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Abstract By using reverse transcriptase-polymerase chain reaction (RT-PCR), the mRNA expressions of three
families of glycosyltransferases involved in the synthesis of sialyl Lewis antigens were determined in H7721 human
hepatocarcinoma cell line before and after the transfection of metastasis-suppressive gene nm23-H1. These glyco-
syltransferases included a1,3fucosyltransferase (a1,3FucT)-III, -IV, -VI, -VII, and -IX, a2,3-sialyltransferase (ST3Gal)-I, -II,
-III, and -IV as well asO-glycan core 2 b1,6N-acetylglucosaminyltransferase (C2GnT)-I and -II. In mock cells transfected
with the vector, the expression-order of a1,3FucTswas IV>VI> III>VII> IX, that of ST3Galswas IV> I> II> III, and that
of C2GnT was I> II. Nm23-H1 downregulated the mRNA expressions of all five subtypes of a1,3FucT and -I, -III, -IV
subtypes of ST3Gal, but not ST3Gal-II and C2GnT-I, II. On the other hand, the expressions of cell surface sialyl Lewis X
(SLex) anda2,3 sialyl residueswere decreasedonnm23-H1 transfected cells as detectedwithmonoclonal antibodyof SLex

and enzyme-labeled lectins, respectively. Since SLex was reported to be a metastasis-associated glycan structure, the
reduced expressions of SLex and some enzymes related to its synthesis may be one of the mechanisms to explain the
metastasis-suppressive effect of nm23-H1. J. Cell. Biochem. 94: 1248–1257, 2005. � 2005 Wiley-Liss, Inc.
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Nm23 is a highly conserved gene family in
eukaryotes, which was first characterized by
Steeg et al. [1988]. Up to date, eight different

genes (nm23-H1 to nm23-H8) have been identi-
fied in human [Lacombe et al., 2000]. Thenm23-
H1 was first discovered in the members of the
gene family [Gilles et al., 1991] and demon-
strated to have anti-metastatic properties in
various models of human and animal cancers.
The gene is located on chromosome 17q 21,
which codes an 18.5 kDa protein containing 166
amino acid residues. It was reported that the
expression of nm23-H1 was reduced in numer-
ous types of cell lines with highly metastatic
potential [Kantor et al., 1993; Baba et al.,
1995; Fukuda et al., 1996]. On the other hand,
nm23-H1 expression has shown an inverse
correlation with lymph node metastasis and
patient mortality in many cancers, such as
breast [Hirayama et al., 1991; Tokunaga et al.,
1993], cervical [Marone et al., 1996], and
primary liver cancer [Fujimoto et al., 1998].

It was reported by our laboratory [Guo et al.,
2000] that transfection of the cDNA of nm23-H1
into H7721 human hepatocarcinoma cell line
resulted in the downregulation of N-acetylgl-
ucosaminyltransferase V (GnT-V) as well as
its product GlcNAcb1,6Mana1,6-branching
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structure in asparagine-linked (N-) glycans on
the cell surface. Concomitantly, the in vitro
metastatic potential, including cell adhesion to
laminin, chemotaxic cell migration through
transwell, and invasion through matrigel, was
reduced [Guo et al., 2000]. GnT-V and GlcNAc
b1,6- branch in N-glycans were well documen-
ted to associate with cancer metastasis [Dennis
et al., 1999; Taniguchi et al., 1999]. The down-
regulation of b1,6-GlcNAc branch on cell sur-
face N-glycans is one of the mechanisms to
explain the suppression of cancer metastasis by
nm23-H1 [Guo et al., 2000]. We have also found
that a sialyl Lewis sugar antigen, sialyl Lewis X
(SLex) [SAa2,3Galb1,4 (Fuc a1,3) GlcNAc-], is
another glycan structure related to cancer
metastasis. It was evidenced by the findings
that cell surface SLex, but not sialyl Lewis A
(SLea) [SAa2,3Galb1,3 (Fuc a1,4) GlcNAc-] and
sialyl dimeric (difucosyl) Lewis X (SDLex)
[SAa2,3Galb1,4 (Fuc a1,3) GlcNAcb1,3Galb1,4
(Fuca1,3) GlcNAcb1,3-] was upregulated by the
transfection of metastasis-promoting gene, c-
erbB2/neu [Liu et al., 2001a]. In addition, sur-
face SLex was increased after the cells were
treatedwith epidermal growth factor or phorbol
ester [Liu et al., 2001b] and decreased after the
treatment of all-trans retinoic acid or cyclic
AMP [Liu et al., 2001b]. The above-mentioned
in vitro metastatic potential was positively
proportional to the expression of surface SLex,
and could be inhibited by using monoclonal
antibody to block the surface SLex, but the
antibodies to SLea and SDLex showed no or very
little effect [Liu et al., 2001a,b]. These sialylated
Lewis antigens are mainly located at the
terminal of cell surface glycans andare reported
to be the ligands of E- or P-selectin expressed on
the surface of vascular endothelial cells [Takada
et al., 1993; Varki, 1994]. They could mediate
the adhesion of malignant cells to vascular
endothelium at the beginning of metastasis
process. However, the effect of nm23-H1 on
the expressions of sialyl Lewis antigens has not
been elucidated.
The sialylation and fucosylation steps in the

synthesis of sialyl Lewis antigen are catalyzed
by a2,3 sialyltransferase (a2,3ST) and a1,3
fucosyltransferase (a1,3FucT), respectively.
Human fucosyltransferase (FucT) family in-
cludes three subfamilies, a1,2FucT, a1,3FucT,
and a1,6 FucT [Narimatsu, 1998]. a1,3FucT
subfamily is the main glycosyltransferase
responsible for the synthesis of Lewis antigens.

a1,2FucT participates in the synthesis of ABO
blood group antigens and Lewis antigens Y and
B; both Lewis Y and B contain two fucosyl
residues with a1,2 and a1,3 (or a1,4) linkages.
Up to date, six a1,3FucTs have been cloned
[Kukowska-Latallo et al., 1990; Lowe et al.,
1991;Weston et al., 1992a,b; Sasaki et al., 1994;
Kudo et al., 1998a]. Four of them, a1,3 FucT-III,
-V, -VI, -VII efficiently fucosylate sialylated
acceptors and produce sialyl Lewis antigens,
while a1,3FucT-IV and -IX prefer neutral
acceptors and usually form non-sialyl Lewis
antigens as their products. a1,3FucT-III has
both a1,3 and a1,4 fucosylation activities, which
can synthesize both a1,3 fucosyl-containing Lex

or SLex, and a1,4 fucosyl-containing SLea (so
a1,3FucT-III is also called a1,3/a1,4 FucT-III).
On the contrary, a1,3 FucT-VII catalyzes the
synthesis of SLex only. The gene of a1,3FucT-V
has been reported to be a silent gene and is
rarely expressed in tissues where other a1,3
FucTs were effectively expressed [Narimatsu,
1998].

Sialyltransferases are divided in four specific
subfamilies based on their substrate specifici-
ties and the positions of the newly formed sialyl
linkages in the products [Tsuji, 1996, 1998].
a2,3 sialyltransferase (ST3Gal) transfers the
sialyl group from CMP-N-acetyl-neuraminate
(CMP-SA) to the galactosyl (Gal) residue of
glycans, forming an a2,3 linkage. ST6Gal also
transfers sialyl group from CMP-SA to the Gal
residue of glycans in glycoproteins, but pro-
duces an a2,6 linkage, its main substrate is N-
glycans. ST6GalNAc subfamily transfers sialyl
group to the N-acetylgalactosaminyl (GalNAc)
residue in Ser/Thr-linked (O-) glycans or glyco-
lipids and forms an a2,6 linkage. ST8Sia
subfamily transfers sialyl group to another
sialyl residue at the terminal of glycans to
create an a2,8 linkage. ST3Gal can be further
divided into five subtypes. The substrates of
types I and II are the Galb1,3GalNAc- sequence
on O-glycans and glycolipids, respectively,
while the preferred substrates of ST3Gal-III
and -IV are Galb1,3GlcNAc- (precursor of SLea)
and Galb1,4GlcNAc- (precursor of SLex),
respectively. Type V was evidenced as a gang-
lioside GM3 synthase.

In addition, core 2 b1,6-N-acetylglucosam-
inyltransferase (C2GnT) responsible for the
branching of O-glycans has been reported to be
an important enzyme for the synthesis of SLex

precursor [Nakamura et al., 1998], since SLex
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is predominantly located at the terminal of
the branched O-glycan. C2GnT is a family of
glycosyltransferase that catalyzes the synthesis
of the core 2 and core 4 of O-glycans. These
enzymes transfer the GlcNAc group from UDP-
GlcNAc to the innermost GalNAc residue in
the sequence of Galb1,3GalNAc-Ser/Thr (pre-
cursor of core 2) or GlcNAcb1,3GalNAc-Ser/Thr
(precursor of core 4) and produce a branching
GlcNAcb1,6GalNAc-linkage. At least three
C2GnT subtypes were discovered [Fukuda and
Yeh, 2002; Fukuda et al., 2002]. Among them,
C2GnT-I and -III synthesize core 2 only, while
C2GnT-II synthesizes both core 2 and core
4. C2GnT-II also shows an activity of IGnT,
which catalyzes the GlcNAcb1,6- branching of
the outer chain on glycans to form the structure
of I antigen.

In this investigation, the effects of nm23-
H1 on the mRNA expressions of a1,3FucTs,
a2,3STs, and three sialyl Lewis antigens were
studied in order to explore whether these glyco-
syltransferases and antigens mediate the
metastasis-suppressing effect of nm23-H1. The
subtypes III, IV,VI,VII, and IXofa1,3FucTwere
chosen to investigate the effect of nm23-H1
cDNA. The mRNA expressions of ST3Gal sub-
type I–IV were concomitantly studied in nm23-
H1 transfected cells. In addition, C2GnT-I and
-II were also selected as two representatives in
C2GnT family with different substrate specifi-
cities to study their regulation by nm23-H1.

MATERIALS AND METHODS

Materials

H7721 cell line was obtained from the Insti-
tute ofCell Biology,AcademicSinica (Shanghai,
China). RPMI 1640 and DMEM mediums were
purchased from Gibco/BRL (Carlsbad, CA).
KM93 (anti-SLex) and FH6 (anti-SDLex) mono-
clonal antibodies (mAb) were the products of
Seikagaku Company in Japan and kindly
provided by Dr. K. Furukawa at Tokyo Metro-
politan Institute of Gerontology. CA 19-9 (anti-
SLea mAb) and the primers of a1,3FucTs,
ST3Gals, ST6Gal, andC2GnTswere gifted from
Dr. Narimatsu in National Institute of Advan-
ced Industrial Science andTechnology (AIST) of
Japan. Maackia amurensis agglutinin (MAA)
and sambucus nigra agglutinin (SNA) lectins,
fluorescein isothiocynate (FITC)-conjugated
second antibodies (goat anti-mouse IgM or
IgG), and horseradish peroxidase (HRP) were

purchased from Sigma (Buffalo, NY). TRIzol
and AMV reverse transcriptase were from Pro-
mega. Other reagents, including Taq enzyme,
RNAase inhibitor, dNTP, oligo (dT)-18 were
commercially available in China.

The plasmid Bluescript(þ)/nm23-H1 was
obtained from the Institute of Liver Cancer
affiliated to our University. The construction of
plasmid pcDNA3/nm23-H1 was performed
according to our published method [Guo et al.,
2000]. Bluescript(þ)/nm23-H1 plasmid was cut
with BamHI restriction enzyme, and the pro-
duct, nm23-H1 cDNA (0.74 kb), was separated
and recovered on agarose electrophoresis. After
characterization and quantification, the cDNA
was inserted into the multiple cloning site of
the linearized eukaryotic expression plasmid
pcDNA3vector (5.4 kb) byusingBamHIenzyme
and T4 DNA ligase. The reconstructed plasmid,
pcDNA/nm23-H1, was transferred into H7721
cells using electroporation method (250 V/
0.4 cm and 1,000 mF). The transfected H7721
cells were incubated in RPMI 1640 medium
containing G418 (0.8 mg/ml). Neomycin-resis-
tant cells were obtained after 2–3 weeks and
recloned by serial dilution. The pcDNA/nm23-H
and vector transfected stable cell lines were
namednm23-H/H7721and ‘‘Mock-transfected,’’
respectively. The nm23-H1/H7721 cells were
characterized by the significant increase in
nm23-H1 mRNA as compared with the mock-
transfected cells [Guo et al., 2000].

Cell Culture and Treatment

Cells were cultured at 378C, 5%CO2 inRPMI-
1640 medium containing 10% fetal calf serum,
penicillin, and streptomycin as previously de-
scribed [Liu et al., 2001a,b].

Determination of the Expression of
Glycosyltransferase mRNAs With RT-PCR

Total RNA was extracted from cells using
TRIzol according to the protocol provided by
Promega. Complementary DNAs (cDNAs) were
synthesized with oligo(dT)-18 primer and AMV
reverse transcriptase from3mgof the totalRNA.
The reverse transcriptase-polymerase chain
reaction (RT-PCR) was performed in a volume
of 50 ml containing 5 ml cDNA, 0.2 mM primer
pair of different glycosyltransferases or b-actin
(internal standard), PCR buffer (10 mM Tris-
HCl pH 8.3/50 mM KCl/5 mM MgCl2), 0.2 mM
of each dNTP, and 1 IU Taq polymerase. The
cDNAs were subjected to denaturation at 958C
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for 5 min, followed by 28 cycles of PCR. Each
cycle included denaturation at 948C for 1 min,
annealing at 61.58C for 1 min, and elongation
at 728C for 1 min. Finally, the samples were
further incubated for elongation at 728C for
10 min and 48C for 5 min. After RT-PCR, 10 ml
products were applied to 2% agarose gel electro-
phoresis. The amplified DNA bands were scan-
ned and the photos were analyzed with NIH
Image software. The semi-quantitative data
were obtained by the intensity ratios of glyco-
syltransferase bands to the b-actin band. The
sequences of the primers were reported in the
references as follows [Bierhuizen and Fukuda,
1992; Kudo et al., 1998b; Yeh et al., 1999].

Detection of Lewis Antigens
With Flow Cytometry

The cells (1� 106) were detached with 2 mM
ethylenediamine tetraacetate, washed, and re-
suspended in phosphate buffered saline (PBS)
containing 1% bovine serum albumin, then
incubated with 1:50 diluted monoclonal anti-
bodies against sialyl Lewis antigens (KM93,
FH6, and CA19-9 for SLex, SDLex, and SLea,
respectively) for 30 min at 48C. After being
washed twice, the cells were incubated for 45
min at 48C with 1:200 diluted FITC-conjugated
goat antibodies against mouse IgM (for KM93
and FH6) or IgG (for CA 19-9). Then the cells

were washed again and 1� 104 cells/sample
were subjected to flow cytometry for fluores-
cence analysis [Guo et al., 2004]. A ‘‘(�) Control’’
samplewithout first antibodywas set up in each
run to normalize the assay condition. Fluor-
escence activated cell spectra (FACS) were
drawn automatically, and the left- or right-shift
of the curve or its peak indicated the decrease or
increase of the mean fluorescence intensity
(MFI), respectively, as indicated by the ‘‘M1’’
bar in the figures. Quantitative data were
expressed as the relative MFI.

Analysis of a2,3 Sialyl and a2,6 Sialyl Residues
on Cell Surface With HRP-Lectin Staining

Cells coated on the microscopic cover glasses
were washed with PBS and fixed with 4% poly-
formaldehyde for 30min, followed by treatment
with 3%H2O2 at 378C for another 30 min. Then
the cells were blocked with normal goat serum
at 378C for 20min, treatedwith 1:50 diluteHRP
labeled lectin (HRP-MAA or HRP-SNA), and
incubated at 378C for 90 min (PBS was added
instead of HRP-lectin in the negative control
sample). After the cover glasses were put at
room temperature overnight, the cells were
stained by 0.05% diaminobenzene (DAB)/0.03
H2O2, andfinally treatedwith gradient ethanol,
xylol, and neutral gel sequentially for micro-
scope observation. Image analysis was used for
quantification of the staining intensities and
expressed as relative light index (set the index
of Mock-MAA sample as 100%). The lectin–
HRP conjugates were prepared by a routine
method in our laboratory [Wilson and Nakane,
1978].

RESULTS

Effect of nm23-H1 on the Expressions
of a1,3 FucT Subtypes

The products of a1,3FucT-III, -IV, -VI, -VII,
and IX were 521, 516, 534, 497, and 530 bp,
respectively, and the product of b-actin was
789 bp (Fig. 1); these lengths were the same as
the products reported in the literatures when
the same primers were used [Kudo et al.,
1998a,b]. In mock-transfected cells, the expres-
sion-order of a1,3FucT mRNAs was IV>VI>
III>VII> IX. Among them, the expression of
a1,3FucT-IX mRNA was extremely low. After
nm23-H1 transfection, the mRNA expressions
of a1,3FucT-III, -IV, -VI, and -VII were decreas-
ed very significantly, ca. 22%–40% of those

FucT-III F: 50-CCTCCCGACAGGACACCACTCC-30

R: 50-GCGTCCGTACACGTCCACCTGG-30

FucT-IV F: 50-GAGAGGCTCAGGCCGTGCTTTT-30

R: 50-GCAGGAGCCCAATTTCGGGCAC-30

FucT-VI F: 50-AATGGGTCCCGCTTCCCAGACAG-30

R: 50-GCGTCCGTACACGTCCACCTTG-30

FucT-VII F: 50-CACCTCCGAGGCATCTTCAACTG-30

R: 50-CGTTGGTATCGGCTCTCATTCATG-30

FucT-IX F: 50-CAGCTGGGATCTGACTAACTTACC-30

R: 50-CCACATGAATGAATGAATCAGCTGG-30

ST3Gal-I F: 50-TATGGGCCTGAGATAGACAGTCAC-30

R: 50-GATCCGGATTTTATTGATGGAGGC-30

ST3Gal-II F: 50-GAGAACATGGATCTTCCACCGG-30

R: 50-GGCTGGGTTGTAGATCTGGACC-30

ST3Gal-III F: 50-ATGGAGGCGTTCTTGCCAACAAG-30

R: 50-ATGCGAACGGTCTCATAGTAGTG-30

ST3Gal-IV F: 50-TTGAACAATGCCCCAGTGGCTGG-30

R: 50-TCTTGGGAGACATTATGGCCTGAC-30

ST6Gal-I F: 50 GAGAGCATTAGGACCAAGGCTGG 30

R: 50ACGTCAGTCTTGCGCTTGGATGG 30

C2GnT-I F: 50-GCAATGAGTGCAAACTGGAAGT-30

R: 50-AATTGCCCGTAATGGTCAGTGTT-30

C2GnT-II F: 50-TCAGGGGTCACCCGAGGGGACCAAG-30

R:50-CTCCACCTCTTCTTTGCTCAGTGG-30

b-actin F: 50-GATATCGCTGCGCTCGTCGTCGAC-30;
R: 50-CAGGAAGGAAGGCTGGAAGAGTGC-30
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in mock-transfected cells (P< 0.01), and the
mRNA of a1,3FucT-IX was reduced to a negli-
gible level (P< 0.01).

Effect of nm23-HI on the
Expressions of ST3Gal Subtypes

As indicated in Figure 2A,B, the RT-PCR
products of ST3Gal-I, -II, -III, -IVwere 543, 483,
529, and 503 bp, also in agreement with the
reported lengths [Kudo et al., 1998b]. In ‘‘Mock’’
cells, the expression-order of ST3Gal mRNAs
was IV> I> II> III. After nm23-H1 transfec-
tion, the mRNA of ST3Gal-I and -III were
obviously decreased to 16.1%and19.2%, respec-
tively, of those in ‘‘Mock’’ cells (P< 0.01), while
themRNAofST3Gal-IVwas reduced to57.7%of
that in ‘‘Mock’’ sample (P< 0.01). In contrast,

Fig. 1. Alteration of the mRNA expressions of five a1,3FucT
subtypes in nm23-H1 transfected H7721 cells. A: Profiles of RT-
PCR. B: Semi-quantification of A. Relative absorbance of each
a1,3FucT mRNA was calculated from the intensity ratio of each
a1,3FucT band to b-actin band (internal standard). *P< 0.01
compared with the ‘‘Mock’’ group (FucT-III: 0.25�0.02
vs. 0.06�0.006; FucT-IV: 0.35� 0.026 vs. 0.08� 0.008;
FucT-VI: 0.29� 0.029 vs. 0.07�0.009; FucT-VII: 0.125� 0.01
vs. 0.05� 0.004; FucT-IX: 0.03� 0.009 vs. 0.01�0.002). Three
experiments were performed for both Mock and nm23-H1
transfected cells. Mock: H7721 cells transfected with vector
pcDNA3, nm23: H7721 cells transfected with plasmid pcDNA/
nm23-H1, FucT: a1,3 fucosyltransferase. The experimental
procedure was described in Materials and Methods.

Fig. 2. Alteration of the mRNA expressions of four ST3Gal
subtypes and ST6Gal-1 in nm23-H1 transfected H7721 cells.
A: Profiles of RT-PCR of ST3Gals. B: Semi-quantification
of ST3Gals. C: Profiles of RT-PCR of ST6Gal-I. D: Semi-
quantification of ST6Gal-I. Relative absorbance of each ST3Gal
and ST6Gal-I mRNAs was calculated from the intensity ratios
of ST3Gal (or ST6Gal) bands to b-actin band (internal
standard). *P<0.01 compared with the ‘‘Mock’’ group
(ST3Gal-I: 0.315�0.029 vs. 0.045�0.005; ST3Gal-II: 0.223�
0.015 vs. 0.208�0.012; ST3Gal-III: 0.178� 0.013 vs. 0.031�
0.005; ST3Gal-IV: 0.481� 0.51 vs. 0.265� 0.03). Three ex-
periments were performed for both Mock and nm23-H1
transfected cells. ST3Gal: a2,3-sialyltransferase; ST6Gal: a2,6-
sialyltransferase.
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ST3Gal-II was unchanged after nm23-H1
transfection.
In order to study whether the expression

change of ST in nm23-H1 transfected H7721
cells was specific for ST3Gal subfamily, the
mRNA expression of ST6Gal as a control glyco-
syltransferase for ST3Gal was also studied
after transfection of nm23-H1. To date, two
subtypes, ST6Gal-I and ST6Gal-II, were re-
ported [Krzewinski-Recchi et al., 2003]. The
ubiquitously expressedST6Gal-Iwas chosen for
study. Figure 2C,D showed that ST6Gal-I (its
RT-PCR product was 542 bp) was unchanged in
nm23-H1 transfected cells.

Effect of nm23-H1 on the
Expressions of C2GnT Subtypes

The products of C2GnT-I and C2GnT-II were
692 and 180 bp, respectively, which were also
equal to the reported lengths using the same
primers [Bierhuizen and Fukuda, 1992; Yeh
et al., 1999]. In ‘‘Mock’’ cells, the expression of
C2GnT-I was slightly higher than that of
C2GnT-II. However, both enzymes were not
altered after the transfection of nm23-H1
(Fig. 3).

Effect of nm23-H1 on the Expressions
of Sialyl Lewis Antigens on Cell Surface

The mock-transfected H7721 cells expressed
an apparent amount of SLex, but very few SLea

and SDLex sugar antigens on the surface
(Fig. 4). The expression of SLex antigen on
nm23-H1transfected cells was decreased to
66.6% of the ‘‘Mock’’ value (P< 0.01), while SLea

and SDLex were almost not changed.

Effect of nm23-H1 on the Amount of a2,3 and
a2,6 Sialyl Residues on Cell Surface Glycans

The decreased ST3Gal expression resulted in
the alteration in the amount of a2,3 sialyl
residue and its ratio to a2,6 residue on the cell
surface glycans. This was evidenced by the
findings shown in Figure 5. By using HRP
labeled MAA and SNA as the specific probes of
a2,3- and a2,6-linked sialyl residues, respec-
tively [Broekaert et al., 1984; Knibbs et al.,
1991], it was found that the total staining
intensity of HRP-MAA was lower than that of
HRP-SNA on the mock-transfected cells. After
nm23-H1 was transfected, the color intensity of
both HRP-MAA (a2,3 SA) and HRP-SNA (a2,6
SA) were obviously reduced to 31.5% and 36.3%

of the ‘‘Mock’’ level (P< 0.01) whenmeasured by
Image analysis.

DISCUSSION

In the previous and present studies of our
laboratory, it was discovered that nm23-H1
downregulated the transcription of many glyco-
syltransferase genes, including GnT-V [Guo
et al., 2000], a1,3FucTs, andST3Gals, and these
effects were related to its anti-metastatic func-
tion.Wehave observed thatnm23-H1 regulated
not only the genes of glycosyltransferases but
also the expressions of other proteins. By using
immunoassay, the marker of hepatocyte differ-
entiation, albumin, in the culture medium of
nm23-H1 transfected cells was increased to
169.5% of the value in the medium of the mock-
transfected cells. Conversely, the marker of
hepatocyte carcinogenesis, a-fetal protein, was
decreased to 24.8% of the level in themedium of
the mock cells. These results indicate that
nm23-H1 is not only a metastasis-suppressor

Fig. 3. Alteration of the mRNA expressions of C2GnT-I and
C2GnT-II in nm23-H1 transfectedH7721 cells.A: Profiles of RT-
PCR. B: Semi-quantification of A. Relative absorbance of each
C2GnT mRNA was calculated from the intensity ratios of each
C2GnT band to b-actin band (internal standard). Three experi-
ments were performed for both Mock and nm23-H1 transfected
cells. C2GnT: Core 2 b1, 6-N-acetylglucosaminyltransferase.
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gene but also a differentiation gene for H7721
cells.

Most of the human nm23 proteins were
recognized as nucleoside diphosphate (NDP)
kinase [Lacombe et al., 2000]. This enzyme
removes the terminal phosphate from nucleo-
side triphosphate (NTP) to autophosphorylate
its own histidine 118 (histidine kinase activity),
then transfers the phosphate toNDP to recreate
NTP [Wallet et al., 1990]. The molecular
mechanism underlying the role of nm23 protein
in the different cell processes is elusive and the
object of extensive study. Lombardi and Mileo
[2003] indicated that nm23-H1 was a multi-
functional protein and could not merely be

regarded as anNDP kinase. Its enzyme activity
was not required for metastasis-suppression,
differentiation, and gene transcription. For
example, an nm23 proteinmutated at the active
center ofNDPkinase,H118F, still promoted the
neural growth factor (NGF)-induced differen-
tiation of PC12 cells via the transcription of
some differentiation-related genes [Kimura
et al., 2003]. Postal et al. [2000] have reported
that nm23 protein is able to recognize and bind
to the nuclease-hypersensitive transcriptional
element of DNA in a sequence-specific manner,
and subsequently induces a DNA structural
transformation. This property is influenced by
the positive or negative modulators of DNA

Fig. 4. Expression of surface sialyl Lewis antigens on nm23-H1
transfected H7721 cells. A: Fluorescence activated cell spectra
(FACS) of three sialyl Lewis antigens. B: Relative expressions
(relative MFI) of sialyl Lewis antigens. *P<0.01 compared with
the ‘‘Mock’’ group (SLex: 85.9� 10.5 vs. 57.2�6.1; SLea:

2.25�0.9 vs. 1.81� 0.72; SDLex: 4.92� 1.1 vs. 3.85�0.81).
Three experiments were performed for bothMock and nm23-H1
transfected cells. SLeX, sialyl Lewis X (SLex); SLeA, sialyl LewisA
(SLea); SDLe X, sialyl dimeric (difucosyl) Lewis X (SDLex).
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transcription. The catalytically important His
118 of NDP kinase is not required for its DNA
binding.
In mock-transfected H7721 cells, the mRNAs

of a1,3FucT-IV, -VI, and -III were relatively
highly expressed, but those of a1,3FucT-VII and
-IX were expressed very low or negligible, re-
spectively. Therefore, it can be speculated that
the SLex is mainly synthesized by a1,3FucT-VI,
since a1,3FucT-IV hardly synthesizes sialyl
Lewis antigens [Lowe et al., 1991], and the
efficiency of a1,3FucT-VI in the synthesis of
SLex is 6.4 times and 1.5 times those of
a1,3FucT-III and -VII, respectively [Togayachi
et al., 1999]. However, a1,3FucT-III and -VII
may also participate in SLex synthesis.
a1,3FucT-VI was also reported to be the en-
zyme responsible for the synthesis of SDLex

[Weston et al., 1992b]. The incompatibility

between the higher expression of a1,3FucT-VI
and very low expression of SDLex was un-
resolved. It is possible that the b1,3-N-acetyl-
glucosaminyltranferase (b1,3GnT) required
for the synthesis of SDLex precursor
(Galb1,4GlcNAcb1,3Galb1,4GlcNAcb1,3-) is
limited in H7721 cells, and the negligibly
expressed a1,3FucT-IX may be needed in the
double fucosylation steps during SDLex synth-
esis [Kudo et al., 1998a; Narimatsu, 2002].
a1,3FucT-III is the only a1,3FucT for the
synthesis of SLea; however, the rate-limiting
enzyme for SLea synthesis is not a1,3FucT-III,
but b1,3-galatosyltransferase 5 (b3GalT-5),
which synthesizes the precursor of SLea,
Galb1,3GlcNAc sugar chain [Issiki et al.,
1999]. The expression of b3GalT-5 activity is
in accordance with the expression of SLea

antigen in many cell lines. It is probably that
the expression of this enzyme in H7721 cells is
very low, so the synthesis of SLea precursor and
SLea antigen is limited. In addition, the low
expression ST3Gal-III, the main enzyme for
transferring sialyl residue to SLea precursor,
may be another reason for the low expression of
SLea.

Innm23-H1 transfectedH7721 cells, all of the
a1,3FucTs that were assayed in the present
investigation were downregulated, especially
a1,3FucT-VI and -III. These results were con-
sistent with the decreased expression of surface
SLex. Therefore, the decrease of a1,3FucTs and
the consequent reduction of SLex synthesis
were implicated in the metastasis-suppressive
action of nm23-H1. Similarly, the downregula-
tion of ST3Gal-I, -III, and -IV may be the other
mechanism for the decreased cell surface
expression of SLex; hence, ST3Gal was also
associated with the nm23-H1 effect on meta-
static potential. We have reported that the
removal of sialyl residues on the surface of
H7721 cells resulted in the dramatic decrease of
metastasis-related phenotypes, indicating that
surface sialyl residues were crucial for the
metastatic potential [Zhang et al., 2002]. On
the other hand, the unaltered expression of
C2GnT-I and -II suggested that these two
glycosyltransferases, unlike a1,3FucT and
ST3Gal, were not regulated by nm23-H1. The
reason is unknown and is being investigated.

It was interesting to find in our laboratory
that themRNAexpressions ofa1,3FucT-IV, -VI,
and -VII as well as ST3Gal-I, -II, -III, and -IV
were upregulated by the metastasis-promoting

Fig. 5. Alteration of a2,3 sialyl and a2,6 sialyl residues of
surface glycans on nm23-H1 transfected H7721 cells. A:
Cell stained with horseradish peroxidase (HRP) labeled lectin
(maackia amurensis agglutinin (MAA) or sambucus nigra
agglutinin (SNA)). B: Image analysis for quantification of A and
expressed as relative light index (set the light index of ‘‘Mock’’
sample stained with HRP-MAA as 100%). *P<0.01 compared
with the ‘‘Mock’’ group (MAA: 100�12.0 vs. 31.5� 3.7; SNA:
135.1�16.2 vs. 36.3�4.3). Three experiments were performed
for both Mock and nm23-H1 transfected cells.
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oncogene H-ras. As a consequence, the surface
expression of SLex was also enhanced by
the transfection of H-ras (unpublished data).
These observations provide evidences from the
opposite side that a1,3FucT and ST3Gal are
associated with the metastasis of hepatocarci-
noma cells. However, C2GnT-I and -II were also
unchanged in H-ras transfected cells.

In mock-transfected H7721 cells, the sum of
the expressions of ST3Gal (I–IV) mRNAs was
far higher than the expression of ST6Gal-I
mRNA, but the amount of a2,3 linked SA on
the cell surface glycans was less than that of
a2,6 linked SA (Fig. 5). This contradiction may
be partially explained by the finding that a2,6
SA is not only synthesized by ST6Gal, but also
by ST6GalNAc family [Tsuji, 1996, 1998]. The
latter family consists of I–VI subtypes, being
themajor enzyme family for the a2,6-sialylation
ofO-glycans. Therefore, the sumof theactivities
of ST6GalNAc-I–VI plus ST6Gal-I and -II may
exceed the sum of ST3Gal activity (I–IV),
resulting in the higher content of a2,6 SA
residue on the cell surface.
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