketa K, Endo Y, Nagataki S (1993) Early
recognition of hepatocellular carcinoma based on altered profiles of alpha-fetoprotein. N Engl J
Med 328(25):1802-1806. doi:10.1056/NEJM199306243282502

Serpa J, Mesquita P, Mendes N, Oliveira C, Almeida R, Santos-Silva F, Reis CA, LePendu J,
David L (2006) Expression of Lea in gastric cancer cell lines depends on FUT3 expression
regulated by promoter methylation. Cancer Lett 242(2):191-197. doi:10.1016/j.canlet.2005.
11.009, S0304-3835(05)00988-2 [pii]

Shiozaki K, Yamaguchi K, Takahashi K, Moriya S, Miyagi T (2011) Regulation of sialyl Lewis
antigen expression in colon cancer cells by sialidase NEU4. J Biol Chem 286
(24):21052-21061. doi:10.1074/jbc.M111.231191, M111.231191 [pii]

Smith PL, Myers JT, Rogers CE, Zhou L, Petryniak B, Becker DJ, Homeister JW, Lowe JB (2002)
Conditional control of selectin ligand expression and global fucosylation events in mice with a
targeted mutation at the FX locus. J Cell Biol 158(4):801-815. doi:10.1083/jcb.200203125,
200203125 [pii]

Stanley P (2007) Regulation of Notch signaling by glycosylation. Curr Opin Struct Biol 17
(5):530-535. doi:10.1016/j.sbi.2007.09.007, S0959-440X(07)00149-2 [pii]


http://dx.doi.org/10.1016/j.bbrc.2008.10.061
http://dx.doi.org/10.1002/(SICI)1097-0215(19980130)75:3%3C444::AID-IJC19%3E3.0.CO;2-8
http://dx.doi.org/10.1002/(SICI)1097-0215(19980130)75:3%3C444::AID-IJC19%3E3.0.CO;2-8
http://dx.doi.org/10.1002/(SICI)1097-0215(19980130)75:3%3C444::AID-IJC19%3E3.0.CO;2-8
http://dx.doi.org/10.1002/(SICI)1097-0215(19980130)75:3%3C444::AID-IJC19%3E3.0.CO;2-8
http://dx.doi.org/10.1002/hep.510280408
http://dx.doi.org/10.1002/ijc.21728
http://dx.doi.org/10.1007/s10719-011-9327-4
http://dx.doi.org/10.1073/pnas.1111135109
http://dx.doi.org/10.1056/NEJM199306243282502
http://dx.doi.org/10.1016/j.canlet.2005.11.009
http://dx.doi.org/10.1016/j.canlet.2005.11.009
http://dx.doi.org/10.1074/jbc.M111.231191
http://dx.doi.org/10.1083/jcb.200203125
http://dx.doi.org/10.1016/j.sbi.2007.09.007

16 E. Miyoshi et al.

Takeda Y, Shinzaki S, Okudo K, Moriwaki K, Murata K, Miyoshi E (2012) Fucosylated hapto-
globin is a novel type of cancer biomarker linked to the prognosis after an operation in
colorectal cancer. Cancer 118(12):3036-3043. doi:10.1002/cncr.26490

Taketa K (1990) Alpha-fetoprotein: reevaluation in hepatology. Hepatology 12(6):1420-1432

Uozumi N, Yanagidani S, Miyoshi E, Thara Y, Sakuma T, Gao CX, Teshima T, Fujii S, Shiba T,
Taniguchi N (1996) Purification and cDNA cloning of porcine brain GDP-L-Fuc:N-acetyl-
beta-D-glucosaminide alphal — 6fucosyltransferase. J Biol Chem 271(44):27810-27817

Uozumi N, Gao C, Yoshioka T, Nakano M, Moriwaki K, Nakagawa T, Masuda T, Tanabe M,
Miyoshi E (2010) Identification of a novel type of CA19-9 carrier in human bile and sera of
cancer patients: an implication of the involvement in nonsecretory exocytosis. J Proteome Res
9(12):6345-6353. doi:10.1021/pr100600u

Wang X, Inoue S, Gu J, Miyoshi E, Noda K, Li W, Mizuno-Horikawa Y, Nakano M, Asahi M,
Takahashi M, Uozumi N, Thara S, Lee SH, lkeda Y, Yamaguchi Y, Aze Y, Tomiyama Y,
Fujii J, Suzuki K, Kondo A, Shapiro SD, Lopez-Otin C, Kuwaki T, Okabe M, Honke K,
Taniguchi N (2005) Dysregulation of TGF-betal receptor activation leads to abnormal lung
development and emphysema-like phenotype in core fucose-deficient mice. Proc Natl Acad Sci
USA 102(44):15791-15796. doi:10.1073/pnas.0507375102, 0507375102 [pii]

Wang F, Meng W, Wang B, Qiao L (2013) Helicobacter pylori-induced gastric inflammation and
gastric cancer. Cancer Lett. doi:10.1016/j.canlet.2013.08.016, S0304-3835(13)00591-0 [pii]

Wannhoff A, Hov JR, Folseraas T, Rupp C, Friedrich K, Anmarkrud JA, Weiss KH, Sauer P,
Schirmacher P, Boberg KM, Stremmel W, Karlsen TH, Gotthardt DN (2013) FUT2 and FUT3
genotype determines CA19-9 cut-off values for detection of cholangiocarcinoma in patients
with primary sclerosing cholangitis. J Hepatol 59(6):1278-1284. doi:10.1016/j.jhep.2013.08.
005, S0168-8278(13)00558-8 [pii]

Weston BW, Nair RP, Larsen RD, Lowe JB (1992) Isolation of a novel human alpha (1,3)
fucosyltransferase gene and molecular comparison to the human Lewis blood group alpha
(1,3/1,4)fucosyltransferase gene. Syntenic, homologous, nonallelic genes encoding enzymes
with distinct acceptor substrate specificities. J Biol Chem 267(6):4152-4160

Yamashita F, Tanaka M, Satomura S, Tanikawa K (1996) Prognostic significance of Lens culinaris
agglutinin A-reactive alpha-fetoprotein in small hepatocellular carcinomas. Gastroenterology
111(4):996-1001, doi:S0016-5085(96)70067-7 [pii]

Yang X, Liu S, Yan Q (2013) Role of fucosyltransferase IV in epithelial-mesenchymal transition
in breast cancer cells. Cell Death Dis 4:€735. doi:10.1038/cddis.2013.241, cddis2013241 [pii]

Yang X, Wang J, Liu S, Yan Q (2014) HSF1 and Sp1 regulate FUT4 gene expression and cell
proliferation in breast cancer cells. J Cell Biochem 115(1):168—178. doi:10.1002/jcb.24645


http://dx.doi.org/10.1002/cncr.26490
http://dx.doi.org/10.1021/pr100600u
http://dx.doi.org/10.1073/pnas.0507375102
http://dx.doi.org/10.1016/j.canlet.2013.08.016
http://dx.doi.org/10.1016/j.jhep.2013.08.005
http://dx.doi.org/10.1016/j.jhep.2013.08.005
http://dx.doi.org/10.1038/cddis.2013.241
http://dx.doi.org/10.1002/jcb.24645

	Chapter 1: Roles of Fucosyltransferases in Cancer Phenotypes
	1.1 Introduction
	1.2 Fucosylation in Colorectal Cancer
	1.3 Fucosylation in Pancreatic Cancer
	1.4 Fucosylation in Hepatocellular Carcinoma
	1.5 Fucosylation in Other Cancers
	1.6 Closing
	References


