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ABSTRACT

The simultaneous effect of 5-bromo-2'-deoxyuridine (BrdUrd) on cell

growth, morphological changes, and cellular contents of S 100 (S I(Illa,,
and S lOOb) protein and neuron specific enolase was investigated in
human neuroblastoma cells in culture. Among four cell lines (NCG, SK-
N-DZ, GOTO, NB-1), GOTO was the most affected. With 5 jig/ml
BrdUrd, the growth of this cell line was significantly inhibited to 14.5%
of the control on day 6, in association with morphological changes into
flat-type cells and an increase of S 100 protein. S HlOa,,protein was
increased from 37 to 211,000 pg/mg protein (5,600-fold) and S lOOb
protein from <25 to 623 pg/mg protein. The induction of S 100 protein
was also seen in SK-N-DZ but not in NCG and NB-1. In GOTO the
induction of S 100 protein occurred in a dose- and time-dependent manner
by the treatment with BrdUrd. On the other hand, after exposure to
BrdUrd, neuron specific enolase decreased in NB-1 and SK-N-DZ and
increased in GOTO. These results suggest that although heterogeneous
certain neuroblastoma cell lines could be differentiated into S100 protein-
positive cells that may represent glial or Schwann cells and that the effect
of BrdUrd is exerted bidirectional!) in neuroblastoma differentiation.

INTRODUCTION

S 100 protein, which was first discovered by Moore (1), is an
acidic, calcium-binding protein with a molecular weight of
approximately 20,000. Three types of S 100 protein, i.e., S
lOOao,S lOOa, and S lOOb with the subunit composition of aa,
aÃŸ,and ÃŸÃŸ,respectively, were recognized (2). S 100 protein is
localized mainly in glial and Schwann cells and regarded as a
nervous system specific protein, i.e., acting as one of the mark
ers for glial and Schwann cells in the nervous system (3). The
presence of S 100 protein was also demonstrated in other
nonnervous tissues by recent studies (4, 5). However, its biolog
ical function is still unknown. NSE2 (77-enolase), which was
isolated first by Moore and McGregor (6) as 14-3-2 protein
from rat brain and demonstrated in neurons in central and
peripheral nervous systems is a glycolytic enzyme. NSE is
regarded as one of the differentiation markers of the neuronal
cells (7).

BrdUrd, an analogue of thymidine, is known to affect the
differentiation of several cell lines in culture after being incor
porated into cellular DNA (8). The effect of BrdUrd on cell
differentiation was assumed to be bidirectional, i.e., exerting
both differentiation and dedifferentiation. Recently, it was dem
onstrated that human neuroblastoma cells possibly differentiate
into glial or Schwann cells when treated with BrdUrd (9).

In this report, we describe the production of a significantly
large amount of S 100 protein in a human neuroblastoma cell
line when the growth of this cell line was suppressed by BrdUrd.
The results clearly indicate that neuroblastoma cells can be
differentiated into glial or Schwann cells and that they may be
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the mother cells for S 100 protein-positive cells, which were
reported to be abundantly present in the well-differentiated
ganglioneuroblastoma tissues (10).

MATERIALS AND METHODS

Cell Culture. The following human neuroblastoma cell lines were
used: NCG; SK-N-DZ; GOTO; and NB-1 (11, 12). Cells were main
tained at 37Â°Cin RPMI 1640 medium supplemented with 10% heat-

inactivated fetal calf serum (GIBCO Laboratories, Grand Island, NY)
containing penicillin (100 units/ml) and streptomycin (100 Â¿tg/ml)in a
humidified atmosphere of 95% air and 5% CO2. Cells were plated at 5
x 10' cells/flask (25 cm2; Corning Glass Works, Corning, NY). After

48 h subculture, cells were maintained in the medium with or without
5 Mg/ml of BrdUrd (Sigma Chemical Co., St. Louis, MO) for 6 days
with a change of medium every 48 h. During the 6-day period, the
morphological changes of cells were studied under a phase-contrast
microscope. On day 6 of the BrdUrd treatment, cells were washed twice
with PBS(-) and scraped off with a rubber policeman bar. Then the
cells were suspended in 1 to 2 ml of PBS(-) and the cell suspensions
were centrifuged at 120 x g for 5 min. After decanting the supernatants,
the cell pellets were stored at -80Â°Cuntil the assays for S lOOaoand S

lOObprotein and NSE. To evaluate the effect of BrdUrd on cell growth,
cells were seeded at a density of 5 x 10" cells/well (24-well microplates;

Corning) and cultured with or without BrdUrd in the same manner as
described above. On days 0, 2, 4, and 6 of the BrdUrd-treatment, cells
were detached by trypsinization and the numbers of viable cells were
counted by the trypan b!ue dye exclusion method.

As separate experiments, a time course induction study of S 100
protein and NSE and a study of BrdUrd dose relationship to cell growth
inhibition in association with the induction of these proteins were
performed in detail using GOTO. In these studies, cells were seeded at
5 x 10' cells/flask and cultured with or without 5 jig/ml of BrdUrd

after 48 h subculture. On days 0, 2, 4, and 6 cells were harvested and
subjected to the assays for S lOOaoand S lOOb protein and NSE. The
doses of BrdUrd examined ranged from 0.01 to 10 /ig/ml for the 6 days
in culture.

Enzyme Immunoassays for S Milla,,(aa Form) and S lOOb(ÃŸÃŸForm)
Protein and NSE (77 Enolase). Cell pellets were homogenized at 4Â°C

in 0.5 ml of 50 IHMsodium phosphate buffer containing 5 mM MgSO4
(pH 7.0) by sonication (Output 3, Model W-220F; Heat Systems-
Ultrasonics, Inc., Farmingdale, NY). The homogenates were centri
fuged at 4"C at 20,000 x g for 20 min and the supernatants were

subjected to enzyme immunoassays. The sandwich enzyme immunoas-
say systems as previously described (13, 14) were used to determine the
concentrations of S I0(hiâ€žand S lOOb protein and NSE. In short, S
lOOao protein was assayed by using a polystyrene ball covered with
monospecific antibodies to human a subunit of S 100 protein, and the
same antibodies were labeled with /3-D-galactosidase from Escherichia
coli. One polystyrene ball with antibodies was incubated at 30Â°Cfor 5

h with various amounts of standard or homogenate supernatants and
further incubated with galactosidase-labeled antibodies at 4"C over

night. Then the ball was incubated with a fluorogenic substrate, 4-
methylumbelliferyl-/3-D-galactoside (Sigma) and the amount of S lOOao
protein was determined by measuring the galactosidase activity bound
on the ball.

Specific antibodies against human ÃŸsubunit of S 100 protein and
human 7 subunit of enolase were used separately for the assays of S
lOOb protein and NSE. The assay system for S lOOao protein was
specific and showed no cross-reaction with either S lOOa protein (aÃŸ
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subunit) or S lOOb protein; however, the systems for S lOOb protein
and NSE showed cross-reactions, 15% to S lOOa protein and 10% to
ay enolase (13, 14).

Detection of BrdUrd Incorporation into Cells. To confimi the incor
poration of BrdUrd into cell nuclei, 1 x 10* cells were seeded and

grown on coverglasses with or without 5 ng/ml BrdUrd for 6 days. The
cells were then washed with PBS(-) thoroughly, fixed with 99.5%

ethanol for 20 min, hydrolyzed with 5 N HCI for 8 min, and incubated
for 60 min with anti-BrdUrd antibody (Becton-Dickinson, CA) (15).
After being washed with PBS(â€”),the cells on coverglasses were further
incubated with biotinylated anti-mouse IgG antibody and subsequently
with avidin-biotin-peroxidase (Vector Lab., Inc., Burlingame, CA) for
the detection of BrdUrd.

Other Procedures. Protein concentrations in homogenate superna-
tants were determined with the Bio-Rad Protein Assay (Bio-Rad) (16).
Statistical analysis was carried out using Student's t test.

RESULTS

Cell Growth, Morphology, and Localization of BrdUrd in
Cells. The cell growth of 4 cell lines was slightly or moderately
suppressed by the treatment with BrdUrd (5 ng/m\ for 6 days)
as shown in Fig. 1. GOTO was the most affected, growing
slowly from day 2 of the treatment and reaching only 14.5% of
the control growth on day 6. The viability of the BrdUrd-treated
GOTO cells was 87.4 Â±7.8% (SD) during the period. The
morphological changes induced by BrdUrd were significant
only in GOTO (Fig. 2). Before treatment, GOTO cells were
small and spindle shaped. Two days after treatment, the cells
became larger and flattened out and possessed polygonal cyto
plasm which adhered firmly to the substrate of the culture flask
in association with inhibited cell growth. By contrast, NCG,
SK-N-DZ, and NB-1 showed no morphological changes.
BrdUrd was detected only in the nuclei of BrdUrd-treated cells
and the staining intensity was not much different among the
cell lines (data not shown).

Induction of S 100 Protein and NSE (Table 1). With BrdUrd
treatment, NCG and NB-1 showed no induction of S lOOaoand
S lOOb protein. However, SK-N-DZ and GOTO exhibited

NCG SK-N-DZ

-20246 -202

Day
Fig. I. Effect of BrdUrd on the growth of human neuroblastoma cells in

culture. After 48 h subculture, 5x10* cells/flask were treated (D) with (â€¢)or
without (O) 5 Â»ig/mlBrdUrd for 6 days. On days 0, 2, 4, and 6 of the treatment,
the number of viable cells was determined by the trypan blue dye exclusion
method. Values indicate mean Â±SE (bars) of 4 separate experiments. *,P< 0.01

by t test versus control (untreated).

significant increases of S IOlla,,and S lOOb protein compared
to the control. The concentration of S l OOu,,protein in GOTO
notably increased 5,600-fold from 37 to 211,000 pg/mg protein
after treatment. S lOOb protein in this cell line also increased
from <25 to 623 pg/mg protein.

In terms of NSE, the concentrations in untreated cells varied
from 95 to 3390 ng/mg protein in all 4 cell lines. After treat
ment with BrdUrd, NSE slightly increased in GOTO but not
in NCG. By contrast, NSE decreased in SK-N-DZ and NB-1.
Particularly in NB-1 cells which possessed the highest basal
content, NSE decreased to about one-half the activity, from
3390 to 1610 ng/mg protein after treatment.

Time and Dose Relationship to the BrdUrd-induced Increase
of S 100 Protein and NSE. In the time course study, the
induction of S lOOao and S lOOb protein was found to occur
rapidly and logarithmically in the first 48 h after exposure to
BrdUrd (Fig. 3).

As shown in Fig. 4, the concentration of S l()0aâ€žprotein
remained very low when GOTO cells were treated by up to 0.1
Mg/ml BrdUrd. At doses over 0.5 pg/ml, S lOOa,, protein
increased sharply, reaching at maximum 5600 times that of the
control. The concentration of S lOObprotein and NSE similarly
increased from undetectable (<25) to the peak value of 631 pg/
mg protein and from 144 to 296 ng/mg protein, respectively,
corresponding to the increasing doses of BrdUrd, as in S 100aâ€ž
protein. The cell growth inhibition of GOTO was slight at doses
up to 0.05 Me/ml; however, it was significant beyond 0. l
BrdUrd.

DISCUSSION

BrdUrd-treatment of culture cells was reported to show
growth inhibition associated with flat-type cell morphology (17,
18). It has also been suggested that the growth inhibitory effect
of BrdUrd is due to its incorporation into cellular DNA se
quences during early S phase of the cell cycle, thus blocking the
cells' entry into S phase (15, 19). With regard to BrdUrd-

treated neuroblastoma cells, Schubert and Jacob (20) first re
ported that the murine C1300 cell line was induced to have
neurite-like outgrowth of cytoplasm as a step towards neuronal
differentiation. Thereafter, Reynolds and Maples (9) observed
that the human neuroblastoma cell line SMS-KCNR was trans
formed by the BrdUrd-treatment into flat cells positive for
myÃ©linebasic protein, one of the differentiation markers for
glial and/or Schwann cells. In our present study, BrdUrd was
similarly incorporated into the nuclei of cultured human neuro
blastoma cells. However, only BrdUrd-treated GOTO cells
showed significant cell growth inhibition in association with
flat cell morphology and S 100 protein expression, which may
suggest possible differentiation of GOTO cells into glial or
Schwann cells.

BrdUrd is also known to suppress phenotypes that have
already been expressed. In cloned rat glioma (C6) cells, 5 Â¿ig/
ml BrdUrd was reported to suppress the synthesis of S 100
protein (21). By contrast, our observation is considered to be
the first to show that neuroblastoma cells could be stimulated
to produce S 100 protein when exposed to BrdUrd. As shown
in Table 1, BrdUrd-treated SK-N-DZ and GOTO cells pro
duced significantly higher amounts of S lOOao and S lOOb
protein compared to the controls. During the first 48 h after
treatment, S 100 protein in GOTO increased logarithmically
in a time-dependent manner. It was also shown that 0.5 Â¿<g/ml
BrdUrd was sufficient to obtain the maximum response, and at
the higher doses, no greater activation was seen. This phenom-
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Fig. 2. Phase-contrast photomicrographs of a human neuroblastoma cell line, GOTO, a, control, cells were small and spindle-shaped; b, BrdUrd treatment, cells
became larger, flattened, and possessed polygonal cytoplasm which adhered firmly to the substrate of culture flask, x 300.

Table 1 Induction of S 100a, and S WObprotein and NSE
After 48 h subculture, 5 x 10* cells/flask were treated with or without 5 Mg/ml of BrdUrd for 6 days. On day 6 of the treatment, cells were harvested and

homogenated. After the centrifugation of the homogenates at 20,000 x g for 20 min at 4'C, the supernatants were subjected to the determination of S lOOaoand S

lOObprotein and NSE by the enzyme immunoassay method. The results are mean Â±SE of 4 separate experiments.

S lOOaoprotein
(pg/mgprotein)Cell

lineNCG

SK-N-DZ
GOTO
NB-1Control230

Â±72
321 Â±96

37 Â±7
<94BrdUrd311

Â±101
7,370 Â±910Â°

2 II. 000 Â±82,500*

<38S

lOObprotein
(pg/mgprotein)Control<14<28

<25
1,940 Â±458BrdUrd<13291

Â±43Â°
623 Â±113Â°

1,440 Â±225NSE

(ng/mgprotein)Control95

Â±12
1,960Â± 157

144 Â±20
3,390 Â±143BrdUrd133

Â±25
1,290 Â±161'

257 Â±34Â»
1,610 Â±267Â°

Â°Statistically significant, at P < 0.01 by the t test versus control.
Â°Statistically significant, at P < 0.05 by the ( test versus control.

enon may indicate that S 100 protein gene(s) were activated
when certain amounts of BrdUrd were incorporated into cellu
lar DNA. According to the report by Weintraub et al. (22),
BrdUrd incorporation into DNA might affect the specific target
(switching loci) genes involved in hemoglobin synthesis of chick
erythroblast. Recently Comi et al. (23) reported that BrdUrd
possibly switches the program from adult type to fetal type
globin synthesis. The rapid induction of S 100 protein in GOTO
between concentrations of 0.1 and 0.5 ng/m\ BrdUrd may
indicate that BrdUrd at this level activates the switching loci of
S 100 protein gene(s) in neuroblastoma cells.

Neuroblastoma cells were reported to have the potential to
express the phenotypes for melanocytes or Schwann cells (24).
Especially the flattened variants of SK-N-SH cells were shown
by Ross and Biedler (25) to have coordination with flat mor
phology and higher tyrosinase activity, which is one of the
phenotypes for melanocytes. In GOTO, the production of S
100 protein was associated with morphological change and cell
growth inhibition dependent on the doses and duration of
BrdUrd treatment. On the other hand, in SK-N-DZ, S 100
protein was induced, despite the fact that the cell growth was
not suppressed significantly and no morphological changes
were associated during the 6 day culture with BrdUrd. Thus,
the mechanisms by which BrdUrd exerts its effect on the cell
growth, the morphological changes, and the induction of S 100
protein in neuroblastoma cells may be different and are prob
ably independent.

Since NSE immunoreactivity was found to be detectable in
neuronal cells after the formation of the synapse in chick
embryos (26), NSE has been regarded as one of the differentia
tion markers for neuronal cells. NSE is undetectable in normal
glial or Schwann cells. However, NSE was demonstrated by
immunohistochemical stainings or enzyme immunoassays in
glioblastomas, astrocytomas, neuroblastomas, melanomas, and
neuroendocrine tumors (10, 27). In our study, there were
marked differences in basal NSE contents and heterogeneity in
response to BrdUrd treatment among 4 neuroblastoma cell
lines. NB-1, which possesses neurite-like processes and is re
garded to be a representative of the neuronally differentiated
neuroblastoma cell line, had much higher activity of NSE
compared to other cell lines. However, the NSE in NB-1 cells
was reduced by one-half after treatment with BrdUrd. Our
results regarding NSE might suggest that at least 2 human
neuroblastoma cell lines, NB-1 and SK-N-DZ, were not induced
into neuronal differentiation but rather showed a dedifferentia-
tion from neuronal cells by BrdUrd treatment.

Clinically, we often encounter the differentiation of neuro
blastoma to ganglioneuroblastoma or ganglioneuroma, which
mainly consists of ganglion, glial, or Schwann cells and fibrous
components. The glial or Schwann cell components in such
tumor tissue sections are often confirmed immunohistochemi-
cally by the positive staining for S 100 protein (28). In addition,
the demonstration of S 100 protein-positive cells in undiffer-
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Fig. 3. Time course study of S 100 protein and NSE in the BrdUrd-treated
GOTO cells. After 48 h subculture, 5 x 10! cells were treated with or without

BrdUrd (5 Mg/ml) for 6 days. On days 0, 2, 4, and 6 cells were harvested and
subjected to the enzyme immunoassays for S 100 protein and NSE using the
antibodies monospecific to a or ÃŸsubunit of human S 100 protein and 7 subunit
of human enolase, respectively. S 1OOaoprotein: control (O), BrdUrd (â€¢);S l OOb
protein: control (A), BrdUrd (A); NSE: control (O), BrdUrd (â€¢).Values indicate
mean Â±SE (ears) of 4 separate experiments. *, **, P < 0.05 and < 0.01,
respectively, by r test versus control.

NSE

0.01 0.1

BrdUrd (ug/ml)

10

Fig. 4. BrdUrd dose relation to the cell growth and the content of S 100
protein and NSE in GOTO cells. After 48 h subculture, 5x10' cells were treated

with or without various doses of BrdUrd (0.01, 0.05, 0.1, 0.5, 1.0, 5.0, and 10
/ug/iiil). On day 6, the number of viable cells was counted and the growth was
expressed in percentage against the control (no treatment) (inset). In terms of S
100 protein and NSE, the harvested cells were homogenized and homogenate
supernatants were subjected to the enzyme immunoassays for S lOOaoand S lOOb
protein and NSE, as described in "Materials and Methods." SlOOao protein:

control (O), BrdUrd (â€¢);S lOOb protein: control (A), BrdUrd (A); NSE: control
(U), BrdUrd (â€¢).Values indicate mean Â±SE (bars) of 4 separate experiments. *,
**, P < 0.05 and < 0.01, respectively, by t test versus control.

entiated neuroblastoma tissue was suggested to predict better
prognosis for the patients (29).

To date, the exact origin of these S 100 protein-positive cells
has been controversial. There are 2 possibilities: (a) the cells
positive for S 100 protein are glial or Schwann cells which are

originally located at the periphery of neuroblastoma tissues
(30). These cells proliferate and migrate into the center of the
tumors after the neuroblastoma cells are spontaneously or
therapeutically destroyed or differentiated to ganglion cells; (b)
the glia- or Schwann-like cells are derived and differentiated

from a selected population of neuroblastoma cells, whether or
not they remain neoplastic (31). The evidence of induced S 100
protein in BrdUrd-treated GOTO and SK-N-DZ cells in this
report partly supports the latter theory.

S 100 protein, initially thought to be specific to the nervous
system, has since been found in various nonneuronal cells
including muscle cells, adipocytes, chondrocytes, and lymph
node macrophages (3, 4). However, in normal and neoplastic
tissues of neural crest origin, S 100 protein is still considered
to be one of the differentiation markers for glial or Schwann
cells (3, 32). Isobe et al. (2) isolated 3 types of S 100 protein
from the brain, i.e., S lOOao,S lOOa, and S lOObprotein (subunit
compositions are aa, aÃŸ,and ÃŸÃŸ,respectively). Thereafter,
Takahashi et al. (33) immunohistochemically demonstrated
only a subunit of S 100 protein in neurons, both a and ÃŸsubunit
in glial cells, and only ÃŸsubunit protein in Schwann cells.
According to the data by Takahashi et al. (33), GOTO and SK-
N-DZ cells, which induced both a and ÃŸsubunits of S 100
protein, might be differentiated not to Schwann but to glial
cells. Although the biological function of S 100 protein is still
unknown, the different distribution of the subunits of S 100
protein among the cell types should be closely related to their
regulatory systems.

It is conceivable that the induction of S 100 protein in GOTO
cells is proof that neuroblastoma cells comprise at least part of
S 100 protein-positive cells in ganglioneuroblastomas or gan-
glioneuromas. With this induction system using the BrdUrd-
treatment GOTO cells, we may be able in the future to clarify
the regulatory mechanisms of synthesis at the gene level as well
as the function of S 100 protein in neural crest-derived cells.
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