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Aberrant expression of the simple mucin-type carbohydrate anti-
gens such as T, Tn, sialyl-T and sialyl-Tn is associated with poor
prognosis in several cancers. b1,3-N-acetylglucosaminyltransfer-
ase-3 (B3GNT3), a member of the b3GlcNAcT family, is responsible
for forming extended core 1 (T antigen) oligosaccharides. The
role of B3GNT3, which is expressed in various tissues including
human fetal brain, in regulating neuroblastoma (NB) formation
and cell behaviors remains unclear. Here, we showed that
increased B3GNT3 expression evaluated using immunohistochem-
istry in NB tumor tissues correlated well with the histological
grade of differentiation as well as a favorable Shimada’s subset
of pathology. Univariate and multivariate analyses revealed that
positive B3GNT3 expression in tumor tissues predicted a favor-
able prognosis in NB patients independent of other prognostic
markers. B3GNT3 overexpression suppresses T antigen formation
and malignant phenotypes including migration and invasion of
SK-N-SH cells, whereas B3GNT3 knockdown enhances these phe-
notypes of SK-N-SH cells. Moreover, B3GNT3 expression
decreased phosphorylation of focal adhesion kinase (FAK), Src,
paxillin, Akt and ERK1 ⁄ 2. We conclude that B3GNT3 predicts a
favorable cancer behavior of NB and suppresses malignant phe-
notypes by modulating mucin-type O-glycosylation and signaling
in NB cells. (Cancer Sci 2013; 104: 1600–1608)

N euroblastoma (NB) is the most common extracranial
solid tumor in childhood, accounting for 8–10% of all

pediatric malignancies. This tumor arises from primordial
neuroepithelial cells of the neural crest.(1,2) The behavior of
NB is markedly heterogeneous, ranging from spontaneous
differentiation or regression into ganglioneuroblastoma (GNB)
or ganglioneuroma with a favorable prognosis to highly
undifferentiated tumors with a rapid progression and very
poor outcomes.(3) Metastasis, a NB staging factor, is found
in 50–60% of all NB cases, and advanced NB typically
metastasize to distant lymph nodes, bone marrow, bone, liver
or other organs. Although the overall prognosis for NB
patients has improved remarkably with recent advances in
therapies, the long-term survival of patients with high-risk
NB remains poor despite intensive multimodal therapy.(1,2)

Thus, finding new prognostic factors is required to further
understand NB pathogenesis and to tailor therapies for
improving treatment outcomes of patients with unfavorable
NB.
Glycosylation is one of the most important processes in

posttranslational modification of proteins. It is commonly

found that oligosaccharide structures of glycoproteins are chan-
ged during malignant transformations.(4) Because the sugar
chains of glycoproteins are essential for maintaining ordered
intercellular interactions among differentiated cells in multicel-
lular organisms, alterations in the sugar chains constitute the
molecular basis of abnormal intercellular behaviors in tumor
cells, such as invasion into the surrounding tissues and metas-
tasis.(5)

There are two major types of protein glycosylation in mamma-
lian cells, namely N-linked and O-linked. Mucin-type O-glycans
contain N-acetylgalactosamine residues linked to serine or threo-
nine residues (GalNAca1-O-Ser ⁄Thr, Tn antigen) in a polypep-
tide. T synthase galactosylates Tn to form core 1 (Galb1?
3GalNAc, T antigen).(6) Aberrant expression of the simple
mucin-type antigens such as T, Tn, sialyl-T and sialyl-Tn is
associated with poor prognosis in several cancers.(7)

b1,3-N-acetylglucosaminyltransferase-3 (B3GNT3), formerly
called core 1 b3GlcNAcT, is responsible for adding GlcNAc
to core 1 (T antigen) in a b1,3 linkage, forming extended core
1 oligosaccharides.(8,9) B3GNT3 belongs to the b3GlcNAcT
gene family, which consists of at least eight different b3GlcN-
AcTs.(9) Many B3GNT family members are also associated
with malignant transformation. Premature translation termina-
tion of the putative B3GNT1 within the Large locus in mice
results in myodystrophy,(10) whereas the LARGE locus is
always deleted in human patients with meningioma, a menin-
geal tumor of the central nervous system.(11) B3GNT8 is
involved in malignancy through synthesis of poly-N-acetyllac-
tosamine (polyLacNAc) on b1–6 branched N-glycans in colon
cancer.(12) Glycoconjugates synthesized by B3GNT7 might
also serve to diminish the motility of lung cancer cell
lines.(13)

B3GNT3 transcripts are expressed in the small intestine,
colon, placenta, liver, kidney, pancreas, prostate, neutrophils,
lymphocytes and fetal brain.(14) However, the role of B3GNT3
in cell behaviors and clinical significance of NB remains
unclear. To address these issues, we demonstrated the expres-
sion of B3GNT3 in NB tissues having varying differentiation
status. The clinicopathological factors and survival outcomes
with respect to B3GNT3 expression were also analyzed. Paral-
lel experiments in a NB cell line were designed to analyze the
effects of B3GNT3 on NB cell behaviors. Possible mecha-
nisms by which B3GNT3 affects NB cells were further investi-
gated.
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Materials and Methods

Patients and treatment. Tissue samples were collected from
102 NB patients receiving treatment at the National Taiwan
University Hospital between 1 December 1990 and 31 Decem-
ber 2007. The use of human tissues for the present study was
approved by the National Taiwan University Hospital Ethics
Committee and written consent was obtained from patients
before sample collection. Of these 102 patients with complete
follow up, 87 were enrolled in the present study. The median
age at diagnosis was 2.5 years (range, 0–13.5 years). Male
patients were slightly predominant, with a male ⁄ female ratio
of 49:38. Most tumors (52 cases) originated primarily from the
adrenal gland, followed by the retroperitoneum (19 cases),
mediastinum (seven cases), neck (five cases) and pelvis (four
cases). Tumor histology was categorized into four types
according to the criteria of the International Neuroblastoma
Pathology Classification:(15,16) (i) NB (including undifferenti-
ated, poorly differentiated and differentiating subtypes);
(ii) GNB, intermixed; (iii) GNB, nodular; and (iv) GNB, matur-
ing subtype. GNB, maturing subtype, is a benign lesion and was
not included in this study. To simplify the description of the cor-
relation between B3GNT3 expression and histological features
of NB tissues, we defined NB as undifferentiated NB (UNB),
poorly differentiated NB (PDNB), differentiating NB (DNB) or
GNB, intermixed. The GNB, nodular subtype, was classified
into UNB, PDNB or DNB according to the morphological fea-
tures of NB nodules because the tumor behavior of this subtype
depends mainly on the NB nodules. For prognostic analysis,
GNB, intermixed was classified as a favorable histological type;
UNB, PDNB and DNB were classified as either favorable or
unfavorable according to the mitosis–karyorrhexis index and
patient age at diagnosis based on the criteria of the International
Neuroblastoma Pathology Classification.(15,16) Tumor staging
was based on the International NB Staging System.(17) MYCN
status of each tumor tissue was evaluated using fluorescence in
situ hybridization analysis of formalin-fixed paraffin-embedded
tissues or fresh single tumor cells.(18,19) Patients were treated
with surgery only or a combination of multiple modalities
including chemotherapy, radiotherapy and ⁄or autologous bone
marrow transplantation according to the patient’s risk grouping
based on the risk classification of the Children’s Cancer
Group.(20) The median follow up after diagnosis was 64 months
with a range of 1–258 months, and the overall predictive 5-year
survival rate for this cohort was 55%.

Immunohistochemical analysis. Paraffin-embedded tissue sec-
tions were deparaffinized in xylene and rehydrated in a series
of graded alcohols. After quenching the activity of endogenous
peroxidase with 1% H2O2 in PBS for 10 min, the sections
were rinsed three times with PBS and then incubated with 5%
non-fat milk ⁄PBS for 30 min to reduce non-specific binding.
Sections were incubated with an anti-B3GNT3 polyclonal anti-
body (Sigma-Aldrich, St Louis, MO, USA) diluted with 5%
non-fat milk ⁄PBS for 16 h at 4°C. After rinsing twice with
PBS, the Super Sensitive Link-Label Immunohistochemistry
Detection System (BioGenex, San Ramon, CA, USA) was
applied to tissue sections. The specific immunostaining was
then visualized with the 3,3-Diaminobenzidine Liquid Sub-
strate System (Sigma-Aldrich). All sections were counter-
stained with hematoxylin and mounted with UltraKitt (J.T.
Baker, Deventer, Holland). Negative controls were generated
by replacing primary antibodies with a control non-immune
IgG at the same concentration. To confirm the specificity of
staining, B3GNT3 peptide (10 lg ⁄mL) was used to block
binding of anti-B3GNT3 antibody to tissues.

Cell culture and transfection. The NB cell line, SK-N-SH,
from American Type Culture Collection (ATCC, Manassas,
VA, USA) was maintained in Dulbecco’s modified Eagle’s

medium (DMEM; JRH Biosciences, Lenexa, KS, USA) con-
taining 10% FBS (PAA Laboratories, Pasching, Austria) in a
humidified tissue culture incubator at 37°C in a 5% CO2 atmo-
sphere. For stable transfection, SK-N-SH cells were transfected
with B3GNT3 ⁄pcDNA3.1A or pcDNA3.1A ⁄myc-His (Invitro-
gen, Life Technologies Inc., Grand Island, NY, USA) using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). The
transfected cells were selected with 400 lg ⁄mL G418 (Calbio-
chem, Darmstadt, Germany) for 14 days and pooled for further
studies. B3GNT3 expression was analyzed using RT-PCR and
immunoblotting.

Knockdown of B3GNT3 expression. Specific si-RNA against
B3GNT3 and non-targeting control si-RNA (Thermo Scientific,
Bannockburn, IL, USA) were used for further experiments.
SK-N-SH cells were transfected with 20 nM si-RNA using
Lipofectamine RNAiMAX (Invitrogen, Life Technologies Inc.)
for 2 days.

Reverse transcription-polymerase chain reaction (RT-PCR) and
real-time PCR. Total cellular RNA was isolated from cells grown
to 70% confluency using TRIzol reagent (Invitrogen, Life Tech-
nologies Inc.). For cDNA synthesis, 2 lg of total RNA was used
as a template in a 25-lL reverse-transcription reaction. The PCR
reactions were incubated for 5 min at 95°C, followed by 35
cycles with 30 s of denaturation at 94°C, 30 s of annealing at
60°C and 30 s of extension at 72°C. For real-time PCR, the
quantitative PCR system Mx3000P (Stratagene, La Jolla, CA,
USA) was used to analyze gene expression. Briefly, 25-lL reac-
tions contained 2 lL of cDNA, 400 nmol ⁄L each of sense and
antisense primers and 12.5 lL of Brilliant SYBR Green QPCR
Master Mix (Stratagene). To detect glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) expression, the sense and antisense
primers were 5′-ACAGTCAGC CGCATCT TCTT-3′ and 5′-
GACAAGCTTCCCGTTCTCAG-3′, respectively, generating a
259-bp fragment. For B3GNT3 detection, sense and antisense
primers were 5′-TATGTGT CTGGAGCTTGAGG-3′ and 5′-
AAGGATGTGTAGGAGTTC GC-3′, respectively, generating a
382-bp fragment. The PCR products were confirmed to be cor-
rect using DNA sequencing.

Immunoblotting and immunoprecipitation. A biotinylated lec-
tin, peanut agglutinin (PNA; Vector Laboratories, Burlingame,
CA, USA), was used to detect the Galb1-3GalNAca1-Ser ⁄Thr
(T antigen) structure in primary tumors. The PNA recognizes
and binds preferentially to the T antigen structure. The exten-
sion of core 1 (T antigen) interferes with the binding affinity
of PNA to glycoconjugates. To detect the T antigen structure
on cell surface proteins, intact cells were surface-biotinylated
with sulfosuccinimidyl biotin (Pierce Chemical Co., Rockford,
IL, USA), lysed and then pulled down with PNA-agarose
beads (Vector Laboratories). The pulled-down proteins were
detected using horseradish peroxidase–conjugated streptavidin
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). For cell
signaling analyses, we used rabbit anti-FAK pY397 polyclonal
antibody (Biosource, Nivelles, Belgium), rabbit anti-FAK poly-
clonal antibody (C-20; Santa Cruz Biotechnology), anti-pax-
illin pY118 (BD Transduction Laboratories, Heidelberg,
Germany), anti-paxillin polyclonal antibody (BD Transduction
Laboratories), rabbit anti-pERK1 ⁄2 monoclonal antibody, rab-
bit anti-pAkt and mouse anti-pan Akt monoclonal antibody
(Cell Signaling Technology Inc., Beverly, MA, USA), rabbit
anti-ERK1 ⁄2 antibody (Santa Cruz Biotechnology), rabbit anti-
Src pY418 antibody (Invitrogen) and rabbit anti-c-Src antibody
(Invitrogen). Immunoblotted membranes were then incubated
with horseradish peroxidase–conjugated streptavidin, horserad-
ish peroxidase–conjugated anti-rabbit IgG or anti-mouse IgG
(Santa Cruz Biotechnology). Signals were visualized using
ECL reagents (Amersham Biosciences, Piscataway, NJ, USA)
and images were quantified using ImageQuant 5.1 (Amersham
Biosciences). For immunoprecipitation, 1 mg of cell tracts
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were incubated with PNA-agarose beads (Vector Laboratories)
or protein G Sepharose 4 Fast Flow (GE Healthcare UK Ltd,
Little Chalfont, UK) conjugated with 2 lg of antibody over-
night at 4°C.

Cell growth analysis. Cells were plated in triplicate wells of
96-well plates at a density of 3 9 103 cells per well. After
incubation for 24 or 48 h, 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide solution (MTT; Sigma-
Aldrich) was added to each well at a final concentration of
0.5 mg ⁄mL and was incubated for 4 h to allow MTT reduc-
tion. Formazan crystals were dissolved in a solution containing
0.01 mol ⁄L HCl and 10% (w ⁄v) SDS, and absorbance was
measured at the dual wavelengths of 570 and 630 nm using a
spectrophotometer.

Anchorage-independent growth in soft agar. Cells (1 9 104)
in 0.3% (w ⁄v) Bacto Agar (Sigma-Aldrich) in DMEM sup-
plemented with 10% FBS were overlaid on a base of 0.6%
Bacto Agar in DMEM supplemented with 10% FBS in six-
well plates. Cells were incubated at 37°C in a 5% CO2

atmosphere. Triplicate wells were used for the cell line and
three independent experiments were performed. The number
of colonies with a diameter >30 lm was counted on day 7.

Migration and invasion assays. Transwell motility assays
were performed using 8-lm pore, 6.5-mm polycarbonate Tran-
swell filters (Corning Costar Corp., Cambridge, MA, USA).
Single-cell suspensions (3 9 105 cells) were seeded in serum-
free DMEM on the upper surface of the filters and were
allowed to migrate toward 10% FBS ⁄DMEM or 1 lg ⁄mL of
extracellular matrix proteins (collagen IV, fibronectin and lam-
inin) (Sigma-Aldrich). After a 48-h incubation period, cells
that had migrated to the underside of the filter were fixed,
stained with 0.5% crystal violet (Sigma–Aldrich) and counted
under a microscope at 9200 in five random fields.
Cell invasion assays were performed in BioCoat Matrigel

invasion chambers (Becton-Dickinson, Bedford, MA, USA).

Briefly, 500 lL of DMEM containing 10% FBS was loaded in
the lower part of the chamber and 3 9 105 cells in 500 lL of
serum-free DMEM were seeded to the upper part. Cells were
allowed to invade the Matrigel for 48 h in a humidified tissue
culture incubator at 37°C in a 5% CO2 atmosphere. Non-
invading cells on the upper surface of the membrane were
removed from the chamber and the invading cells on the lower
surface of the membrane were fixed with 100% methanol and
stained with 0.5% crystal violet. Invading cells were counted
in each well under a phase-contrast microscope. The
mean � SD values were calculated from the numbers of
invading cells observed under the microscope in three indepen-
dent experiments.

Statistical analysis. SPSS 10.0 for Windows software (SPSS
Inc., Chicago, IL, USA) was used for statistical analyses. Pairs
of categorical variables were compared using Pearson’s v2 test.
Variations between the data resulting from different treatments
were assessed using the Student’s t-test. The Kaplan–Meier
method was used to estimate survival probabilities in various
subgroups and significant differences between groups were
established using log-rank tests. Each variable that could possi-
bly affect patient survival was further evaluated using univari-
ate and multivariate Cox proportional hazards model analysis.
All statistical tests were two sided and those with P < 0.05
were considered significant.

Results

B3GNT3 expression correlates with tumor histology and
survival probability of NB patients. To investigate the clinical
importance of B3GNT3 and its correlation with clinicopatho-
logical factors in NB, we examined B3GNT3 expression in
NB tumors using immunohistochemical staining. Positive
B3GNT3 staining was observed specifically in the cytoplasm
of ganglion cells of GNB tumor tissues (Fig. 1a) but not in

(a)

(b)

Fig. 1. Immunohistochemical analysis of B3GNT3 in human neuroblastoma (NB) cells. (a) B3GNT3 expression in ganglioneuroblastoma (GNB),
differentiating NB (DNB), poorly differentiated NB (PDNB) and undifferentiated NB (UNB). The arrows in GNB, DNB and PDNB indicate positive
staining of neuroblastic cells in various states of differentiation. The UNB shows negative staining. Scale bar = 100 lm. Original magnification,
9400. (b) Percentage distribution of B3GNT3 expression in tumors with UNB, PDNB, DNB or GNB histology.
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Schwannian stromal cells. In addition to the mature ganglion
cells, neuroblastic cells showing various differentiated states in
GNB, DNB or PDNB also had positive cytoplasmic staining
(Fig. 1a), whereas undifferentiated neuroblastic cells usually
had negative staining (Fig. 1a). Therefore, B3GNT3 expression
correlated positively with the differentiation status of human
NB.
The immunoreactivity of B3GNT3 in NB tumors was catego-

rized into four groups: –, no expression (no stained cells or only
isolated single stained cells seen); 1+, weak expression (expres-
sion in ~10–35% of neuroblastic cells); 2+, moderate expres-
sion (expression in ~35–70% of neuroblastic cells); and 3+,
strong expression (expression in >70% of neuroblastic cells).
B3GNT3 expression (1+, 2+ and 3+) was observed in most
PDNB (63.0%), DNB (50.0%) and GNB tumors (78.9%) and
was observed much less in UNB tumors (24.2%), indicating
that the intensity and percentage of positive B3GNT3 immuno-
staining correlated with the histological grade of differentiation
(Fig. 1b, Table 1; P = 0.001, v2 test). For further analyses, NB
tumors were assigned to negative B3GNT3 expression (– in
immunoreactivity) and positive B3GNT3 expression (1+, 2+ or
3+ in immunoreactivity). The immunohistochemical staining
revealed B3GNT3-positive expression (1+ to 3+) in 50.6% (44

⁄87) of NB tumors. Moreover, Kaplan–Meier analysis showed
that patients with B3GNT3-positive expression had a higher
predictive 5-year survival rate than those with B3GNT3-nega-
tive expression (Fig. 2a; P < 0.001, log-rank test). These data
suggest that B3GNT3 expression predicts more differentiated
histology and a higher predictive 5-year survival rate for NB
patients.

B3GNT3 expression and clinicopathological and biological
factors of NB tumors. We further analyzed the association
between B3GNT3 expression and other clinicopathological and
biological variables of NB tumors. B3GNT3 expression signifi-
cantly correlated with favorable Shimada histology and better
survival outcomes (both P < 0.001, v2 test; Table 1). Further-
more, univariate analysis showed that in addition to the
absence of B3GNT3 expression, older age at diagnosis
(>1 year), advanced clinical stage (stages 3 and 4), MYCN
amplification and unfavorable Shimada histology strongly cor-
related with poor survival (Table 2). Multivariate analysis
revealed that advanced clinical stage, MYCN amplification and
negative B3GNT3 expression remained independent prognostic
factors for poor survival (Table 2).
To further evaluate the significance of B3GNT3 expression

in prognostic discrimination, the impact of B3GNT3 expres-
sion on survival rate was analyzed according to the other two
independent prognostic factors of clinical stage and MYCN sta-
tus. The result show that, except for patients with MYCN
amplification who have a very poor prognosis, positive
B3GNT3 expression predicted higher survival probability in
patients with normal MYCN status and in those with either
early or advanced-stage disease (Fig. 2b–d). These results sug-
gest that B3GNT3 expression is an independent prognostic fac-
tor of better survival outcome for NB patients, probably by
affecting tumor cell behaviors in vivo.

B3GNT3 expression in transfected SK-N-SH cells. To demon-
strate the effects of B3GNT3 on NB cells, SK-N-SH cells were
transfected with pcDNA3.1 containing B3GNT3. We tried to
isolate single clones using G418 selection, but these clones
were not stable. Therefore, we pooled the mock- or B3GNT3-
transfected cells for further experiments after selection with
400 lg G418 for 10 days. Transfection efficiency was nearly
70% and the pooled B3GNT3-transfected cells could be grown
in vitro for 1 month. B3GNT3 overexpression in SK-N-SH
cells was demonstrated using RT-PCR and immunoblotting
(Fig. 3a). B3GNT3 expression decreased PNA binding to
glycoproteins, suggesting that it had intact enzymatic activity
to promote the formation of extended core 1 oligosaccharides
in NB cells (Fig. 3b).

B3GNT3 expression inhibits anchorage-independent cell
growth. To investigate whether B3GNT3 expression influenced
anchorage-dependent cell growth, cell viability was analyzed
using MTT assays conducted over 5 days. B3GNT3 expression
did not significantly affect cell growth (Fig. 3c). Next, we
examined the effect of B3GNT3 on anchorage-independent
growth of SK-N-SH cells using colony formation assays in soft
agar. The number of colonies for B3GNT3 transfectants was
3.3 � 0.6 compared with 19 � 2.6 for mock transfectants
(Fig. 3d), suggesting that B3GNT3 expression decreases col-
ony formation in SK-N-SH cells.

B3GNT3 suppresses cell migration and invasion. To determine
whether B3GNT3 expression can regulate cell migration, Tran-
swell migration assays were performed. SK-N-SH cell migra-
tion for B3GNT3 transfectants was 70.8 � 7.5% compared
with mock transfectants (Fig. 3e). Next, we examined the
effect of B3GNT3 on SK-N-SH cell invasion using a Matrigel
invasion assay that mimics active transmigration of cancer cells
across a reconstituted basement membrane. The relative invad-
ing ability of B3GNT3 transfectants was 65.9 � 10.2% com-
pared with mock transfectants (Fig. 3f). These results suggest

Table 1. B3GNT3 expression and clinicopathological and biological

characteristics of neuroblastoma

Variable No. cases
Positive B3GNT3

expression (%)
P-value†

Age at diagnosis

≤1 year 29 13 (44.8) 0.448

>1 year 58 31 (53.4)

Gender

Male 49 22 (44.9) 0.229

Female 38 22 (57.9)

Clinical stage

1, 2 and 4S 30 17 (56.7) 0.410

3 and 4 57 27 (47.4)

Primary tumor site

Adrenal 52 25 (48.1) 0.570

Extra-adrenal 35 19 (54.3)

INPC histology

UNB 33 8 (24.2) 0.001

PDNB 27 17 (63.0)

DNB 8 4 (50.0)

GNB 19 15 (78.9)

Shimada histology

Favorable 45 32 (71.1) <0.001
Unfavorable 42 12 (28.6)

MYCN

Amplified 23 8 (34.8) 0.077

Non-amplified 64 36 (56.3)

Outcome

Alive 43 30 (69.8) <0.001
Dead 44 14 (31.8)

†v2 test. DNB, differentiating neuroblastoma; GNB, ganglioneuroblas-
toma; INPC, International Neuroblastoma Pathology Classification;
PDNB, poorly differentiated neuroblastoma; UNB, undifferentiated
neuroblastoma.
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that expression of B3GNT3 suppresses the migration and inva-
sion potential of SK-N-SH cells.

Effects of B3GNT3 knockdown on malignant phenotypes of NB
cells. To further confirm the effects of B3GNT3 on NB cells,
we knocked down B3GNT3 expression in SK-N-SH cells,
which was demonstrated using RT-PCR (Fig. 4a). The results
show that B3GNT3 knockdown did not significantly affect cell
growth (Fig. 4b). However, B3GNT3 knockdown significantly
enhanced migration (Fig. 4c) and invasion (Fig. 4d) in SK-
N-SH cells. These results further confirmed the role of
B3GNT3 in regulating malignant properties, including migra-
tion and invasion abilities, in SK-N-SH cells.

Inhibition of Akt and ERK activities is required for B3GNT3 to
suppress NB cell migration and invasion. To elucidate the sig-
naling changes modulated by B3GNT3 expression, the phos-
phorylation of FAK, Src and paxillin was examined because
these signaling molecules are crucial for cell migration and
invasion. Phosphorylation levels of FAK at Y397, Src at Y418
and paxillin at Y118 were lower in B3GNT3 transfectants

compared with mock transfectants. Furthermore, we found that
the expression of FAK and Src protein was also inhibited by
B3GNT3 expression (Fig. 5a).
ERK and Akt are important downstream signaling molecules

for FAK and their aberrant expression is closely associated with
malignant cell behaviors. Thus, we examined the effect of
B3GNT3 expression on the phosphorylation of ERK and Akt
proteins. Overexpression of B3GNT3 significantly suppressed
Akt and ERK1 ⁄ 2 phosphorylation, whereas the expression levels
of total Akt and ERK1 ⁄2 remained unchanged (Fig. 5b). These
results suggest that suppression of Akt and ERK activation
might be required for B3GNT3 to inhibit NB cell migration and
invasion.

Discussion

Pan-carcinoma antigens such as T, Tn, sialyl-T and sialyl-Tn
result from poor glycosylation of glycoproteins, leading to the
expression of truncated O-glycans on the cell surface.

Fig. 2. (a) Kaplan–Meier survival analysis
according to the expression of B3GNT3 in 87
neuroblastoma (NB) patients. P values were
calculated using the log-rank test. (b) Kaplan–Meier
survival analysis according to the expression of
B3GNT3 in NB patients with normal MYCN status.
(c) Kaplan–Meier survival analysis according to the
expression of B3GNT3 in NB patients at an early
stage. (d) Kaplan–Meier survival analysis according
to the expression of B3GNT3 in NB patients at an
advanced stage.

Table 2. Clinicopathological and biological factors affecting the 5-year predictive survival rate

Variable
Univariate analysis Multivariate analysis

RR 95% CI P-value RR 95% CI P value

Age at diagnosis

>1 year vs ≤1 year 4.145 1.965–8.746 <0.001 2.673 0.922–7.747 0.070

Clinical stage

Advanced (3 and 4) vs early (1, 2 and 4S) 11.386 4.099–31.627 <0.001 4.741 1.189–18.905 0.027

MYCN

Amplified vs non-amplified 3.427 2.039–5.758 <0.001 2.112 1.114–4.007 0.022

B3GNT3 expression

Negative vs positive 3.021 1.598–5.710 0.001 2.248 1.102–4.585 0.026

Shimada histology

Unfavorable vs favorable 3.862 2.202–6.771 <0.001 1.578 0.788–3.159 0.198

CI, confidence interval; RR, risk ratio.
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Mechanisms for cancer-associated expression of truncated O-
glycans include disorganization of secretory pathway organ-
elles (endoplasmic reticulum or Golgi) in cancer cells and,
more commonly, altered expression of glycosyltransferases,
which are responsible for the synthesis of core structures used
as substrates for chain elongation.(6,21) B3GNT3 transcripts are
expressed in various tissues including human fetal brain;(14)

however, the role of B3GNT3 in regulating NB formation and
cell behaviors remains unclear. In the present study, we dem-
onstrated that B3GNT3 was highly expressed in either differ-
entiated NB or mature ganglion cells. In contrast, its
expression was observed much less in UNB cells. In addition
to early clinical stage and non-amplified MYCN status,

B3GNT3 expression predicts a better survival outcome for NB
patients. Expression of B3GNT3 in NB cells resulted in a
reduction of malignant phenotypes, including migration and
invasion. Moreover, these results suggest that the phenotypic
changes caused by B3GNT3 expression are likely mediated by
attenuation of Akt and ERK activation. Therefore, B3GNT3
might play a critical role in suppressing the malignant proper-
ties of NB and its altered expression might contribute to the
pathogenesis of NB.
Because NB is a heterogeneous tumor, treatment is based on

risk stratification depending on several clinical and biological
features. Among them, clinical stage and MYCN status are two
well-established prognostic factors of NB. The present study

(a) (b) (c)

(d) (e) (f)

Fig. 3. B3GNT3 expression in SK-N-SH cells and the effects of B3GNT3 on SK-N-SH cells. (a) Forced expression of B3GNT3 in SK-N-SH cells. SK-N-
SH cells were transfected with pcDNA3.1 (mock) or pcDNA3.1 ⁄ B3GNT3 and selected with G418 for 14 days. The G418-resistent cells were pooled
and overexpression of B3GNT3 mRNA and protein was demonstrated using RT-PCR (top panel) and Western blotting (bottom panel), respec-
tively. (b) B3GNT3 expression modifies glycosylation and decreases peanut agglutinin (PNA) binding to glycoconjugates, as demonstrated using
Western blotting with PNA. Molecular weight markers (kDa) are shown on the left. IP, immunoprecipitated. In panels (a) and (b), GAPDH was
used as a loading control. (c) B3GNT3 expression does not significantly affect cell growth as shown using MTT assays conducted over 5 days. Cells
were cultured in DMEM containing 10% FBS and a MTT reagent was applied to the cells at the indicated times. The results were standardized
by setting the value at day 0 to 1.0. Error bar = SD. (d) B3GNT3 suppresses anchorage-independent cell growth of SK-N-SH cells. Mock and
B3GNT3 transfectants were seeded into soft agar for 14 days and colony numbers (colony diameter >50 lm) were counted under a microscope.
*P < 0.01. (e) B3GNT3 inhibits SK-N-SH cell migration as assessed using Transwell migration assays. Mock or B3GNT3 transfectants of SK-N-SH cells
were seeded onto the upper chamber and 10% FBS was used as a chemoattractant in the lower chamber. After 48 h, migrated cells in the lower
chamber were stained, and representative images are shown (top panel). Original magnification, 9200. The relative migration of mock and
B3GNT3 cells is shown (bottom panel). Data represent the mean � SD of three independent experiments. *P < 0.01. (f) B3GNT3 suppresses SK-N-
SH cell invasion as assessed using Matrigel invasion assays. Mock or B3GNT3 transfectants of SK-N-SH cells were seeded in each chamber and cul-
tured for 48 h. The chemoattractant in the lower chamber was 10% FBS. Invaded cells were fixed and stained with crystal violet and representa-
tive images are shown (top panel). Original magnification, 9200. The relative invasion of mock and B3GNT3 cells is shown (bottom panel). Data
represent the mean � SD of three independent experiments. *P < 0.01.
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suggests that assessing B3GNT3 expression in NB tumors
could provide prognostic information that complements the
clinical stage and MYCN status, allowing clinicians to devise
an individualized treatment strategy for each patient, such as a
reduction in treatment intensity for children who have low-risk
tumors and continued increased treatment intensity and the
addition of new agents for treatment of children who have
high-risk NB.
When analyzing the clinicopathological and biological char-

acteristics with respect to B3GNT3 expression in NB, we
found that B3GNT3 expression strongly correlated with more
differentiated histology and favorable Shimada histology.
However, it was B3GNT3 expression but not the tumor histo-
logical profile that predicted survival outcomes when analyzed
using multivariate survival analysis. These results suggest that
B3GNT3 affects NB cell malignant phenotypes and subsequent
survival outcomes by alternative mechanisms aside from cell
differentiation status. Indeed, we showed that in NB cells
B3GNT3 overexpression suppresses malignant phenotypes
including migration and invasion. Conversely, B3GNT3 knock-
down in NB cells enhances these phenotypes.
Despite the absence of evidence for a role of altered glyco-

sylation in cancer initiation and the limited information about
the mechanisms that generate abnormal glycosylation, it is
well established that altered glycosylation contributes tempo-
rally from early stages to invasion and metastasis. Two of the
most common cancer-associated modifications are the genera-
tion of truncated versions of normal oligosaccharides and the
generation of unusual forms of terminal structures.(7) N-
acetylglucosaminyltransferase V (GnT-V) catalyzes the forma-
tion of b1,6GlcNAc branches on N-glycans that are elongated
with polyLacNAc and is able to enhance tumor growth and
metastasis.(22) N-acetylglucosaminyltransferase III (GnT-III)
catalyzes the attachment of a GlcNAc to a core mannose of N-
glycan via a b1,4-linkage to form the bisecting GlcNAc struc-
ture and this enzyme has been proposed to antagonize GnT-V,

(a) (b)

(c) (d)

Fig. 4. Effects of B3GNT3 knockdown on
malignant phenotypes of SK-N-SH cells. (a) B3GNT3
knockdown with siRNA in SK-N-SH cells. B3GNT3
expression was knocked down by B3GNT3 siRNA
(si-B3GNT3) compared with the control siRNA
(si-control), which was demonstrated using RT-PCR.
(b–d) Effects of B3GNT3 knockdown on malignant
phenotypes, including cell growth (b), cell
migration (c) and cell invasion (d). Data represent
the mean � SD of three independent experiments.
Original magnification, 9200. *P < 0.05. **P < 0.01.

(a) (b)

Fig. 5. Signaling molecules affected by B3GNT3 expression. (a)
B3GNT3 decreases tyrosine phosphorylation (indicated by lowercase ‘p’)
of FAK, Src and paxillin in SK-N-SH cells. The band intensity of pY118-
paxillin was normalized to the total protein. †The band intensity of
pY397-FAK and pY418-Src was normalized to the ratio of their total
protein to GAPDH, respectively. The results are representative of three
independent experiments. The signals were quantified using Image-
Quant 5.1 (Amersham Biosciences, Piscataway, NJ, USA). (b) B3GNT3
suppresses phosphorylation of Akt and ERK1 ⁄ 2 in SK-N-SH cells. The
results are representative of three independent experiments. The sig-
nals were quantified using ImageQuant 5.1 (Amersham Biosciences)
and were normalized to their controls.
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thereby contributing to the suppression of cancer metastasis.(23)

In the present study, we found that B3GNT3 expression promoted
the formation of extended core 1 oligosaccharides and prevented
PNA lectin binding to T antigen (Fig. 3b). Therefore, we suggest
that B3GNT3 might play an important role in suppressing the
malignant phenotypes of NB cells by altering glycosylation of the
cell-surface molecules of NB. However, the acceptor substrates
for B3GNT3 on the cell surface of NB and the signaling pathways
following B3GNT3-mediated altered glycosylation of these
acceptor substrates require further investigation.
Integrins can alter cellular behavior through the recruitment

and activation of signaling proteins such as non-receptor tyro-
sine kinases including FAK and c-Src, which form a dual
kinase complex. The FAK-Src complex is activated in many
tumor cells and generates signals leading to tumor growth and
metastasis.(24) Data from the present study showed that
B3GNT3 expression inhibited phosphorylation of FAK, Src
and paxillin. The FAK-Src complex binds to and phosphory-
lates various adaptor proteins including paxillin and thus
serves as a platform to recruit numerous regulatory and struc-
tural proteins that together control the dynamic changes in
cytoskeletal reorganization and gene expression that are neces-
sary for cell migration and survival.(25) Moreover, the paxillin–
ERK complex plays a role in cell survival and motility.(26)

Expression of mutant Y397F FAK inhibits FAK-to-ERK ⁄MAP
kinase signaling through which FAK functions to promote cell
proliferation. FAK-enhanced activation of ERK can also
promote transcription-associated increases in protease expres-
sion, which is essential for cell invasion.(27) Additionally, FAK
can promote survival by enhancing phosphatidylinositol 3-
kinase–mediated activation of Akt.(28) Activation of Akt pro-
tects neuroblastoma cells against apoptosis induced by tumor
necrosis factor-related apoptosis-inducing ligand or chemother-
apy.(29) Data from the present study showed that decreased
ERK and Akt signaling in NB might be essential for the phe-
notypic changes caused by B3GNT3 expression. ERK and Akt
are important downstream signaling molecules for both inte-

grins and receptor tyrosine kinases stimulated by growth fac-
tors such as insulin-like growth factor, epidermal growth factor
or brain-derived neurotrophic factor.(29–34) In addition, integrins
and receptor tyrosine kinases have been found to carryO-glycans.
For example, ST6GalNac-I and ST6Gal-I modify carbohydrate
structures on b1 integrin, leading to altered cell morphological
features and behavior by changing N-glycosylation or O-glyco-
sylation of b1 integrin.(35–38) N-acetylgalactosaminyl-transferase
2 (GALNT2) modifies EGFR O-glycosylation and internalization
and thereby regulates its downstream signaling.(39) Therefore, it
is possible that B3GNT3 modifies O-glycans of integrins and
receptor tyrosine kinases on NB cells by forming extended core 1
oligosaccharides and thereby suppressing malignant phenotypes
of NB cells.
In summary, we have shown that expression of B3GNT3

correlates positively with the histological grade of differentia-
tion as well as favorable Shimada histology and might predict
favorable outcomes of NB. B3GNT3 alters O-glycosylation
and suppresses migration and invasion of NB cells. The pres-
ent study also suggests that suppression of FAK, Akt and
ERK, important downstream signaling molecules for integrins
and numerous growth factor receptors, might be required for
B3GNT3 to inhibit malignant phenotypes of NB cells.
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