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�1,4-N-acetylgalactosaminyltransferase III (B4GALNT3)
promotes the formation of GalNAc�1,4GlcNAc (LacdiNAc
or LDN). Drosophila �1,4-N-acetylgalactosaminyltrans-
ferase A (B4GALNTA) contributes to the synthesis of
LDN, which helps regulate neuronal development. In
this study, we investigated the expression and role of
B4GALNT3 in human neuroblastoma (NB). We used
IHC analysis to examine 87 NB tumors, and we iden-
tified correlations between B4GALNT3 expression and
clinicopathologic factors, including patient survival.
Effects of recombinant B4GALNT3 on cell behavior
and signaling were studied in SK-N-SH and SH-SY5Y
NB cells. Increased expression of B4GALNT3 in NB
tumors correlated with a favorable histologic profile
(P < 0.001, �2 test) and early clinical staging (P �
0.041, �2 test) and was a favorable prognostic factor
for survival as evaluated by univariate and multivari-
ate analyses. Reexpression of B4GALNT3 in SK-N-SH
and SH-SY5Y cells suppressed cell proliferation, col-
ony formation, migration, and invasion. Moreover,

B4GALNT3 increased the LacdiNAc modification of �1

1394
integrin, leading to decreased phosphorylation of fo-
cal adhesion kinase (FAK), Src, paxillin, Akt, and
ERK1/2. B4GALNT3-mediated suppression of cell mi-
gration and invasion were substantially reversed by
concomitant expression of constitutively active Akt or
MEK. We conclude that B4GALNT3 predicts a favorable
prognosis for NB and suppresses the malignant pheno-
type via decreasing �1 integrin signaling. (Am J Pathol

2011, 179:1394–1404; DOI: 10.1016/j.ajpath.2011.05.025)

Neuroblastoma (NB) is the most common extracranial
solid tumor in childhood, accounting for 8% to 10% of all
pediatric malignancies.1 This tumor arises from primitive
neuroepithelial cells of the neural crest.2 The behavior of
NB is markedly heterogeneous, ranging from highly un-
differentiated tumors with very poor outcomes to well-
differentiated benign ganglioneuroma or NB that may
spontaneously regress with favorable prognosis.3 Half of
all patients with newly diagnosed NB are in a high-risk
subset with poor overall survival despite intensive ther-
apy. Therefore, it is important to develop useful prognos-
tic tools and to understand NB pathogenesis to help
design improved NB therapies.

Glycosylation is regulated spatiotemporally during de-
velopment of the nervous system.4 Altered carbohydrate
structures on tumors are often associated with tumor
metastasis and progression. Tumor-associated carbohy-
drate epitopes commonly found in cancers include GM2,
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GD2, GD3, T, Tn, Globo H, Lewis y, sialyl Lewis x, sialyl
Lewis a, and polysialic acid.5,6 Among these, GM2, GD2,
and GD3 are expressed in NB.6 Changes in expression
levels of glycogenes may play an important role in alter-
ations of carbohydrate structures in tumors. However, the
differential expression of these molecules in NB and their
effects on tumor cell behavior are poorly understood.

�1,4-N-acetylgalactosaminyltransferase III (B4GALNT3)
has been cloned and is expressed in various tissues.7 This
enzyme can transfer GalNAc to any nonreducing terminal
GlcNAc-� in vitro, resulting in synthesis of GalNAc�1,
4GlcNAc (LacdiNAc or LDN). The terminal �1,4–linked
GalNAc of LDN can be recognized by a lectin, Wisteria
floribunda agglutinin (WFA). This special terminal
�1,4GalNAc structure is found in certain glycoproteins
and glycohormones, including lutropin,8 thyrotropin,8–10

proopiomelanocortin,11–13 and the sorting protein–re-
lated receptor SorLA/LR11.14 SorLA/LR11, highly ex-
pressed by neurons in the central and peripheral nervous
systems, bears N-linked oligosaccharides modified with ter-
minal �1,4–linked GalNAc-4-SO4 that can be synthesized
by B4GALNT3 in CHO cells.14 In Drosophila, �1,4-N-acetyl-
galactosaminyltransferase A (B4GALNTA) catalyzes syn-
thesis of LacdiNAc on glycoconjugates.15 Drosophila mu-
tants deficient in B4GALNTA have defects in behavior and
in the neuromuscular system.16 In the present study, we
hypothesized that B4GALNT3 may be involved in the patho-
genesis of NB development.

Materials and Methods

Patients and Treatment

Between December 1, 1990, and December 31, 2007,
102 patients with NB were treated at National Taiwan
University Hospital. The use of human tissues for this
study was approved by the National Taiwan University
Hospital Ethics Committee, and written consent was ob-
tained from patients before the collection of samples.
Eighty-seven of these 102 patients had complete fol-
low-up and sufficient prechemotherapy tumor tissues for
evaluation and were enrolled in this study. The median
age at diagnosis was 2.5 years (range, 0 to 11.5 years).
Male patients were slightly predominant, with a male/
female ratio of 49:38. Most tumors (52 cases) originated
primarily from the adrenal gland, with others from the
retroperitoneum (19 cases), mediastinum (7 cases), neck
(5 cases), and pelvis (4 cases). According to the criteria
of the International Neuroblastoma Pathology Classifica-
tion,17–19 the histologic morphologic features of the tu-
mors were categorized into four types: i) NB (including
undifferentiated, poorly differentiated, and differentiating
subtypes); ii) ganglioneuroblastoma (GNB), intermixed;
iii) GNB, nodular; and iv) GNB, maturing subtype. Be-
cause GNB, maturing subtype is a benign lesion, it is not
included in this study. For a simpler description of the
relationship between B4GALNT3 expression and the his-
tologic grades of tumor differentiation, we defined undif-
ferentiated NB (UNB), poorly differentiated and differen-

tiating NB (DNB), and GNB, intermixed for tumor
histologic statement in this study. The GNB, nodular sub-
type was classified into either UNB or DNB according to
the morphologic features of their NB nodules because
the tumor behavior of this subtype of tumors depends
mainly on their NB nodules.18 For prognostic analysis,
GNB, intermixed was classified as a favorable histologic
type, and UNB and DNB were classified as either a
favorable or an unfavorable histologic type according to
the mitosis-karyorrhexis index and patient age at diagnosis
based on the criteria of the International Neuroblastoma
Pathology Classification.17,18 Tumors were staged accord-
ing to the International Neuroblastoma Staging System.20

The MYCN status of the tumor tissue was evaluated by
fluorescence in situ hybridization analysis of formalin-fixed,
paraffin-embedded tissues or single fresh tumor cells.21,22

Based on the risk classifications of the Children’s Cancer
Group, patients were classified into low-, intermediate-, and
high-risk groups and were treated with either surgery alone
or a combination of multiple modalities, including chemo-
therapy, radiotherapy, and/or autologous bone marrow
transplantation.23 Mean follow-up after diagnosis was 70.6
months (range, 1 to 204 months), and overall predictive
5-year survival in this cohort was 48.7%.

IHC Analysis

Human NB tissue sections 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 minutes, the sections were rinsed three
times with PBS and then were incubated with 5% nonfat
milk/PBS for 30 minutes to reduce nonspecific binding. Sec-
tions were incubated with an anti-B4GALNT3 polyclonal
antibody (1:400; Sigma-Aldrich, St. Louis, MO) diluted
with 5% nonfat milk/PBS for 16 hours at 4°C. After rinsing
twice with PBS, the Super Sensitive link-label immunohis-
tochemical (IHC) detection system (BioGenex, San Ra-
mon, CA) was used, and specific immunostaining was
visualized using 3,3-diaminobenzidine liquid substrate
system (Sigma-Aldrich). All the sections were counter-
stained with hematoxylin for 1 minute and were mounted
with UltraKitt (J.T. Baker, Deventer, Holland). Negative
controls were performed by replacing primary antibodies
with a control nonimmune IgG at the same concentration.
To further confirm the specificity of staining, B4GALNT3
peptide (10 �g/mL) was used to block binding of anti-
B4GALNT3 antibody to tissues.

Cell Culture and Transfection

NB cell lines SK-N-SH and SH-SY5Y, from American Type
Culture Collection (Manassas, VA), were maintained us-
ing Dulbecco’s modified Eagle’s medium (DMEM; JRH
Biosciences, Lenexa, KS) containing 10% fetal bovine
serum (FBS) (PAA Laboratories GmbH, Pasching, Aus-
tria) in a humidified tissue culture incubator at 37°C, in a
5% CO2 atmosphere. For stable transfection, 4 �g of
B4GALNT3/pcDNA3.1 (a gift from Dr. Hisashi Narimatsu,
National Institute of Advanced Industrial Science and
Technology, Tokyo, Japan) or pcDNA3.1/myc-His (Invit-

rogen, Life Technologies Inc., Grand Island, NY) was
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transfected into 5 � 105 cells using Lipofectamine 2000
(Invitrogen, Carlsbad, CA). After transfection for 24
hours, cells were trypsinized and plated on three 100-mm
dishes with 10% FBS-DMEM containing 400 �g/mL of
G418 (Calbiochem, Darmstadt, Germany). After 10 days
of selection, G418-resistant clones were pooled and
transferred to 6-well plates. Expression levels of
B4GALNT3 were analyzed by RT-PCR and immunoblot-
ting. For transient expression of constitutively active Akt
and MEK, pCIS2/Akt and pCMV/MEK plasmids were
used. The pCIS2/Akt plasmids were constructed as pre-
viously described.24 The pCMV/MEK plasmids were a gift
from Dr. Zee-Fen Chang (Institute of Biochemistry and
Molecular Biology, College of Medicine, National Taiwan
University).25 The empty pCIS2 and pCMV vectors were
used as control vectors, respectively.

RT-PCR and Real-Time PCR

Total cellular RNA was isolated from cells grown to 70%
confluence using TRIzol reagent (Invitrogen) according
to manufacturer protocols as previously described.26 For
cDNA synthesis, 2 �g of total RNA was used as template
in a 25-�L reverse transcription reaction. PCR reactions
were incubated for 5 minutes at 95°C, followed by 35
amplification cycles with 30 seconds of denaturation at
94°C, 30 seconds of annealing at 60°C, and 30 seconds
of extension at 72°C. For real-time PCR, the quantitative
PCR system Mx3000P (Stratagene, La Jolla, CA) was
used to analyze gene expression according to the man-
ufacturer’s protocol. Briefly, reactions were performed in
a 25-�L volume with 2 �L of cDNA, 400 nmol/L each of
sense and antisense primers, and 12.5 �L of Brilliant
SYBR Green QPCR Master Mix (Stratagene). For GAPDH
detection, sense and antisense primers were 5=-ACAGT-
CAGCCGCATCTTCTT-3= and 5=-GACAAGCTTCCCGTT-
CTCAG-3=, respectively, generating a 259-bp fragment. For
detection of B4GALNT3, sense and antisense primers were
5=-CTACAGCGCATTGTGAACGT-3= and 5=-TGGTTCTT-
CACAGGCACGAC-3=, respectively, generating a 320-bp
fragment. The PCR products were confirmed to be cor-
rect by DNA sequencing.

Immunoblotting and Immunoprecipitation

To confirm expression of B4GALNT3 in differentiated NB
cells, SK-N-SH cells were treated with dimethyl sulfoxide
(0.1%) or all-trans retinoic acid (ATRA, 10 �mol/L; Sigma-
Aldrich) for 3 days. Equal amounts of cell lysates (20 �g
of total protein) were subjected to SDS-PAGE, and the gel
contents were transferred to polyvinylidene difluoride
membrane. Membranes were incubated with mouse anti–
glyceraldehyde-3-phosphate dehydrogenase monoclo-
nal antibody (BIODESIGN International, Saco, MA) or
anti-B4GALNT3 polyclonal antibody, whose specificity
has been demonstrated. Neuronal differentiation was de-
tected by mouse monoclonal antibodies, anti-GAP-43
(clone GAP-7B10; Sigma-Aldrich) and anti–neuron-spe-
cific enolase (Chemicon, Billerica, MA). A biotinylated
lectin, WFA (Vector Laboratories, Burlingame, CA), was

used to detect the LacdiNAc structure in primary tumors.
For detecting the LacdiNAc structure on cell surface pro-
teins, intact cells were surface biotinylated with sulfosuc-
cinimidyl biotin (Pierce Chemical Co., Rockford, IL),
lysed, and then pulled down with WFA agarose beads
(Vector Laboratories). The pulled-down proteins were
detected using horseradish peroxidase– conjugated
streptavidin (Santa Cruz Biotechnology). For cell signal-
ing analyses, we used rabbit anti–�1 integrin antibody
(BD Transduction Laboratories, San Jose, CA), mouse
anti-phosphotyrosine (pY) antibody (4G10; Upstate Bio-
technology Inc., Lake Placid, NY), rabbit anti-FAK pY397
polyclonal antibody (Biosource, Nivelles, Belgium), rabbit
anti-FAK polyclonal antibody (C-20; Santa Cruz Biotech-
nology), anti-paxillin pY118 (BD Transduction Laborato-
ries, Heidelberg, Germany), anti-paxillin polyclonal anti-
body (BD Transduction Laboratories, Heidelberg), rabbit
anti-pERK1/2 monoclonal antibody, rabbit anti-pAkt, and
mouse anti-pan Akt monoclonal antibody (Cell Signaling
Technology Inc., Beverly, MA), rabbit anti-ERK1/2 anti-
body (Santa Cruz Biotechnology), rabbit anti-Src pY418
antibody (Invitrogen), and rabbit anti-c-Src antibody (In-
vitrogen). Immunoblotted membranes were then incubated
with horseradish peroxidase–conjugated streptavidin,
horseradish peroxidase–conjugated anti-rabbit IgG, or anti-
mouse IgG (Santa Cruz Biotechnology). Signals were visu-
alized using ECL reagents (Amersham Biosciences, Pisca-
taway, NJ), and images were quantified using ImageQuant
5.1 (Amersham Biosciences). For immunoprecipitation, 1
mg of cell extracts were incubated with WFA agarose
beads (Vector Laboratories) or protein G sepharose 4 Fast
Flow (GE Healthcare UK Ltd., Little Chalfont, UK) conju-
gated with 2 �g of antibody overnight at 4°C.

Cell Growth Analysis

Cells were plated in triplicate wells of 96-well plates at a
density of 3 � 103 cells per well. After incubation for 24 or
48 hours, 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 hours to allow MTT reduction.
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 � 104) in 0.3% (w/v) Bacto Agar (Sigma-Aldrich)
in DMEM supplemented with 10% FBS were overlaid on a
base of 0.6% Bacto Agar in DMEM supplemented with
10% FBS in 6-well plates. Cells were incubated at 37°C,
5% CO2 atmosphere. Triplicate wells were used for each
cell line, and three independent experiments were per-
formed. The number of colonies with a diameter �30 �m
was counted on day 7.

Migration and Invasion Assay

Transwell motility assays were performed using 8-�m

pore, 6.5-mm polycarbonate Transwell filters (Corning
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Costar Corp., Cambridge, MA). Single-cell suspensions
(3 � 105 cells) were seeded in serum-free DMEM me-
dium onto the upper surface of the filters and were al-
lowed to migrate toward 10% fetal calf serum/DMEM or 1
�g/mL of extracellular matrix proteins (collagen IV, fi-
bronectin, and laminin) (Sigma-Aldrich). After a 48-hour
incubation period, cells that had migrated to the under-
side of the filter were fixed, stained with 0.5% crystal
violet (Sigma-Aldrich), and counted under a microscope
at �100 in five random fields.

Cell invasion assays were performed in BioCoat Matri-
gel invasion chambers (Becton-Dickinson, Bedford, MA)
according to manufacturer protocols. Briefly, 500 �L of
DMEM containing 10% FBS was loaded in the lower part
of the chamber, and 3 � 105 cells in 500 �L of serum-free
DMEM were seeded to the upper part. Cells were allowed
to invade the Matrigel for 48 hours in a humidified tissue
culture incubator at 37°C, 5% CO2 atmosphere. Nonin-
vading cells on the upper surface of the membrane were

Figure 1. IHC analysis of B4GALNT3 in human NB cells. A: B4GALNT3 expr
B4GALNT3 staining by the specific peptide. The negative control did not show
the middle panel, the arrows indicate DNB cells with positive staining. Origin
blood vessel (BV) showed positive reactivity (arrowhead). B: Percentage dist
profiles. C: Kaplan-Meier survival analysis according to the expression of B4
characteristics with expression levels of B4GALNT3 mRNA. B4GALNT3 mRNA le

3-phosphate dehydrogenase. PCR signals of B4GALNT3 in three adrenal glands (AGs) w
SD from three independent experiments. In MYCN status: A, amplified; N, nonamplifie
removed from the chamber, and the invading cells on the
lower surface of the membrane were fixed with 100%
methanol and were stained with 0.5% crystal violet. In-
vading cells were counted in each well under a phase
contrast microscope. The mean � SD values were cal-
culated from the numbers of invading cells from three
independent experiments under the microscope.

To determine the contribution of �1 integrin to migra-
tion and invasion, cells were preincubated with 10 �g/mL
of �1 integrin blocking antibody (clone P4C10; Millipore
Corp., Billerica, MA) or 10 �g/mL of control mouse non-
immune IgG antibody (SouthernBiotech, Birmingham,
AL) for 30 minutes at 37°C.

Statistical Analysis

SPSS 10.0 for Windows software (SPSS Inc., Chicago, IL)
was used to perform the statistical analyses. The compari-
son between pairs of categorical variables was evaluated

GNB, DNB, and UNB. The inset in the left panel indicates the blocking of
ific staining (not shown). Scale bar � 100 �m. Original magnification, �200. In
ification, �400 (inset). In the right panel, UNB showed negative staining. The
of B4GALNT3 expression in tumors with unfavorable and favorable histologic
in 87 patients with NB. *P � 0.001, log-rank test. D: Correlation of clinical
NB tumors were analyzed by real-time PCR and normalized to glyceraldehyde-
ession in
any spec
al magn
ribution
GALNT3
vels in 30
ere used as standards for relative fold change. Data are presented as mean �
d. In outcome for 5-year survival analyses: A, alive; D, dead; R, recurrence.
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using Pearson’s �2 test. The significance of the variations
between the data resulting from different treatments was
assessed by Student’s t-test. Kaplan-Meier method was
used for estimation of survival probabilities in various sub-
groups, and the significant differences in each group were
analyzed by log-rank tests. Each variable possibly affecting
patient survival was further evaluated by univariate and
multivariate Cox proportional hazards model analysis. All
statistical tests were two-sided, and those with a P � 0.05
were considered significant.

Results

B4GALNT3 Expression Correlates with the
Differentiation Status of NB Tumors

To evaluate specific gene expression in heterogeneous
tumors such as NB, we demonstrated that IHC analysis is
a preferred method.19,27 Therefore, expression of
B4GALNT3 in all 87 NB tumor tissues was examined by
IHC analysis. Positive B4GALNT3 staining was observed
specifically in the cytoplasm of ganglion cells of GNB
tumor tissues (Figure 1A); however, expression was neg-

Table 1. B4GALNT3 Expression and Clinicopathologic and
Biologic Characteristics of NB

Variable
Cases
(no.)

Positive
B4GALNT3

expression (%) P value*

Age at diagnosis
�1 year 29 18 (62.1) 0.757
�1 year 58 34 (58.6)

Sex
Male 49 27 (55.1) 0.313
Female 38 25 (65.8)

Clinical stage
1, 2, 4S 31 23 (74.2) 0.041†

3, 4 56 29 (51.8)
Primary tumor site

Adrenal 52 32 (61.5) 0.682
Extra-adrenal 35 20 (57.1)

Tumor histologic
profile

Favorable 46 38 (82.6) �0.001
Unfavorable 41 14 (34.1)

MYCN
Amplified 23 10 (43.5) 0.063
Nonamplified 64 42 (65.6)

*�2 test.
†Stages 1, 2, and 4S versus stages 3 and 4.

Table 2. Clinicopathologic and Biologic Factors that Affect the S

Variable RR

Age at diagnosis: �1 year versus �1 year 3.9
Clinical stage: advanced (3, 4) versus early (1, 2, 4S) 19.2
MYCN: amplified versus nonamplified 4.2
B4GALNT3 expression: negative versus positive 3.8
Histologic profile: unfavorable versus favorable 3.5
RR, relative risk.
ligible in schwannian stromal cells. B4GALNT3 immuno-
staining was blocked completely by a specific peptide
(Figure 1A), confirming the specificity of the anti-
B4GALNT3 antibody for the IHC studies. In addition to
the mature ganglion cells, neuroblastic cells showing var-
ious differentiated states in either GNB or DNB also dem-
onstrated positive staining in the cytoplasm (Figure 1A),
whereas undifferentiated neuroblastic cells usually
showed negative staining (Figure 1A). Thus, B4GALNT3
expression positively correlates with the differentiation
status of human NB.

B4GALNT3 Expression and Clinicopathologic
and Biologic Factors

According to the staining percentage of B4GALNT3 in
neuroblastic cells, the immunoreactivity of these NB tu-
mors was classified into four categories: “�” (no expres-
sion, no stained cells or only isolated single stained cells
seen); “1�” (weak expression, approximately 10% to
35% of neuroblastic cells stained); “2�” (moderate ex-
pression, approximately 35% to 70% of neuroblastic cells
stained); and “3�” (strong expression, �70% of neuro-
blastic cells stained). For further statistical analysis, tu-
mors were assigned to negative B4GALNT3 expression
(“�” in immunoreactivity) and positive B4GALNT3 ex-
pression (1�, 2�, or 3� in immunoreactivity). Positive
immunoreactivities (1� to 3�) of B4GALNT3 could be
detected in 52 of the 87 NBs (60%). The intensity and
percentage of positive B4GALNT3 immunostaining cor-
related strongly with a favorable tumor histologic profile
(Figure 1B and Table 1; P � 0.001, �2 test). The relation-
ship between B4GALNT3 protein expression and the clin-
icopathologic and biologic variables of NB are summa-
rized in Table 1. In addition to tumor histologic profile,
positive B4GALNT3 immunostaining correlated with early
clinical stages (stage 1, 2, or 4S; P � 0.041, �2 test).

Survival analysis revealed that a trend of higher ex-
pression levels of B4GALNT3 indicated better patient
prognosis (data not shown). However, because the sur-
vival probability in patients with 1�, 2�, and 3�
B4GALNT3 immunostaining was not significantly different
(P � 0.1633, log-rank test), patients with 1�, 2�, and 3�
B4GALNT3 immunostaining were pooled together as a
group of positive B4GALNT3 expression in subsequent
analyses. Kaplan-Meier analysis showed that patients
with positive B4GALNT3 expression had a more favor-
able outcome, with predictive 5-year survival of 71.6%,

Rate

ivariate analysis Multivariate analysis

95% CI P value RR 95% CI P value

1.666–9.459 0.002 1.996 0.649–6.141 0.228
4.611–79.962 �0.001 6.706 1.271–35.395 0.025
2.255–7.977 �0.001 3.086 1.488–6.402 0.002
1.947–7.534 �0.001 2.29 1.080–4.853 0.031
1.813–7.019 �0.001 1.438 0.656–3.152 0.365
urvival

Un

69
01
41
30
9



early-sta

B4GALNT3 Expression in Neuroblastoma 1399
AJP September 2011, Vol. 179, No. 3
whereas patients with negative B4GALNT3 expression
had predictive 5-year survival of only 35.4% (Figure 1C;
P � 0.001, log-rank test). In agreement with IHC analy-
ses, results from real-time PCR showed that expression
levels of B4GALNT3 mRNA positively correlated with the
differentiation status of neuroblastic tumors (Figure 1D).
In addition to B4GALNT3 expression, univariate analysis
also showed that younger patient age at diagnosis (�1
year), early clinical stages (stage 1, 2, or 4S), and a
favorable histologic profile also predicted better survival
probability, whereas MYCN amplification suggested a
very poor outcome (Table 2). Multivariate analysis by the
Cox proportional hazards model showed that in addition
to clinical stage and MYCN status, B4GALNT3 expres-
sion could predict patient outcome independently of
other prognostic factors (Table 2). To further emphasize
the significance of B4GANT3 expression in the prognos-
tic discrimination, the impact of B4GANT3 expression on
patient survival was further analyzed according to the
other two independent prognostic factors of clinical stage
and MYCN status. The result showed that except in pa-
tients with MYCN amplification, who had a very poor

Figure 2. Kaplan-Meir survival analysis according to B4GALNT3 expression i
with normal MYCN status. Tumors with B4GALNT3 positive (�) staining pre
B: Curves for patients with MYCN amplification. C: Curves for patients with
**P � 0.01, log-rank test.

Figure 3. B4GALNT3 expression in SK-N-SH NB cells. A: ATRA-induced SK-
10 �mol/L ATRA for 3 days. Dimethyl sulfoxide (0.1%) (DMSO) treatment w
neurite outgrowth. Scale bar � 10 �m. B: Expression of B4GALNT3 was incr
neuronal differentiation induced by ATRA was confirmed by increased exp
dehydrogenase (GAPDH) is an internal control. The relative band signals w
of B4GALNT3 in SK-N-SH cells. SK-N-SH cells were transfected with pcDNA
G418-resistant cells were pooled, and reexpression of B4GALNT3 mRNA a
Western blot analysis (bottom panel), respectively. GAPDH is a loading con

expression of LacdiNAc was detected by Western blot analysis with WFA. GAPDH
immunoprecipitated.
prognosis, positive B4GALNT3 expression could predict
better survival probability in patients with normal MYCN
status and in those with either early- or advanced-stage
diseases (Figure 2). This result suggested that assessing
B4GALNT3 expression may provide additional prognos-
tic information complementary to clinical stage and
MYCN status. Taken together, these data suggest that
B4GALNT3 expression may predict survival of patients
with NB possibly by affecting tumor cell behavior in vivo.

ATRA-Induced B4GALNT3 Expression and
Transfection of SK-N-SH Cells with B4GALNT3

To investigate whether B4GALNT3 expression influenced
NB cell differentiation in vitro, SK-N-SH cells were treated
with ATRA for 3 days to induce differentiation. The NB cell
differentiation induced by ATRA was demonstrated by
increased neurite outgrowth (Figure 3A). We found that
B4GALNT3 expression was enhanced after NB cell dif-
ferentiation (Figure 3B). Furthermore, the neuronal differ-
entiation induced by ATRA was further confirmed by the

ts with NB and various clinical stages and MYCN status. A: Curves for patients
ter survival probability than do those with B4GALNT3 negative (�) staining.
ge diseases. D: Curves for patients with advanced-stage diseases. *P � 0.05,

ll differentiation and B4GALNT3 expression. SK-N-SH cells were treated with
as a control. The differentiation of SK-N-SH cells was shown by increased
ATRA-treated SK-N-SH cells as demonstrated by Western blot analysis. The
f GAP-43 and neuron-specific enolase (NSE). Glyceraldehyde-3-phosphate
tified by ImageQuant software version 5.1 as shown. C: Forced expression

ck) or pcDNA3.1/B4GALNT3 and were selected with G418 for 10 days. The
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induction of differentiation markers GAP-43 and neuron-
specific enolase.

To elucidate the effects of B4GALNT3 on NB cells,
SK-N-SH cells were transfected with pcDNA3.1 contain-
ing B4GALNT3. We tried to isolate single clones with
G418 selection, but these clones did not survive stably.
We, therefore, pooled the mock- or B4GALNT3-trans-
fected cells for further experiments after selection with
400 �g of G418 for 10 days. Transfection efficiency was
nearly 70%, and the pooled B4GALNT3-transfected cells
could be grown in vitro for 1 month. B4GALNT3 reexpres-
sion in SK-N-SH cells was demonstrated by RT-PCR and
immunoblotting analysis (Figure 3C). Recombinant
B4GALNT3 expression increased WFA binding to several
glycoproteins, suggesting that it had intact enzymatic
activity to promote formation of LacdiNAc in NB cells
(Figure 3D).

B4GALNT3 Expression Inhibits Anchorage-
Dependent and Anchorage-Independent Cell
Growth

To determine whether B4GALNT3 reexpression af-
fected anchorage-dependent cell growth, cell viability
was analyzed by MTT assays. The mean � SD relative
viability of B4GALNT3 transfectants of SK-N-SH cells
observed at 24 and 48 hours was 93.9% � 2.2% and
85.0% � 2.5%, respectively, compared with mock
transfectants (Figure 4A). Next, we analyzed the effect
of B4GALNT3 reexpression on anchorage-indepen-
dent cell growth of SK-N-SH cells by colony formation
assays in soft agar. The mean � SD colony number of
B4GALNT3 transfectants was 8.7 � 2.5 compared with
19.0 � 2.6 for mock transfectants (Figure 4B). To fur-
ther confirm these effects, we used another NB cell
line, SH-SY5Y. We also found that forced expression of
B4GALNT3 significantly suppressed cell viability (Figure
4C) and colony formation of SH-SY5Y cells (Figure 4D).
These results suggest that B4GALNT3 reexpression de-
creases cell viability and colony-forming ability in SK-

Figure 4. B4GALNT3 suppresses cell growth and colony formation of SK-N
cell growth of SK-N-SH cells. MTT assays were performed to analyze the viab
*P � 0.01 compared with mock transfectants. B: B4GALNT3 suppresses anch
B4GALNT3 (black bars) were seeded into soft agar for 14 days. Colony nu
staining. *P � 0.01 compared with mock transfectants. C: B4GALNT3 inhibits
*P � 0.01. D: B4GALNT3 inhibits colony formation of SH-SY5Y cells in soft ag
N-SH and SH-SY5Y cells.
B4GALNT3 Suppresses Cell Migration and
Invasion

To examine whether B4GALNT3 reexpression can regulate
cell migration, transwell migration assays and wound-heal-

Figure 5. B4GALNT3 suppresses cell migration and invasion of SK-N-SH
and SH-SY5Y cells. A: B4GALNT3 reexpression decreases SK-N-SH cell mi-
gration. Transwell migration assays were performed to analyze the effect of
B4GALNT3 on cell migration. Mock or B4GALNT3 transfectants of SK-N-SH
cells (2 � 105) were seeded into the upper chamber, and 10% FBS in the
lower chamber was used as chemoattractant. After 48 hours, migrated cells in
the lower chamber were stained, and the representative images are shown in
the top panel. Original magnification, �100. The relative migration of mock
(open bars) and B4GALNT3 (black bars) transfectants is shown in the bot-
tom panel. Three independent experiments were analyzed. *P � 0.01
compared with mock transfectants. B: B4GALNT3 suppresses SK-N-SH cell
invasion. B4GALNT3 reexpression decreased cell invasiveness analyzed by
Matrigel invasion assays. Mock or B4GALNT3 transfectants (2 � 105) were
seeded in each chamber and cultured for 48 hours. Invaded cells were fixed
and stained with crystal violet, and representative images are shown (top
panel). The invaded cells of mock (open bar) and B4GALNT3 (black bars)
transfectants from five fields were counted under a phase contrast micro-
scope and are shown (bottom panel). *P � 0.01 compared with mock
transfectants. C: B4GALNT3 inhibits SH-SY5Y cell migration by transwell
assays. *P � 0.01. D: B4GALNT3 suppresses SH-SY5Y cell invasion by

SH-SY5Y cells. A: B4GALNT3 expression suppresses anchorage-dependent
K-N-SH cells transfected with mock (open bars) or B4GALNT3 (black bars).
dependent cell growth of SK-N-SH cells in soft agar. Mock (open bars) and

colony size �50 �m) were counted under a microscope after crystal violet
ility of SH-SY5Y cells analyzed by MTT assays after plating cells for 48 hours.
0.01. Data are presented as mean � SD from three independent experiments.
-SH and
ility of S
orage-in

mbers (
Matrigel invasion assays. *P � 0.01. The results of three independent exper-
iments are presented as mean � SD.
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ing assays were performed. Relative SK-N-SH cell migration
of B4GALNT3 transfectants decreased to a mean � SD of
66.4% � 13.6% compared with mock transfectants (Figure
5A). Consistent with these results, wound-healing assays
showed that the migration rate of B4GALNT3 transfectants
was significantly slower than that of mock transfectants (data
not shown). Next, we examined the effect of B4GALNT3 on
SK-N-SH cell invasion by a Matrigel invasion assay that
mimics active transmigration of cancer cells across a re-
constituted basement membrane. The invading ability of
B4GALNT3 transfectants was dramatically decreased to a
mean � SD 25.3% � 3.7% compared with mock transfec-
tants (Figure 5B). In addition, we also found that B4GALNT3
reexpression significantly suppressed cell migration (Figure
5C) and invasion (Figure 5D) of SH-SY5Y cells. These re-
sults suggest that reexpression of B4GALNT3 suppresses
cell migration and invasion in SK-N-SH and SH-SY5Y cells.

Effects of B4GALNT3 Expression on �1 Integrin
Glycosylation and Its Downstream Signaling

Because integrin-mediated signaling pathways play key
roles in regulating cell survival, migration, and invasion,

Figure 6. Effects of B4GALNT3 on �1 integrin glycosylation and signaling.
fibronectin, and laminin (top panel). �1 Integrin blocking antibody (Ab) (P4
(lower panel) of SK-N-SH cells. IgG is a control Ab. Results of three indepe
LacdiNAc structure on �1 integrin and affects its phosphorylation in SK-N-SH
pulled down (PD) with WFA lectins and then Western blotted (WB) with an
an anti–�1 integrin Ab and then were blotted with WFA lectins (middle set).
were IP with an anti–�1 integrin antibody or a control IgG and then were im
decreases tyrosine phosphorylation of FAK, Src, and paxillin in SK-N-SH ce
proteins. †The band intensity of pY118-paxillin and total paxillin was norm
representative of three independent experiments. The signals were quantif
decorated with more LacdiNAc structures in B4GALNT3-stable transfectan

confirmed by WB analysis with anti-B4GALNT3 antibody. �1 Integrins were PD with W
quantified by ImageQuant 5.1 and was normalized to their controls. E: B4GALNT3
we investigated whether these pathways were affected
by B4GALNT3 expression. We found that B4GALNT3
reexpression significantly suppressed SK-N-SH cell mi-
gration toward collagen IV, fibronectin, and laminin by
transwell migration assays (Figure 6A). It was also found
that cell adhesion to these extracellular matrix proteins
was decreased (data not shown). Notably, �1 integrin
blocking antibody significantly decreased cell migra-
tion toward fibronectin and invasion to mean � SD
35.7% � 4.8% and 16.1% � 2.5%, respectively, com-
pared with nonimmune IgG control antibody (Figure
6A). These data suggest that �1 integrin plays a critical
role in migration and invasion of SK-N-SH cells. We,
therefore, investigated whether B4GALNT3 could mod-
ify �1 integrin glycosylation and its downstream signal-
ing. We found that WFA lectin pulled down more �1

integrin molecules in B4GALNT3 transfectants than in
mock transfectants (Figure 6B). Moreover, B4GALNT3
transfectants of SK-N-SH cells expressed more Lacdi-
NAc structure on �1 integrin than did mock transfec-
tants (Figure 6B). Indeed, we found that �1 integrins in
primary NB tissues carry the LacdiNAc structure (data
not shown).

LNT3 reexpression suppresses SK-N-SH cell migration toward collagen IV,
nificantly inhibits migration toward fibronectin (middle panel) and invasion
xperiments are presented as mean � SD. *P � 0.01. B: B4GALNT3 adds the
Equal amounts of cell lysates from mock and B4GALNT3 transfectants were
integrin antibody (top set). Cell lysates were immunoprecipitated (IP) with
T3 decreases phosphorylation of �1 integrin (bottom set). The �1 integrins

lotted with 4G10 or an anti–�1 integrin antibody as indicated. C: B4GALNT3
band intensity of pY397-FAK and pY418-Src was normalized to their total
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mageQuant 5.1 and were normalized to their controls. D: �1 Integrins are
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To elucidate signaling changes caused by B4GALNT3
expression, �1 integrin and its immediate downstream
molecules FAK, Src, and paxillin were analyzed by im-
munoblotting with phospho-specific antibodies. Tyrosine
phosphorylation of �1 integrin was decreased in
B4GALNT3 transfectants compared with in mock trans-
fectants (Figure 6B). Moreover, phosphorylation levels of
�1 integrin downstream signaling molecules, including
FAK at Y397, paxillin at Y118, and Src at Y418, were also
decreased in B4GALNT3 transfectants compared with in
mock transfectants (Figure 6C). Furthermore, we ob-
served that the expression of paxillin protein was mark-
edly inhibited by B4GALNT3 expression. To further con-
firm the effects of B4GALNT3 on �1 integrin glycosylation
and signaling, SH-SY5Y cells were analyzed. These data
showed that B4GALNT3 expression also increased the
LacdiNAc structure on �1 integrins in SH-SY5Y cells (Fig-
ure 6D). Moreover, the phosphorylation of FAK and pax-
illin was also suppressed (Figure 6E). These results sug-
gest that B4GALNT3 expression increases the LacdiNAc
structure on �1 integrin and suppresses its signaling
pathways in SK-N-SH and SH-SY5Y cells.

Inhibition of Akt and ERK Activity Is Required for
B4GALNT3 to Suppress NB Cell Migration and
Invasion

Malignant cell survival and migration are closely associ-
ated with Akt and ERK1/2 activation, and both are down-
stream signaling molecules of �1 integrin. Therefore, we
also examined the effect of B4GALNT3 overexpression
on Akt and ERK phosphorylation. Overexpression of
B4GALNT3 significantly suppressed Akt and ERK1/2
phosphorylation, whereas the expression levels of total
Akt and ERK1/2 remained unchanged (Figure 7A). To
elucidate the role of Akt and ERK in decreased migration
and invasion caused by B4GALNT3, constitutively active
Akt or MEK was introduced into B4GALNT3 transfectants.
Overexpression of Akt and MEK was confirmed by real-
time PCR (data not shown). We found that Akt and ERK
overexpression significantly reversed the suppressive ef-
fect of B4GALNT3 on migration (Figure 7B) and invasion
(Figure 7C). These data suggest that suppression of Akt
and ERK activation is required for B4GALNT3 to inhibit
NB cell migration and invasion.

Discussion

B4GALNT3 has in vitro activity to promote the synthesis of
LacdiNAc, an important structure found on glycoproteins
expressed by neurons.14 Herein, we demonstrated that
B4GALNT3 was highly expressed in either differentiated
NB or mature ganglion cells. However, its expression was
markedly decreased in UNB cells. B4GALNT3 expres-
sion correlates well with early clinical stages and, hence,
predicts a favorable outcome in patients with NB. Reex-
pression of B4GALNT3 in NB cells resulted in reduction
of malignant phenotypes, including cell growth, colony
formation, migration, and invasion. Moreover, these data

show that these phenotypic changes caused by
B4GALNT3 expression are likely mediated through sup-
pression of �1 integrin–mediated signaling and attenua-
tion of Akt and ERK activation. Thus, B4GALNT3 may
play a critical role in suppressing the malignant proper-
ties of NB, and its altered expression may contribute to
the pathogenesis of NB.

NB is a heterogeneous tumor. The treatment of NB is
based on patient risk grouping according to various clin-

Figure 7. Role of Akt and ERK in B4GALNT3-suppressed migration and
invasion. A: B4GALNT3 suppresses phosphorylation (p) of Akt and ERK1/2
in SK-N-SH cells. B and C: Constitutively active Akt (left panels) and MEK
(right panels) significantly reversed the inhibitory effect of B4GALNT3 on
migration (B) and invasion (C). The results of three independent experiments
are presented as mean � SD. *P � 0.01.
icopathologic and biologic factors.23 Detailed evaluation
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of biologic markers of NB is crucial for tailored therapy for
each patient. Of the clinical and biologic prognostic fac-
tors of NB, clinical stage and MYCN status are the two
most important factors for risk grouping of patients.23

However, the prognosis of patients with NB with the same
clinical stage or MYCN status still varies. The present
study revealed that B4GALNT3 expression could dis-
criminate the prognostic difference among patients with
NB and any clinical stages and patients with NB and a
normal MYCN status (Figure 2). The result suggested that
assessing B4GALNT3 by simple IHC staining may pro-
vide additional prognostic information complementary to
clinical stage and MYCN status, which, in turn, may allow
the physician to determine the most appropriate therapy
for each patient with NB.

The present result demonstrated that B4GALNT3 ex-
pression strongly correlated with a favorable tumor his-
tologic profile. However, in multivariate survival analysis,
only B4GALNT3 expression but not tumor histologic pro-
file predicted prognosis independently. This finding sug-
gests that B4GALNT3 expression may inhibit the NB cell
malignant phenotype by alternative mechanisms in addi-
tion to affecting cell differentiation. The present cell line
studies demonstrated that B4GALNT3 expression signif-
icantly suppressed cell growth, colony formation, migra-
tion, and invasion.

Another important finding is that B4GALNT3 reexpres-
sion significantly inhibited phosphorylation of �1 integrin
and its downstream signaling molecules FAK, Src, and
paxillin. Integrins play a crucial role in cell survival, dif-
ferentiation, migration, and invasion through the recruit-
ment and activation of signaling proteins such as FAK
and c-Src.28 The FAK-Src complex binds to and phos-
phorylates various adaptor proteins, including paxillin,
which serves as a platform for the recruitment of numer-
ous proteins that together control the cytoskeletal reor-
ganization and gene expression that are necessary for
cell migration and survival.29 Activated FAK-Src complex
in many tumor cells generates signals leading to tumor
growth and metastasis.28 Moreover, the paxillin-ERK
complex plays a role in cell survival and motility.30 Fur-
thermore, ERK can regulate cell invasion by modulating
the proteolytic enzymes that degrade the basement
membrane.31 We showed that B4GALNT3 suppresses
ERK phosphorylation. In addition, we found that Akt ac-
tivation is significantly suppressed by B4GALNT3. Acti-
vation of Akt predicts poor outcome in NB and inhibits
TRAIL (tumor necrosis factor–related apoptosis-inducing
ligand)- or chemotherapy-induced apoptosis of NB
cells.32 The present data also showed that constitutively
active Akt or MEK can significantly reverse the suppres-
sive effect of B4GALNT3 on migration and invasion. Thus,
decreased ERK and Akt signaling in NB may be essential
for the phenotypic changes caused by B4GALNT3 ex-
pression. Because ERK and Akt are important downstream
signaling molecules for integrins and receptor tyrosine ki-
nases, it is possible that B4GALNT3 affects signaling
through both types of receptors on the cell surface. Al-
though a detailed mechanism explaining how these signal-

ing pathways affect NB requires further investigation, the
present data strongly suggest that B4GALNT3 is an effec-
tive suppressor of NB cell malignancy.

There are several possible mechanisms that determine
how B4GALNT3 regulates cell signaling. One possibility
is that B4GALNT3 modifies carbohydrates on integrins,
followed by conformational changes that, in turn, modu-
late cell signaling and cellular properties. For example,
GnT-V, GnT-III, ST6GalNAc I, and ST6Gal-I directly mod-
ify carbohydrate structures on �1 integrin and affect in-
tegrin activity.33–36 These changes in N-glycosyla-
tion33,37 or O-glycosylation36 of �1 integrin lead to altered
cell morphologic features and behavior. B4GALNT3
modifies N- and O-glycans decorated with GlcNAc in
vitro.7 In the present study, we found that B4GALNT3
adds LacdiNAc to �1 integrin and, thereby, suppresses
its downstream signaling. Glycolipids on the cell surface
may interact with functional membrane proteins, such as
integrins, growth factor receptors, and Src family kinases
to form glycosynaptic microdomains that control cell ad-
hesion, growth, and motility.38 Because B4GALNT3 also
exhibits enzymatic activity to modify glycolipids with the
LacdiNAc structure, it is possible that B4GALNT3 mod-
ulates integrin signaling and tumor cell behavior via
changing the carbohydrate structures of glycolipids at
the glycosynapse.

In summary, we demonstrate, for the first time, that
B4GALNT3 may play a critical role in regulating NB ma-
lignancy. Expression of B4GALNT3 positively correlates
with the differentiation status of NB. We present evidence
that B4GALNT3 expression suppresses malignant prop-
erties of NB cells by modifying �1 integrin with LacdiNAc
to inhibit downstream signaling through FAK, Src, and pax-
illin. The present findings suggest that B4GALNT3 inhibits
cell migration and invasion primarily through �1 integrin.
These effects of B4GALNT3 on migration and invasion are
dependent on Akt and ERK signaling pathways.
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