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Abstract Tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) induces apoptosis in many cancer cells but
not in normal ones. Recombinant TRAIL and agonistic
antibodies to its cognate receptors are currently being
studied as promising anticancer drugs. However, preclinical
and clinical studies have shown that many types of human
cancers are resistant to TRAIL agonists. We previously
reported that a deficiency of fucosylation, which is one of
the most common oligosaccharide modifications, leads to
resistance to TRAIL-induced apoptosis. In contrast, DNA
methylation is associated with silencing of various tumor
suppressor genes and resistance of cancer cells to anticancer
drugs. The aim of this study is to clarify the involvement of
DNA methylation in the regulation of cellular fucosylation
and the susceptibility to TRAIL-induced apoptosis. When
nineteen cancer cell lines with relatively low fucosylation
levels were treated with a novel methyltransferase inhibitor,
zebularine, an increase in the fucosylation level was
observed in many cancer cell lines. The expression of
fucosylation-related genes, such as the FX, GDP-fucose
transporter, and Fut4 genes, was significantly increased
after the treatment with zebularine. Moreover, a synergistic
effect of zebularine on TRAIL-induced apoptosis was
observed in several cancer cell lines, in which fucosylation
was increased by treatment with zebularine. This synergistic

effect was independent of the expression of TRAIL receptors
and caspase-8. These results indicate that cellular fucosyla-
tion is regulated through DNA methylation in many cancer
cells. Moreover, zebularine might be useful as a combination
drug with TRAIL-based therapies in patients with TRAIL-
resistant cancer.
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Abbreviations
TRAIL Tumor necrosis factor-related

apoptosis-inducing ligand
AAL Aleuria aurantia lectin
GMDS GDP-mannose-4,6-dehydratase
AFP alpha-fetoprotein
GDP-fucose guanosin 5′-diphosphate-fucose
GDP-Fuc Tr GDP-fucose transporter

Introduction

Oligosaccharides are one of the most important factors in
the posttranslational modification of proteins [1, 2]. It is a
well-known fact that oligosaccharide structure change
during malignant transformation [3]. Therefore, oligosac-
charides have been used as bio-markers for various types of
tumors and have the potential to become targets for
effective treatment of them. Fucosylation, which comprises
the transfer of a fucose residue to an oligosaccharide or
protein, is one of the most important oligosaccharide
changes in cancer [4]. A representative example is
fucosylated alpha-fetoprotein (AFP). While AFP is a well-
known tumor marker for hepatocellular carcinoma (HCC)
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[5], its level is also increased in chronic liver diseases, such
as chronic hepatitis and liver cirrhosis. In contrast, fucosy-
lated AFP, AFP-L3, is a very specific marker for HCC, and
has been clinically used since 1996 in Japan [6, 7] and 2005
in the United States [8].

Fucosylation is catalyzed by fucosyltransferases, guano-
sin-5′-diphosphate (GDP)-fucose synthetic enzymes, and
GDP-fucose transporter (GDP-Fuc Tr). Thirteen fucosyl-
transferases have been identified in the human genome, and
are localized in the endoplasmic reticulum and Golgi
apparatus. GDP-fucose is synthesized in the cytosol via
two pathways, namely salvage and de novo pathways
(Fig. 1). The salvage pathway synthesizes GDP-fucose
from free fucose derived from an extracellular or lysosomal
source. The de novo pathway transforms GDP-mannose to
GDP-fucose via three reactions catalyzed by GDP-mannose-
4,6-dehydratase (GMDS) [9, 10] and GDP-4-keto-6-deoxy-
mannose-3,5-epimerase-4-reductase, known as FX [11].
The salvage pathway is responsible for only about 10% of
the cellular pool of GDP-fucose. Most cellular GDP-fucose
is synthesized via the de novo pathway. FX knockout mice
show a defect of this pathway, followed by a virtually
complete deficiency of cellular global fucosylation [12].
GDP-fucose synthesized in the cytosol is transported to the
Golgi apparatus through GDP-Fuc Tr to serve as a substrate
for fucosyltransferases [13, 14]. We have shown that GDP-
fucose is a more important regulatory factor for fucosyla-
tion in HCC than fucosyltransferases. The level of GDP-
fucose, and expression of the FX and GDP-Fuc Tr genes
are significantly increased in HCC tissues compared with
adjacent chronic hepatitic or normal liver tissues [15, 16].

We previously found that interleukin 6 secreted from
pancreatic cancer cells increased the expression of several
fucosylation-related genes, which resulted in the production
of fucosylated haptoglobin [17, 18]. However, the details of
the mechanisms by which the expression of fucosylation-
related genes is regulated remain unknown.

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is a type II transmembrane protein that belongs to
the tumor necrosis factor superfamily [19]. TRAIL on
immune cells including NK cells is important because it
mediates host immune surveillance against tumors [20].
Binding of TRAIL to TRAIL receptors results in receptor
oligomerization, and the recruitment of Fas-associated
death domain (FADD) and caspase-8. The formation of
this multi-protein complex, designated as the death-
inducing signaling complex (DISC), allows autoactivation
of the recruited caspase-8 and initiation of apoptosis.
TRAIL can initiate apoptosis in a wide variety of tumor
cells, but not normal ones. Thus, the TRAIL pathway is an
attractive therapeutic target for the treatment of cancer. In
fact, optimized soluble recombinant human TRAIL or
agonistic antibodies targeting TRAIL receptors as proapop-
totic antitumor therapeutic agents are currently undergoing
phase 1 or 2 clinical evaluation in patients with several
types of tumors [21, 22]. However, despite TRAIL’s
promising anticancer activity, the early clinical trials
showed that many types of tumor cells are resistant to
TRAIL-based therapies [23]. To overcome the resistance
capacity of many cancer cells as to single-agent treatment
involving recombinant TRAIL or agonistic TRAIL receptor
antibodies, attempts are being made to estimate the
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therapeutic efficiency of co-administration of TRAIL-
targeting drugs and various conventional chemotherapeutics
through preclinical or clinical experiments. In previous
papers, we reported that a deficiency of fucosylation due to
a GMDS mutation leads to the acquisition of resistance to
TRAIL [24]. This report suggested that examination of the
fucosylation levels in tumor tissues might be promising for
predicting the efficiencies of TRAIL-based therapies.
Moreover, the combination of TRAIL-based therapies with
the agent, which can up-regulate the fucosylation level,
might have a synergistic therapeutic effect.

Epigenetic alterations in DNA methylation are a hall-
mark of human cancer [25, 26]. This modification only
accounts for a cytosine that precedes a guanosine in the
DNA sequence (the CpG dinucleotide). Around half of the
known human genes contain CpG-rich sites within their
promoter regions (CpG islands). Several glycogenes are
known to be regulated through DNA methylation. An
increased level of sialyl Lewis A, which is a cancer-
associated carbohydrate determinant, results from incom-
plete synthesis of disialyl Lewis A due to silencing of
βGlcNAc: α2,6 sialyltransferase through DNA methylation
[27]. Furthermore, loss of expression of Sda antigen due to
DNA methylation of Sda-β1,4 N-acetylgalactosaminyl-
transferase is also involved in the synthesis of sialyl Lewis
A in gastrointestinal cancer [28]. However, it remains
unclear whether or not cellular global fucosylation is
regulated through DNA methylation.

In the present study, we investigated whether or not
cellular fucosylation is epigenetically regulated through
DNA methylation in several types of cancer cells. Moreover,
we examined the synergistic effect of a novel methyltrans-
ferase inhibitor, zebularine, on TRAIL-induced apoptosis.

Materials and methods

Cells and reagents

Human bladder cancer cell line T24, human prostate cancer
cell line PC3, human breast cancer cell line MDA-MB-231,
human ovarian cancer cell lines ES2, TOV21G, and
KOC7C, human acute T cell leukemia cell line Jurkat,
human chronic myeloid leukemia cell line K562, human
histiocytic lymphoma cell line U937, human acute lym-
phocytic leukemia cell line Molt4, human acute myeloid
leukemia cell line HL60, human hepatocellular carcinoma
cell lines Hep3B, HLF and HLE, and human colon cancer
cell lines HT29, HCA7, SW837 and SW620 were obtained
from the American Type Culture Collection (Manassas,
VA), and human choriocarcinoma cell lines JEG3, HTR8/
SV40, CC1 and CC3 were kindly provided by Dr E.
Yamamoto (Nagoya University). These cells were cultured

in RPMI1640 (Sigma, Saint Louis, MO) supplemented with
100 U/ml penicillin (Meiji, Tokyo, Japan), 100 μg/ml
streptomycin (Wako, Osaka, Japan), and 10% fetal calf
serum. Human recombinant TRAIL, Zebularine and z-
VAD-IETD were purchased from BIOMOL (Plymouth
Meeting, PA), Wako and R&D systems (Minneapolis,
MN), respectively. A stock solution of zebularine was
prepared by dissolving it in DMSO and stored at −30°C
until used. Rabbit anti-human cleaved poly (ADP-ribose)
polymerase (PARP) polyclonal and β-actin antibodies and
mouse anti-human caspase-8 antibody were purchased from
Cell Signaling (Beverly, MA) and ALEXIS (Plymouth
Meeting, PA), respectively. Anti-rabbit and mouse IgG
antibodies were purchased from Cell Signaling and Promega
(Madison, WI), respectively.

Treatment with zebularine

Adhesive cells were plated at a density of 1.125 or 2.25×
105 cells in 6 cm dishes 24 h prior to treatment with
zebularine. At 48 h after the first treatment, the medium
was replaced with fresh medium containing of 100 μM
zebularine. Protein lysates were prepared 24 h or 48 h later.
In the case of floating cells, the cells were plated at a
density of 0.9 or 1.8×106 cells in 6 cm dishes, and
simultaneously treated with zebularine. Protein lysates were
prepared 48 h or 72 h later. An equal concentration of
DMSO was used as a control.

Western blotting

The cells were harvested from culture dishes. After
precipitation by centrifugation at 2,000 rpm for 5 min at
4°C, they were resuspended in TNE buffer (10 mM Tris-
HCl [pH 7.8], 1% NP40, 0.15 M NaCl, 1 mM ethyl-
enediaminetetraacetic acid [EDTA]) including a protease
inhibitor cooktail (Roche, Basel, Switzerland), and then
placed on ice for 30 min to allow solubilization. After
samples were centrifuged at 15,000 rpm for 15 min at 4°C,
the supernatants were collected. The cell lysates were
quantitated using a Bicinchoninic acid kit (BCA kit, Pierce,
Rockford, IL). Cell lysates were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) under reducing conditions, followed by transfer to a
polyvinylidine difluoride (PVDF) membrane (Millipore,
Woburn, MA). After blocking with phosphate-buffered
saline (PBS) containing 5% skim milk for 1 h at room
temperature (RT), the membrane was incubated with
diluted first antibodies overnight at 4°C. After washing of
the membrane with Tris-buffered saline (TBS) (136 mM
NaCl, 2.6 mM KCl, 24 mM Tris, pH 7.4) containing 0.05%
Tween 20 (TBST), it was incubated with diluted second
antibodies at RT. It was again washed and then developed
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with an enhanced chemiluminescence system (ECL kit., GE
Healthcare BioSciences, Chalfont St. Giles, UK) according
to the manufacturer’s protocol.

Lectin blotting

Duplicate samples were subjected to SDS-PAGE under
reducing conditions. One gel was subjected to Coomassie
Brilliant Blue (CBB) staining and the other was subjected
to transfer to a nitrocellulose membrane (Schleicher &
Schuell, Dassel, Germany) for lectin blot analysis with
Aleuria aurantia lectin (AAL). AAL interacts with α1-2,
α1-3 , α1-4, and α1-6 fucosylated oligosaccharides. After
blocking with PBS containing 3% BSA overnight at 4°C,
the membrane was incubated in diluted biotinylated AAL
(Seikagaku Corp., Tokyo, Japan) for 20 min at RT. It was
then washed three times with TBST and incubated with
diluted avidin-peroxidase conjugates (ABC kit., Vector Res.
Corp., Burlingame, CA) for 20 min at RT. The development
was performed using Immobilon™ Western (Millipore).

Real-time RT-PCR analysis

The cells were treated with Trizol (Invitrogen), and then
collected in 2 ml microtubes. After 15 min, 200 μl of
chloroform was added, followed by vortexing for 15 s.
After standing at RT for 10 min, samples were centrifuged
at 15,000 rpm for 15 min at 4°C. An equal amount of 2-
propanol was added to each supernatant, followed by
mixing well and standing for 15 min. Samples were
centrifuged at 15,000 rpm at 4°C for 15 min and the pellets
were washed with 0.5 ml of 80% ethanol twice. The pellets
were dried and dissolved in 50 μl of nuclease-free H2O
(Ambion, Austin, TX). The concentrations of all RNA
samples were determined spectrophotometrically and the
samples were stored at −80°C until used.

Using a PrimeScript® RT reagent kit (TAKARA BIO,
Shiga, Japan), each RNA in 1×PrimeScript® Buffer, Prime
Script® RT Enzyme Mix I, 25 pmol Oligo dT Primer, and
50 pmol Random 6 mers was adjusted to a volume of 10 μl
with RNase-free H2O according to the manufacturer’s
protocol. The reverse-transcription reaction was performed
for 15 min at 37°C and terminated for 5 s at 85°C. Each
synthesized cDNA was diluted ten-fold. Two μl of each
diluted cDNA was adjusted to a 20 μl solution containing
1×SYBR Premix Ex Taq II and 0.4 μM forward and reverse
primers. Real time PCR analysis was carried out using a
Chromo4 Real-Time PCR Detector (BioRad Laboratories,
Tokyo, Japan). After initial polymerase activation and a
denaturation step of 10 s at 95°C, the samples underwent 40
amplification cycles, each comprising 5 s at 95°C and 20 s
at 66°C. Fluorescence was measured at the end of each
cycle to monitor the progress of amplification. A melting

curve was recorded by heating slowly at 0.5°C/sec from
66°C to 95°C and holding for 3 s. Fluorescence was
measured continuously during the slow temperature in-
crease to monitor the dissociation of synthesized double
strand PCR products. The primer sequences for the genes
used in this study are summarized in Table 1. Hypoxanthine
guanine phosphribosyl transferase (HPRT) was used as an
internal control. The results were normalized as relative
values using HPRT.

Measurement of caspase-8 activation

Caspase-8 activity was measured using a FLICE/Caspase-
8 Colorimetric Assay Kit (MBL, Nagoya, Japan). Briefly, the
cells were harvested from culture dishes. After precipitation
by centrifugation at 2,000 rpm for 5 min at 4°C, they were
resuspended in cell lysis buffer, and then placed on ice for
10 min to allow solubilization. Samples were then centri-
fuged at 15,000 rpm for 1 min at 4°C, the supernatants being
collected. The cell lysates were quantitated using a BCA kit.
Equal amounts of protein extracts were loaded onto a 96-
well microplate, followed by incubation at 37°C for 3 h with
2×Reaction buffer, 1 M DTT, and caspase-8 substrate (Ac-
IETD-pNA). Free pNA, which is a caspase-8-dependent
cleaved product, was calorimetrically quantified using a
microplate reader at 405 nm.

FACS analysis

To determine the sub-G1 DNA content, cells were treated
with various concentrations of recombinant TRAIL for 24 h
after treatment with zebularine. Both adherent and floating
cells were collected by centrifugation at 2,000 rpm for
5 min at 4°C, and then washed twice with PBS. Fixation
was performed in ice-cold 50% ethanol for 40 min. After
centrifugation at 2,000 rpm for 5 min at 4°C, the pellets
were resuspended in 200 μl of 1 mg/ml RNase/PBS and
warmed at 37°C for 20 min to degrade cellular RNA. Then,
100 μg/ml propidium iodide (Sigma)/PBS was added and
cellular DNA was stained for 10 min at 4°C. The cells were
sorted according to their DNA content with FACS Calibur
operated with CellQuest software and analyzed with Modfit
software (Becton Dickinson, San Diego, CA). Cell debris and
fixation artifacts were gated out. The cells containing subG1
DNA were calculated as a percentage of the total cells. The
results are represented as the means of three experiments.

The cells treated with zebularine were detached from
culture dishes using 1.0 mM EDTA/PBS. The harvested
cells were incubated with mouse anti-human DR4 or DR5
monoclonal antibodies (R&D, Minneapolis, MN) diluted
with 0.1% bovine serum albumin (BSA)/PBS for 20 min at
4°C. After the cells had been washed with 0.1% BSA/PBS,
they were incubated with Alexa fluor 488-conjugated goat
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anti-mouse IgG (Molecular Probes, Eugene, OR) for
20 min at 4°C. Then the cells were washed. Flow
cytometric analysis was performed with FACS Calibur.

Results

Fucosylation is regulated through DNA methylation
in many cancer cells

It is a well-known fact that regulation of cellular fucosy-
lation differs among the many types of cancer cell lines. To
determine the involvement of DNA methylation in the
regulation of cellular fucosylation, we searched for cancer
cell lines with relatively low fucosylation levels. When we
performed lectin blotting with AAL, which binds to
fucosylated oligosaccharides, using many cancer cell lines,
19 cancer cell lines other than U937, HLE, and HLF were
selected as ones with relatively low fucosylation levels
(Fig. 2a). To examine the possibility that DNA methylation
contributes to the low fucosylation levels in these cancer
cell lines, each cancer cell line was treated with a DNA
methyltransferase inhibitor, zebularine (Fig. 2b and c). As
shown in Fig. 2b, the fucosylation levels in MDA-MB-231,
PC3, T24, Hep3B, TOV21G, JEG3, HCA7, and HL60 cells
were increased in a concentration-dependent manner after the
treatment with zebularine for 72 h. The treatment with
zebularine for 96 h resulted in more significant increases of

the fucosylation levels in HT29, K562, Molt4, and Jurcat cells
(Fig. 2c). Other data from zebularine treatment for 96 h are
shown in supplementary figure 1. Other cell lines, ES2,
SW620, SW834, CC1, CC3, and KOC7C, showed no change
of fucosylation in several conditions of zebularine treatment.
These results indicated that cellular fucosylation is decreased
through the DNA methylation in many cancer cell lines.

The expression levels of several kinds
of fucosylation-related genes are regulated
through DNA methylation

Cellular fucosylation is regulated in a cell type-specific
manner in which many fucosylation-related genes might be
involved (Fig. 1). To determine whether fucosylation-related
genes were induced by the treatment with zebularine, we
performed real-time PCR analyses. As shown in Fig. 3, the
expression of the FX, GDP-Fuc Tr, and Fut4 genes was
significantly increased in MDA-MB-231 cells after the
treatment with zebularine. The expression of these three
genes was also increased in K562 cells after the treatment
with zebularine (Supplementary figure 2). These results
indicate that the expression of several fucosylation-related
genes is regulated through DNA methylation in cancer cell
lines. Moreover, the enhancement of expression of the FX,
GDP-Fuc Tr, and Fut4 genes on treatment with zebularine
might be responsible for the increase in cellular fucosylation
in MDA-MB-231.

mRNA Sequence Size of primer(bp)

GMDS F: 5′-ATTGTACGGCGGTCCAGTTCA-3′ 21

R: 5′-GAAGTTGCACTATGGCGATCTCACT-3′ 25

FX F: 5′-GGTAGCAGATGGAGCTGGACTT-3′ 22

R: 5′-GAAGGTCCAACCCACACACGT-3′ 21

GDP-Fuc Tr F: 5′-TGCTCACCTGCGGTATCATCA-3′ 21

R: 5′-TCTGGCTTGGTGTGGACCAG-3′ 20

Fut3 F: 5′-AGCTCAGAGTTCAGACAGGTCCAAG-3′ 25

R: 5′-TACAGTCCATCCCACCTGTACCCTA-3′ 25

Fut4 F: 5′-AAGGTCCAGGCCCACTGAAG-3′ 20

R: 5′-CAGTTCAGGTGACAGAGGCTCAA-3′ 23

Fut5 F: 5′-CCTACTGAGGATCTCGGCTGTTG-3′ 23

R:5′-GCTCCTAGCAGGTGACATTCAGTG-3′ 24

Fut6 F: 5′-AGGTACCAGACACGCGGCATA-3′ 21

R: 5′-AAGCTTCAGGCAAACGAGTCCTTA-3′ 24

Fut7 F: 5′-CTGGCATGAATGAGAGCCGATA-3′ 22

R: 5′-AGCGGTCACAGATGGCACAG-3′ 20

Fut8 F: 5′-CAGCGAACACTCATCTTGGAA-3′ 21

R: 5′-GACATGCACAGACAGATCTGGC-3′ 22

HPRT F: 5′-TGACACTGGCAAAACAATGCA-3′ 21

R: 5′-GGTCCTTTTCACCAGCAAGCT-3′ 21

Table 1 Primer sequences for
the genes examined in the
present study

F: forward primer, R: reverse
primer
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Zebularine treatment results in sensitization
to TRAIL-induced cell death

The remodeling of cell surface glycoproteins, such as
growth factor receptors and adhesion molecules, through
fucosylation is associated with their biological activities.
We previously reported that a deficiency of cellular
fucosylation due to mutation of the GMDS gene resulted
in resistance to TRAIL-induced apoptosis. We investigated
whether or not DNA demethylation on treatment with
zebularine leads to greater susceptibility to TRAIL-induced
apoptosis. When MDA-MB-231 cells were pretreated with
zebularine, the expression of cleaved PARP, which serves
as a marker of cells undergoing apoptosis, was significantly
increased after additional treatment with recombinant

TRAIL (Fig. 4a). Furthermore, pretreatment with zebularine
resulted in a marked increase in the subG1 population,
which is a hallmark of cell death, in TRAIL-treated MDA-
MB-231 cells (Fig. 4b). These results indicate that
zebularine sensitized MDA-MB-231 cells to TRAIL-
induced apoptosis. In addition, the significant increase of
TRAIL-induced expression of cleaved PARP by pretreat-
ment with zebularine was also observed in HL60, PC3, and
T24 cells (Fig. 4c). In HT29 cells, we slightly observed the
synergistic effect of zebularine on TRAIL-induced apopto-
sis. Fucosylation level in these cells was significantly
increased by zebularine treatment (Fig. 2b). However, this
phenomenon was not observed in SW620, SW834, and
KOC7C cells in which fucosylation didn’t change by
treatment with zebularine. These results suggest the
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Fig. 2 Alteration of the fucosylation level on treatment with zebularine
in several cancer cell lines. a Lectin blotting involving AAL showed the
expression patterns of fucosylated glycoproteins in 22 cancer cell lines.
PC: positive control, NC: negative control. b, c When 19 cell lines were
treated with a methyltransferase inhibitor, zebularine, for 72 (b) or 96 h
(c), changes of cellular fucosylation were examined by AAL letin
blotting. The described number (0, 50, 100) indicates the concentration

of zebularine. Treatment with 100 μM zebuarine for 72 h lead to an
excessive cell death in ES2 and HTR8/SV40 cells. Thus, proteins from
these cells couldn’t be prepared. Upper and lower panel showed the
results from Coomassie brilliant blue (CBB) staining and AAL letin
blotting, respectively. CBB staining indicated that equal amounts of
protein were loaded in the lanes
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involvement of fucosylation in the synergistic effect of
zebularine on TRAIL-induced apoptosis.

Zebularine affected TRAIL-induced apoptosis
at the upstream of caspase-8 in TRAIL signaling
pathway

To demonstrate how zebularine affected TRAIL-induced
apoptosis, the activation of caspase-8, which is the most
upstream molecule in TRAIL signaling pathway, by
treatment with zebularine and TRAIL was examined. As
shown in Fig. 5a, TRAIL-induced activation of caspase-
8 was increased by pretreatment with zebularine. In
addition, when MDA-MB-231 cells were pretreated with a
caspase-8 inhibitor, z-VAD-IETD, increased expression of
cleaved PARP by treatment with zebularine and TRAIL
was suppressed (Fig. 5b). These results indicate that
zebularine affected TRAIL-induced apoptosis at the up-
stream of caspase-8 in TRAIL signaling pathway, and that
the increase of caspase-8 activity contributed to synergistic
effect of zebularine on TRAIL-induced apoptosis.

Synergistic effect of zebularine on TRAIL-induced
apoptosis is independent of expression of TRAIL
receptors and caspase-8

Although treatment with zeularine is considered to lead to
the DNA demethylation of many genes and their re-
expression, the expression level of caspase-8 was not
affected by the treatment in MDA-MB-231 cells (Fig. 6a).
In contrast, the treatment with zebularine increased the

expression of caspase-8 in HCA7 cells, indicating that
zebularine had the ability to increase the expression of
caspase-8 in cells other than MDA-MB-231 ones. The
increase in caspase-8 activity on the addition of TRAIL in
MDA-MB-231 cells pretreated with zebularine indicated
that zebularine affected factors upstream of caspase-8 in the
TRAIL-induced apoptotic signaling cascade. Next, the
expression of proapoptotic TRAIL receptors, DR4 and
DR5, on the cell surface was investigated by flow cytometry.
The expression levels of both receptors were similar in
MDA-MB-231 cells treated with and without zebularine
(Fig. 6b). These results indicated that the expression levels
of caspase-8 and TRAIL receptors were not involved in the
increases in apoptosis induced by co-treatment with
zebularine and TRAIL in MDA-MB-231 cells.

Discussion

Abnormal hypermethylation of the promoters of numerous
tumor suppressor genes or cancer-related genes is com-
monly found in primary neoplasms and various cancer cell
lines. Because epigenetic processes are potentially revers-
ible in contrast to genetic mutations, inhibitors of DNA
methylation have been developed for cancer therapy. 5-
Azacytidine and its deoxy analog, 5-aza-2′-deoxycitidine,
are two of the most well-known DNA methylation
inhibitors. However, both drugs are quite toxic in vitro
and in vivo, and they are unstable in aqueous solution,
making them difficult to administer both experimentally
and clinically. Under these circumstances, zebularine was
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cells treated with zebularine at indicated concentration. The results are
represented as the means of three experiments. Bars indicate SD
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developed as a novel DNA methylation inhibitor. Due to its
great stability in acidic and neutral solutions, and minimal
toxicity both in vitro and in vivo, zebularine is expected to
become a more effective drug for cancer [29].

Oligosaccharide structures dramatically change through
a genetic or epigenetic mechanism during carcinogenesis.
In this study, we demonstrated that cellular fucosylation
was regulated through DNA methylation in many cancer
cell lines. Among many kinds of fucosylation-related genes,
expression of the FX, GDP-Fuc Tr, and Fut4 genes was
increased after the treatment with zebularine in MDA-MB-
231 cell lines. Although it remains unknown whether the
promoter regions of the FX, GDP-Fuc Tr, and Fut4 genes
can be directly methylated, databases for searches for CpG
islands (MethPrimer: http://www.urogene.org/methprimer/
index1.html and CpG Island Searcher: http://cpgislands.usc.

edu/) and Methyl Primer Express® Software v1.0 (Applied
Biosystems, Foster City, CA) showed the existence of several
CpG islands in 5′-upstream sequence of these genes. When
methylation status of one of candidates of CpG island in 5′-
upstream of genomic region coding mRNA of FX
(NM_003313) or GDP-Fuc Tr (NM_018389) was preliminary
examined by methylation-specific PCR analysis, hyperme-
thylation of these regions were not observed (Supplementary
figure 4). However, in order to confirm whether expression
of these genes were directly regulated by DNA methylation,
further investigations, such as identification of correct
promoter region of these genes and examination of other
CpG islands, would be required. In addition, methylation
status of the Fut4 gene also needs to be analyzed in detail.

DR4 and caspase-8 were previously reported to be
frequently inactivated through epigenetic silencing in many
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Fig. 4 The effect of zebularine on the susceptibility to recombinant
TRAIL. a After treatment with 100 μM zebularine for 72 h followed
by treatment with the presented concentration of TRAIL for 2.5 h, the
expression level of cleaved PARP were examined. Western blotting of
β-actin indicated that equal amounts of protein were loaded in each
lane. b The population of subG1 cells after treatment with 100 μM
zebularine for 72 h followed by treatment with the presented

concentration of TRAIL for 24 h was determined with a flow
cytometer. Caspase-8 activity and SubG1 population data are
represented as the ratio to those of the cells untreated with TRAIL.
Bars indicate SD. c After HL60, PC3, T24, HT29, SW620, SW834,
and KOC7C cells were pretreated with zebularine and then treated
with TRAIL, expression of cleaved PARP was examined by Western
blotting
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cancer cells resistant to TRAIL-induced apoptosis. Treat-
ment with 5-aza-2′-deoxycitidine reversed hypermethylation
of the DR4 [30–32] and caspase-8 [33–37] genes, resulting
in restoration of these molecules and activation of TRAIL-
induced apoptosis. However, no alteration of the expression
of the DR4, DR5, and caspase-8 genes was observed in
MDA-MB-231 cells treated with or without zebularine. The
difference in effects of methyltransferase inhibitors on the
expression of the DR4 and caspase-8 genes might be
caused by the substantial diversity of the molecular
activities of the inhibitors [38] or cell type specificity.

As shown in Fig. 5b, z-VAD-IETD suppressed syner-
gistic effect of zebularine on TRAIL-induced apoptosis. On
the other hand, it couldn’t affect zebularine-induced
apoptosis, indicating that zebularine induced apotposis in
caspase-8 independent manner. This result suggested that
zebularine induced apoptosis through the activation of
intrinsic pathway as well as its synergistic effect on
TRAIL-induced extrinsic pathway.

Among many kinds of apoptosis-related molecules, includ-
ing caspases and Bcl-2 family members, involved in the
TRAIL-induced apoptotic signaling cascade, caspase-8 is one
of the most upstream molecules. In our previous experiments,
the restoration of fucosylation in a fucosylation-deficient colon
cancer cell line, HCT116, resulted in a significant increase in

caspase-8 activation when the cells were treated with TRAIL
(unpublished data). While the mechanism by which fucosyla-
tion regulates TRAIL-induced activation of caspase-8 remains
unknown, the increase in caspase-8 activity on treatment with
TRAIL in MDA-MB-231 cells pretreated with zebularine
might be dependent on an increase in cellular fucosylation. In
addition, Fig. 4c suggests the involvement of fucosylation in
synergistic effect of zebularine on TRAIL-induced apoptosis.
To confirm direct involvement of fucosylation, we established
FX-, GDP-fuc Tr-, and its double-knockdown MDA-MB-231
cells. However, increased fucosylation by treatment with
zebularine was not decreased in these knockdown cells
(Supplementary figure 3). The remained activities might be
enough to maintain cellular fucosylation or Fut4 might also
play an important role in increased fucosylation by treatment
with zebularine in MDA-MB-231 cells.

In our recent immunohistochemical analysis, impaired
cellular fucosylation was observed in certain kinds of colon
cancer tissues (manuscript in preparation). These cancers
might escape from NK cell-mediated tumor surveillance
through the acquisition of resistance to TRAIL, followed by
tumor progression and metastasis [21]. Although various
mechanisms by which fucosylation is decreased in these
cancer tissues have been considered, the present study
suggests that DNA hypermethylation of fucosylation-related
genes leads to impaired fucosylation, followed by further
development of cancer. Further studies should be performed
to determine the correlation between cellular fucosylation
and the DNA methylation status of fucosylation-related
genes in many human cancer tissues.
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