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Summary. Four human neuroblastoma cell lines ex- 
hibited differences in their ability to differentiate into 
neuron-like cells in response to three different treat- 
ments, serum deprivation, or additions of dibutyryl 
cyclic-AMP or retinoic acid. Expression of N-myc 
gene product was reduced in neuroblastoma cell line 
SK-N-DZ differentiated by retinoic acid as compared 
with untreated cells. On the contrary, expression of c- 
src gene product, pp60 ..... , was considerably enhanced 
in differentiated SK-N-DZ cells. Tyrosine phosphor- 
ylation of several cellular proteins was found to be 
enhanced in differentiated cells. Alteration in ex- 
pression of these proto-oncogene products might be 
important in the differentiation ofneuroblastoma cells 
into neuron-like cells. 
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Several lines of evidence implicate certain proto- 
oncogenes, normal cellular homologs of  retroviral 
oncogenes, as genes that might regulate cellular differ- 
entiation. One such proto-oncogene is c-src, the cellu- 
lar homolog of Rous sarcoma virus (RSV) trans- 
forming gene v-src [7]. This proto-oncogene is highly 
expressed in post-mitotic neurons [3]. In addition, 
neurons contain an additional form ofpp60 ..... which 
is structurally distinct from the form found in astro- 
cytes and fibroblasts [16]. The difference involves an 
altered pattern of phosphorylation and the insertion 
of six amino acids in the N-terminal half of the mol- 
ecule [6]. Moreover, rat pheochromocytoma cells can 
be differentiated into neuronal cells when infected with 
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RSV [1]. Thus, pp60 ..... seems to be closely related to 
the neuronal differentiation processes. N-myc gene is 
highly expressed in murine fetal tissues [17] and is also 
thought to be related to cell growth and differen- 
tiation. This gene is known to be frequently amplified 
in both primary tissues and human neuroblastoma cell 
lines [11]. 

In this study we examined the expression of  the 
N-myc gene product and the c-src gene product, 
pp60 ..... , during in vitro differentiation of human 
neuroblastoma cell line SK-N-DZ. To induce differen- 
tiation, serum deprivation, or treatment with dibutyryl 
cyclic-adenosine 3',5'-monophosphate (Bt2cAMP) or 
retinoic acid were used, and neurite extension from 
treated cells was assessed for the determination of 
differentiation. 

Materials and methods 

Cell lines and culture conditions 

Retinoic acid and Bt2cAMP were purchased from Sigma. Re- 
tinoic acid and Bt2cAMP were used at 0.5 gM and 1 gM, respec- 
tively. Human neuroblastoma cell lines SK-N-DZ [12], GOTO, 
NB-1 and IMR-32 were cultured in RPMI 1640 medium sup- 
plemented with 10% fetal calf serum. Human glioblastoma cell 
line T98G and RSV-transformed rat fibroblast SRA-3Y1 were 
cultured in Dulbecco's modified Eagle's medium supplemented 
with 10% fetal calf serum. 

Determination of differentiation 

Cells (3 x 105) were seeded in 35-ram dish and ~vere grown under 
serum deprivation or in the presence of retinoic acid or Bt2cAMP 
for 4 to 6 days at 37~ Differentiation was assessed by the 
elongation of neurites as a morphological change (at least twice 
as long as the soma diameter). The degree of differentiation was 
expressed as a percentage of the cells having elongated neurites 
to the total number of the cells. 

Immunoprecipitation 

For immunoprecipitation with anti-pp60 ..... antibody, cells were 
labeled for 4 h in methionine-free RPMI 1640 medium sup- 
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plemented with 5% fetal calf serum and 35S-methionine 
(400 gCi/ml, Amersbam). For immunoprecipitation with anti- 
phosphotyrosine antibody, cells were labeled for 2 h with 3zp_ 
orthophosphate (250 p.Ci/ml, Amersham) in phosphate-free me- 
dium. Cells were lysed in RIPA buffer [40 mM Hepes(4-(2- 
hydroxyethyl)-l-piperazineethanesulfonic acid)-NaOH, pH 7.4, 
1% Nonidet P-40, 0.1% sodium dodecyl sulfate (SDS), 0.5% 
sodium deoxycholate, 0.15 M NaC1, 1 mM phenylmethyl- 
sulfonyl fluoride]. Aliquots (150 gl) of the lysates were incubated 
with anti-pp60 ..... antibody or with anti-phosphotyrosine anti- 
body for 1 h on ice. The immunocomplexes were adsorbed to 
protein A-Sepharose 4B (Pharmacia) and washed extensively 
with RIPA buffer. The immunoprecipitates were subjected to 
8% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) fol- 
lowed by autoradiography. 

Western blot analysis 

The immunoprecipitates prepared as described above were sub- 
jected to 10% SDS-PAGE. The proteins were then transferred 
onto a nitrocellulose membrane for 2 h at 240 mA in a solution 
containing 25 mM Tris (pH 8.3), 200 mM glycine, and 20% 
methanol. For detection of the N-myc gene product, the mem- 
brane was incubated with anti-N-myc monoclonal antibody 
( x 100 diluted) for I h at 4~ and washed extensively in Tris- 
buffered solution (TBS). Then, the filter was incubated with 
peroxidase-labeled rabbit anti-sheep immunoglobulin G ( x 280 
diluted) for 1 h at 4~ After being washed extensively, the 
membrane was reacted with chromogen buffer solution [0.5 mg/ 
ml of 3,3'-diaminobenzidine HC1 (Sigma), 0.05% H2Oz, and 
TBS] for about 15 min at room temperature. 

Results 

Induction of morphological differentiation 

Four  human  neuroblas toma cell lines were examined 
for their ability to differentiate into neuron-like ceils 
in response to serum deprivation or t reatment with 
BtzcAMP or retinoic acid. As summarized in Table 1, 
each cell line showeda  different response to induction 
by these three methods. Morphological  differentiation 
of  IMR-32 and GOTO cells could be induced by serum 
deprivation, while these two cell lines responded 
poorly to retinoic acid t reatment  (Fig. 1 C, D). By con- 
trast, the morphological  differentiation of  S K - N - D Z  
cells was efficiently induced under the influence of 
retinoic acid and showed mild induction with serum 
deprivation. In the presence of  BtzcAMP, only SK- 
N - D Z  cells showed differentiated morphologies.  The 
typical morphologies of  the retinoic acid-treated SK- 
N - D Z  cells are shown in Fig. 1 A, B. While untreated 
SK-N-DZ cells were spindle-shaped soma, differen- 
tiated S K - N - D Z  cells formed extensive networks of  
neurites and aggregated into clusters. Neurite forma- 
tion was most  evident 6 days after treatment. 

Expression of the proto-oncogene products 

Since S K - N : D Z  cells were most  efficiently induced 
into differentiation by retinoic acid treatment,  this 

Table 1. Morphological changes in human neuroblastoma cell 
lines, GOTO, NB-1, IMR-32, SK-N-DZ and human glioblasto- 
ma cell line T98G induced by serum deprivation, and additions 
of dibutyryl cyclic adenosine 3'5'-monophosphate (BtzcAMP; 
0.5 pM) and retinoic acid (1 ~tM) 

Serum ( - )  B t 2 c A M P  Retinoic acid 

GOTO + + - + 
NB-1 + - - 
IMR-32 + + - - 
SK-N-DZ + + + + + + 
T98G - - - 

Elongation of neurites: - ,  none; +, slight (10 % - 30 %); + +, 
moderate (30%- 50%); + + +, marked (50%- 80%) 

system was used for the analysis of  proto-oncogene 
product  expression. 

First, expression of  the N-myc gene product  was 
examined by Western blot analysis. As shown in Fig. 2, 
expression of  the N-myc product  was reduced in differ- 
entiated S K - N - D Z  cells as compared  with undifferen- 
tiated cells. 

We next examined the expression of  pp60 ..... , 
which was high in differentiated S K - N - D Z  cells as 
compared with that in untreated cells (Fig. 3). 

Lastly, we analyzed tyrosine phosphorylat ion of 
cellular proteins in differentiated S K - N - D Z  cells 
under retinoic acid treatment;  phosphotyrosine-con- 
taining proteins were immunoprecipitated f rom the 
lysates of  32p-labeled cells using antibodies which 
specifically recognized phosphotyrosine.  Phosphory- 
lated proteins were immunoprecipitated in both 
treated and untreated cells, while the intensity of  
phosphorylat ion of  the proteins in treated cells was 
significantly enhanced as compared to those precipi- 
tated f rom untreated cells (Fig. 4). 

Discussion 

H u m a n  neuroblastoma,  a tumor  of  the neuronal crest 
origin, is usually highly malignant  in its clinical 
behavior in children, however some cases had been 
reported to mature  into ganglioneuroma, a benign 
tumor, spontaneously or in response to treatment [4]. 
In our study, human neuroblas toma cell lines were 
found to exhibit differences in their abilities to differ- 
entiate into neuron-like cells in response to three dif- 
ferent treatments:  serum deprivation or addition of 
retinoic acid or Bt2cAMP. 

It  has recently been reported that thrombin con- 
tained in fetal calf serum, as a supplement in culture 
medium, modulates the neurite extension of  neuro- 
blastoma cells [5]. Hence, serum deprivation is fol- 
lowed by a reduction in regulation by thrombin.  
Bt2cAMP easily passes through cell membranes  and 
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Fig. I A - D .  Morphological alteration of neuroblastoma cells 
upon differentiation. A SK-N-DZ cells; B SK-N-DZ cells treated 

with 0.5 gM retinoic acid for 5 days; C GOTO cells; D GOTO 
cells treated with serum deprivation for 2 days. A - D  x 125 

Fig. 2. Expression of N-myc gene product in retinoic acid-treated 
or untreated SK-N-DZ cells by Western blot analysis. Immuno- 
precipitates were electrophoresed on 10% sodium dodecyl 
sulfate-polyacrylamide gel, transferred onto nitrocellulose mem- 
branes, and analyzed with anti-N-myc monoclonal antibody. 
Lanes: (--)  SK-N-DZ cells; RA SK-N-DZ cells treated with 
0.5 gM retinoic acid for 4 days 

Fig.3. Expression of pp60 ..... in retinoic acid-treated or un- 
treated SK-N-DZ cells by immunoprecipitation. Lanes: DZ (-)  
SK-N-DZ cells; DZ(+) SK-N-DZ cells treated with 0.5 gM re- 
tinoic acid for 5 days; SRA (--) Rous sarcoma virus-transformed 
rat 3Y1 cells 
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are tyrosine-phosphorylated in these differentiated 
cells as compared with those phosphorylated in RSV- 
transformed rat 3Y1 cells. It is interesting to speculate 
that differentiation-specific phosphorylation of these 
substrate proteins might play an important role in the 
events that take place in differentiated cells. 

In conclusion, our study suggests that N-myc and 
c-src gene products may be important markers for 
differentiation in neuroblastoma cell lines and that the 
c-src gene might play a specific role via its tyrosine 
kinase activity in differentiation. 
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Fig.4. Expression of tyrosine-phosphorylated proteins in re- 
tinoic acid-treated or untreated SK-N-DZ cells by immunopre- 
cipitation. Lanes: DZ ( - )  SK-N-DZ cells; DZ(+) SK-N-DZ 
cells treated with 0.5 gM re tinoic acid for 5 days; SRA ( - )  Rous 
sarcoma virus-transformed rat 3Y1 cells 

activates cAMP-dependent protein kinase activity 
[10]. On the other hand, it has also been reported that 
the retinoid receptors of  cells might play an initial role 
in the action of  retinoic acid within the cells [9]. Cell 
line-specific differences in signal transduction machin- 
ery might cause differences in the abilities of cells to 
differentiate into neuronqike cells. Previous studies 
have suggested that proto-oncogenes, such as N-myc, 
c-myb and c-src, are important for the growth and 
differentiation of  neuroblastoma cell lines [8, 14, 15]. 
Furthermore, the decreased expression of  the N-myc 
gene preceded retinoic acid-induced morphological 
differentiation of  human neuroblastoma cells [13]. In 
this study, we have also found decreased expression of  
the N-myc gene product during retinoic acid-induced 
differentiation of neuroblastoma cell line SK-N-DZ. 
On the contrary, pp60 c-src was reported to be enhanced 
in retinoic acid-treated embryonal carcinoma cells [7], 
and pp60 c-src tyrosine kinase has been reported to 
be activated in 12-O-tetradecanoyphorbol- 13-acetate- 
treated human promyelocytic leukemia HL-60 cells 
[2]. We also detected the increased expression of 
pp60 ~-~r~ during induced differentiation of  neuroblas- 
toma cell line SK-N-DZ. In retinoic acid-treated SK- 
N-DZ cells, which showed an extensive network of 
neurites, we observed an increased expression of  
pp60 ~-~r~ and enhanced tyrosine phosphorylation of  
cellular proteins. This increased phosphotyrosine-con- 
tent of  proteins suggests that they are substrates for 
pp60 c .... , but it is also possible that they are 
phosphorylated by other tyrosine kinases. Of particu- 
lar interest is the fact that different species of  protein 
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