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Ahstraet--Neocarzinostatin is an antineoplastic agent that induces differentiated morphology in human 
(SK-N-SH) neuroblastoma cells in culture. We have compared this morphological differentiation with 
that induced by the endogenous differentiation inducer, nerve growth factor (NGF), and have explored 
the effects of exposure to NGF upon the morphological changes induced by neocarzinostatin in SK-N- 
SH cells. Both NGF and neocarzinostatin induced process outgrowth in these cells. The processes formed 
in the presence of NGF however, were shorter and thinner than those induced by neocarzinostatin. 
Furthermore, only neocarzinostatin induced enlargement of the somata of the cells, and caused cell 
death in a concentration-dependent fraction of the culture. These distinguishing features of treated 
cells allowed us to determine whether or not NGF exposure altered responsiveness of the cells to 
neocarzinostatin. NGF (100-1000 ng/mL) protected SK-N-SH cells from the morphological and cytocidal 
effects of neocarzinostatin (1-hr exposure, 0.017 to 0.033/~g/mL). Protection from neocarzinostatin 
required that NGF be continuously present for a period beginning 24 hr prior to neocarzinostatin 
exposure and continuing for the duration of the experiment, implying that the protection afforded by NGF 
has a latency necessitating pretreatment, and is reversible. These results suggest that neocarzinostatin is 
taken up by the cells and can exert its effects once NGF is removed, even after neocarzinostatin is 
washed out of the medium. The signal transduction cascade triggered by NGF receptor binding may 
prevent the action of neocarzinostatin or the expression of the cellular changes induced in SK-N-SH 
cells by neocarzinostatin. 

Neuroblastoma is a childhood tumor of the neural 
crest. It is thought by some to represent a matu- 
rational arrest of neuroblasts in this region of the 
peripheral nervous system [1]. Several pharma- 
cological agents have been identified which can 
induce mature neuron-like morphology in neuro- 
blastoma cells in culture [2-4]. These drugs and their 
ability to produce "differentiation induction" have 
been proposed both as therapeutic agents for neuro- 
blastoma and for the production of an in vitro model 
for normal neural crest differentiation. As part of a 
program to examine the relationship between phar- 
macological induction of "differentiation" in neuro- 
blastoma cells and maturation of normal neural crest 
ceils, we have determined that one proposed dif- 
ferentiation-inducing agent, neocarzinostatin, pro- 
duces biochemical changes which in these cells differ 
significantly from those seen in normal neural crest 
cell development [5-7]. To characterize better the 
neocarzinostatin-neuroblastoma system with respect 
to known modulators of neural crest development, 
and to begin to examine the mechanism of "dif- 
ferentiation" induction by neocarzinostatin, we have 
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studied the effects of nerve growth factor (NGF)]I, 
an endogenous "differentiation inducer," upon the 
changes induced by neocarzinostatin in murine and 
human neuroblastoma cells in culture. 

Neocarzinostatin is an antineoplastic natural prod- 
uct that induces neuronal morphology in murine 
C1300--NB41A3 neuroblastoma cells in culture [4]. 
Three days after a 1-hr exposure at 37 ° to neo- 
carzinostatin, these cells extend multiple processes, 
enlarge by a factor of 4, and exhibit multiple promi- 
nent nucleoli. Within 2 days of this morphological 
change, the cells begin to die, and the culture is 
acellular by 14 days after treatment. Our preliminary 
studies on neocarzinostatin were done on NB41A3 
neuroblastoma cells because of the ready availability 
of a model for neuroblastoma growth in vivo using 
these cells. However, since other studies have sug- 
gested that NB41A3 cells are not morphologically 
responsive to NGF [8], and other neuroblastoma cell 
lines have been shown to have various defects of 
NGF-related second messenger pathways [9-11], this 
particular cell line is not an appropriate one in which 
to study the interaction between NGF and neo- 
carzinostatin. Indeed, our preliminary studies have 
suggested that, unlike the case for apoptosis in nor- 
mal neurons, the morphological changes and pro- 
grammed death of C1300 cells treated with neo- 
carzinostatin are unaffected by the presence of NGF 
[8]. 

We recently began studies on the effects of neo- 
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carzinostatin upon NGF-responsive human neuro- 
blastoma cell lines in culture. We found that cells of 
the SK-N-SH line exhibit one of two responses to 
neocarzinostatin. A subset of the cells in any given 
culture dies within 6 hr of a 1-hr exposure to the 
drug. The remaining cells appear unchanged until 3- 
4 days after treatment, when they elongate and 
extend two thick processes from the cell body. These 
process-bearing cells do not increase in number after 
this time. However, unlike the morphologically- 
altered C1300 cells, they can be maintained in tissue 
culture for at least 2 weeks in standard serum-con- 
taining medium [12]. Because of the known NGF- 
responsiveness of SK-N-SH cells [13, 14] and the 
relationship between NGF and programmed cellular 
events, including neurite extension and apoptosis 
[15], we have examined the effects of NGF upon the 
response of SK-N-SH cells to neocarzinostatin. 

MATERIALS AND METHODS 

Chemicals. Neocarzinostatin was a gift from Dr. 
William T. Bradner (Bristol Myers-Squibb, Wall- 
ingford, CT). It was obtained as a sterile solution 
(0.5 mg/mL) in 0.015 M sodium acetate buffer, pH 5. 
NGF was obtained from Boehringer Mannheim 
(Indianapolis, IN) and stored at - 2 0  ° in 100-pL 
aliquots at a concentration of 100pg/mL in F-10 
Nutrient solution (GIBCO, Grand Island, NY). 

Cell culture. C1300 murine neuroblastoma cells of 
the subline NB41A3 and SK-N-SH human neuro- 
blastoma cells (passage number 34) were obtained 
from the American Type Culture Collection (Rock- 
ville, MD). NB41A3 ceils were maintained as adher- 
ent monolayers in 75-cm 2 tissue culture flasks 
(GIBCO) at 37 °, and were fed twice weekly with 
Ham's medium containing 15% horse serum and 5% 
fetal bovine serum. SK-N-SH cells were maintained 
as adherent monolayers in 75-cm 2 tissue culture flasks 
(GIBCO) at 37 ° and 5% CO z, and were fed twice 
weekly with Minimal Essential Medium containing 
10% fetal bovine serum. All media components were 
obtained from GIBCO. All studies described herein 
were performed with SK-N-SH ceils between passage 
numbers 35 and 42. 

Treatment of cell cultures with neocarzinostatin 
and/or NGF. For treatment studies of cultured cells, 
cells were plated on 6-well tissue culture plates 
(GIBCO; approximately 105 cells/well) in complete 
medium and allowed to incubate at 37 ° overnight. 
For studies involving treatment with neocarzino- 
statin, the drug was diluted to the appropriate con- 
centration in 3 mL of fresh medium overlying the 
cells. Cultures were incubated at 37 ° and 5% CO2 
for 1 hr. Subsequently, the medium was removed 
from each well, and cells were washed twice with 
complete medium (1 mL/wash). Complete medium 
was then replaced, and the cells were incubated for 
the duration of the experiment. For studies involving 
treatment with NGF, the treatment time was divided 
into three periods: a period beginning 24 hr prior to 
neocarzinostatin treatment and ending just before 
the addition of neocarzinostatin; a 1-hr period co- 
temporal with neocarzinostatin treatment; and a 
period beginning with the washes after neocar- 
zinostatin treatment and continuing for the duration 

of the experiment. In the experiments described 
herein, NGF was given during none, any one, any 
combination of two, or all three of these periods. All 
cells were given fresh medium twice weekly, and in 
cases where prolonged NGF exposure was indicated, 
the fresh medium contained the appropriate con- 
centration of NGF. 

All experiments included control wells for the 
addition of each agent alone for an identical time 
period as that indicated for the co-treatment wells, 
and a set of "positive internal control" wells where 
NGF exposure was continuous throughout all three 
periods described above. 

Cell culture growth rates. Cell culture growth rates 
were determined as we have described previously 
[4, 12]. Briefly, cell counts were performed daily by 
counting the number of cells per high power field. 
Three fields were counted per well, and the average 
cell count was determined. The variation in count 
from field to field was less than 10% in most cases, 
and never greater than 30%. Average cell counts for 
each well on each day were normalized to the average 
cell count for that well on day 0. 

Light microscopy and photomicrography. Cultures 
were examined daily by phase contrast inverted light 
microscopy using a Zeiss Axiomat 35 microscope. 
Photomicrography was performed using Tmax film 
(ASA 100; Eastman Kodak, Rochester, NY). 

RESULTS 

Effects of neocarzinostatin alone and in com- 
bination with NGF upon cell death in culture. Neo- 
carzinostatin exposure (1 hr, 37 °) resulted in a 
reduction in SK-N-SH cell number within 24 hr after 
treatment. At its nadir, the cell count in 14 wells 
treated with (I.017~g/mL neocarzinostatin was 
23 -+ 4% of the day () count. For five experiments in 
which cells were treated with 0.033/~g/mL neo- 
carzinostatin, it was 15 -+ 3% of the day 0 count. 
These data suggest that there was a concentration 
dependence of the fraction of the cell culture which 
died soon after neocarzinostatin treatment, although 
the concentration range used in these studies was 
insufficient to make that assertion. These cells did 
not undergo neuron-like morphological change prior 
to their death. Instead they went from being stellate 
and adherent to plastic to being round, refractile, 
and non-adherent. 

SK-N-SH cells are known to express the high- 
affinity NGF receptor [10] and to respond to NGF 
with neurite extension under the culture conditions 
we have used (see below). Because of the role of 
NGF in preventing apoptotic cell death in NGF- 
responsive neurons subjected to apoptosis-inducing 
conditions [15], we next examined the effects of 
NGF exposure upon the induction of cell death by 
neocarzinostatin. SK-N-SH cells were exposed con- 
tinuously to NGF (100 or 1000 ng/mL) from 24 hr 
before neocarzinostatin treatment (0.017 or 
0.033 f@/mL, 1 hr, 37 °) through the termination of 
the experiment. As shown in Fig. I A, maintenance 
of NGF in the medium attenuated the decrease in 
cell number in the initial days after neocarzinostatin 
treatment, and resulted in increased culture recovery 
in the ensuing week. The magnitude of this effect 
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Fig. 1. Effects of NGF upon the decrement in neuroblastoma cell culture growth produced by 
neocarzinostatin (NCS) treatment. Key: (O) neocarzinostatin treatment ( lh r ,  37 °) alone; (0)  
neocarzinostatin treatment plus NGF (100ng/mL) exposure for the specified time period(s); (11) 
neocarzinostatin treatment plus NGF (1000ng/mL) exposure for the specified time period(s). The 
results shown at each point represent the mean cell count for three high power fields (N = 3). Error 
bars represent the standard error of the mean (SEM). (A) Sister cultures of SK-N-SH human 
neuroblastoma cells were treated with neocarzinostatin (0.017 ~g/mL) on day 0 and (closed symbols) 
exposed to NGF on days - 1 through 12. The results are those of one representative experiment out 
of nine performed. The cell count on day 12 for neocarzinostatin + 1000 ng/mL NGF was significantly 
higher than that for neocarzinostatin alone (P < 0.005, one-tailed Student's t-test). (B) Sister cultures 
of SK-N-SH human neuroblastoma cells were treated with neocarzinostatin (0.017/~g/mL) on day 0 
and (closed symbols) exposed to NGF only during the 1 hr of neocarzinostatin treatment. The results 
are those of one representative experiment out of two performed. (C) Sister cultures of C1300 cells 
were treated with neocarzinostatin (0.4 ~g/mL; produces equivalent percent of cells in culture with 
"differentiated" morphology to that produced by 0.017 ~g/mL in SK-N-SH cells) on day 0, and (closed 

squares) 1000 ng/mL NGF on days -1  through 7. The results of two such experiments are shown. 
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Fig. 2. Effects of continuous exposure to NGF upon SK-N-SH human ncuroblastoma cell culture 
growth. Sister cultures were exposed to NGF from the day of initial plating (day -1)  through day 4. 
The results shown at each point are the mean cell count for threc high power fields (N = 3). The error 

bars represent the SEM. 

was dependent  upon the concentra t ion of NGF.  Con- 
tinuous t rea tment  with N G F  alone (100,200,500 or 
1000 ng /mL)  resulted in cell culture growth that did 
not differ significantly from the growth seen in 
untreated cultures (Fig. 2). 

This effect was not the result of a direct chemical 
interaction between N G F  and neocarzinostatin.  
Maintenance of  N G F  in the culture medium only 
during the 1-hr t rea tment  with neocarzinostat in had 
no effect upon cell culture survival or subsequent 
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Fig. 3. Effects of various periods of exposure to NGF upon 
SK-N-SH human neuroblastoma cell culture growth 
after treatment with neocarzinostatin. Neocarzinostatin 
treatment (0.017/~g/mL; 1 hr; 37 °) was performed on day 
0. NGF (1000 ng/mL) exposure was maintained for 24 hr 
before (B), during (D), and/or for the duration of the 
experiment after (A) neocarzinostatin treatment. The 
relative cell culture growth is defined as the cell count (% 
day 0 count) in the presence of NGF divided by the cell 
count for a sister culture maintained in the absence of 
NGF. The relative cell culture growth shown was 
determined on the final day of the experiment, indicated 
by the number in parentheses for each study. In each case 
a representative experiment (three determinations) is 
shown. The number of experiments performed under each 
of the conditions was: BDA- 9, B- 3, D- 2, A- 7, BD- 2, 
DA- 2, BA- 2. Error bars represent the SEM. The relative 
culture growth for NGF treatment BDA was significantly 
larger than that for each of the other treatment paradigms 

(P < 0.01, one-tailed Student's t-test). 

growth (Fig. 1B). Fur thermore ,  exposure to N G F  
before, during, and after neocarzinostat in t rea tment  
had no effect upon neocarzinostat in- induced cell 
death in the murine NB41A3 cell line (Fig. 1C), 
which, unlike SK-N-SH cells, is morphological ly 
unresponsive to N G F  alone [8]. This implies that 
it is the NGF-neurob las toma  cell interaction that 
governs modulat ion of the cellular response to neo- 
carzinostatin exposure,  rather than a direct inter- 
action between neocarzinostat in and NGF.  

We have subsequently a t tempted to define the 
"critical per iod"  of N G F  exposure which results in 
attenuation of  the response to neocarzinostat in treat- 
ment in SK-N-SH cells. As shown in Fig. 3, N G F  
must be present before,  during, and after neo- 
carzinostatin exposure to be effective in this regard. 
Omission of N G F  at one or  more of these stages 
resulted in a neocarzinostat in effect upon cell culture 
survival and growth that did not differ significantly 
from the effect obtained with neocarzinostat in alone. 
This implies that the effects of N G F  which modulate  
the response of the cell to neocarzinostat in are 
reversible, and must begin prior to neocarzinostat in 
exposure. 

Effects o f  neocarzinostatin alone and in com- 
bination with N G F  upon the morphology o f  surviving 
cells. We have demonst ra ted  previously that neo- 
carzinostatin produces profound changes in the mor- 
phology of murine NB41A3 neuroblas toma cells [4]. 
We therefore studied the effects of neocarzinostat in 
upon the morphology of human neuroblas toma cells 
in culture. 

Four days after a 1-hr exposure to neocarzinostat in 
(0.017 or 0.033 pg /mL) ,  SK-N-SH cells that survived 
the initial 24 hr after t rea tment  adopted a new mor- 
phology. As shown in Fig. 4B, the somata elongated 
by a factor of be tween 5 and 7, and the cells extended 
long, thick processes. This morphological  change 
was stable for the lifetime of  the cell. 

While continuous exposure to N G F  (100 or 
1000 ng /mL)  alone also produced process 
outgrowth, the processes so produced were thinner,  
shorter, and more  heavily branched than those 
induced by neocarzinostatin.  Fur thermore ,  the som- 
ata of cells treated with N G F  were slightly smaller 
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Fig. 4. Photomicrographs of sister cultures of SK-N-SH cells (A) under control conditions, or treated 
with (B) 0.017/~g//mL neocarzinostatin on day 0, (C) 1000 ng/mL NGF on days - 1  through the end of 
experiment, or (D) 0.017 ~g/mL neocarzinostatin on day 0 plus 1000 ng/mL NGF on days -1  through 
end of experiment. In all cases, the magnification was 200× and cells were photographed on day 5. In 
panel (A) both the epithelioid (left side) and neuronoid (right side) morphologies of SK-N-SH cells are 
illustrated. These two morphological subtypes arise spontaneously in cultures of SK-N-SH cells [16]. 
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and rounder than those of untreated cells (see Fig. 
4C). 

Continuous exposure to NGF (100 or 1000 ng/mL) 
for 24 hr before neocarzinostatin treatment,  during 
neocarzinostatin treatment,  and after neocarzi- 
nostatin treatment largely prevented the mor- 
phological changes induced by neocarzinostatin (Fig. 

4D). Cells that had undergone NGF-induced process 
outgrowth (small cells with slender processes) did not 
exhibit somatic enlargement or a change in process 
morphology in response to neocarzinostatin 
exposure, although some of these cells did develop 
longer processes of the slender type than were 
observed with N G F  treatment alone. The occasional 
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cell that did not extend processes in response to NGF 
and exhibited somatic enlargement in response to 
neocarzinostatin did not extend processes after neo- 
carzinostatin exposure, implying that NGF may have 
altered the responsiveness of even these cells to 
neocarzinostatin. Furthermore,  these cells tended to 
adopt an epitheloid morphology, rather than the 
elongated morphology of cells treated with neo- 
carzinostatin alone. This phenomenon, shown in Fig. 
4A, has been observed to occur spontaneously in 
SK-N-SH ceils [16], further suggesting that, like their 
small rounded counterparts, these cells, too, are 
unresponsive to neocarzinostatin treatment, 

As was the case for cell growth, attenuation of the 
morphological response of SK-N-SH cells to neo- 
carzinostatin required continuous exposure to NGF. 
Omission of NGF from the culture medium during 
any of the three exposure periods resulted in mor- 
phological changes that resembled those seen with 
neocarzinostatin alone (data not shown). 

DISCUSSION 

Neocarzinostatin is a DNA strand-breaking agent 
whose chemical mechanism is well characterized 
[17]. We have shown that NGF protects SK-N-SH 
cells from the effects of neocarzinostatin. That this 
is true interference with the actions of neo- 
carzinostatin, and not simply the result of an NGF- 
produced increase in the mitotic rate of sub- 
population of cells unaffected by neocarzinostatin, 
is shown by the lack of effect of NGF alone on the 
rate of cell culture growth. The apparent protection 
could indicate that NGF-induced signal transduction 
or the cellular events that follow it preclude entry of 
neocarzinostatin into the cell or nucleus, prevent the 
cleavage of DNA by neocarzinostatin, or block the 
expression of morphological and physiological 
characteristics related to neocarzinostatin treatment. 
Protection from neocarzinostatin required that NGF 
be present before, during, and after neocarzinostatin 
treatment, implying that the protection afforded by 
NGF has a latency necessitating pretreatment,  and 
is reversible. Neocarzinostatin is most likely taken 
up by the ceils and can exert its effects once NGF is 
removed, even after neocarzinostatin is washed out 
of the medium. 

A multitude of pharmacological agents have been 
shown to give rise to morphological differentiation 
of neuroblastoma ceils in culture [24] .  There is, 
however, mounting evidence that the biochemical 
effects of these drugs upon neuroblastoma cells are 
not identical [18, 19]. In addition, it is clear that 
morphological criteria, such as neurite outgrowth, 
are not sufficient to define a cell as "differentiated," 
or to equate the actions of two neurite outgrowth- 
eliciting drugs [20]. This raises the question of the 
relationship and resemblance of the effects of so- 
called "differentiation-inducing" drugs to those pro- 
duced by known endogenous mediators of neural 
crest cell maturation. 

The most well-characterized endogenous mediator 
of neural crest cell maturation is NGF. In recent 
years, the pathway from cellular binding to NGF to 
the induction of neurite outgrowth and biochemical 
maturation has begun to be worked out. The binding 
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of NGF to the high-affinity NGF receptor appears 
to give rise to the phosphorylation of that receptor. 
Present evidence supports the notion that the high- 
affinity NGF receptor is the same as the protein 
pl40Prototrk, which, upon phosphorylation, becomes 
p140 trk, setting in motion a cellular signalling cascade 
[21-23]. Phosphorylation of p140 trK gives rise to 
sequential phosphorylation of pp60 csrc followed by 
p21 c .... [24]. Furthermore,  there is evidence that 
activation of the high-affinity NGF receptor produces 
tyrosine phosphorylation of phospholipase C-yl, 
leading to hydrolysis of inositol lipids [25]. 

Conflicting reports have emerged regarding the 
effects of NGF upon the morphology of SK-N-SH 
cells [11, 26]. These differences are almost certainly 
related to the substratum on which the cells are 
plated [26] and the passage number in which the cells 
are used [12]. All of the studies described herein 
were performed on cells used in passage numbers 
35--42, and plated on tissue culture plastic without 
an added substratum. 

The present studies indicate that, although both 
NGF and neocarzinostatin elicit process outgrowth 
in SK-N-SH human neuroblastoma cells, the mor- 
phology of the processes produced differs depending 
upon which agent is used. The processes produced 
in response to NGF were short and slender; those 
produced in response to neocarzinostatin were 
longer and thicker. Furthermore, neocarzinostatin 
produced a change in the morphology of the soma, 
cessation of cell culture growth, and, in some cases, 
cell death. None of these phenomena were observed 
with NGF treatment. The morphology induced by 
neocarzinostatin resembles that of Schwann cells, 
known neural crest derivatives. However, defini- 
tively determining whether these neocarzinostatin- 
altered cells most resemble Schwann ceils or neurons 
will require immunohistochemically probing them 
for specific markers of each lineage [27]. 

From a therapeutic standpoint, endogenous NGF 
may protect normal neural crest elements from the 
deleterious effects of neocarzinostatin, while neural 
crest tumors lacking NGF receptors or functional 
NGF-mediated signalling pathways [9] may still be 
susceptible to its antineoplastic activity. In addition, 
metastatic neural crest tumor cells in sites remote 
from normal neural crest may not be subjected to as 
high a local NGF concentration as are those in or 
near sympathetic chain or adrenal gland. This may 
afford a measure of selectivity in the treatment of 
metastatic neural crest tumors. Further studies are 
needed to define the relationship of these local NGF 
concentrations to those used in our in vitro system. 

Acknowledgements--This work was supported by grants to 
N.F.S. from the National Institutes of Health (CA-47161) 
and the American Cancer Society (CH-446), and an Under- 
graduate Summer Research Fellowship to M.F. from the 
Children's Hospital of Pittsburgh. 

REFERENCES 

1. Tsokos M, Scarpa S, Ross RA and Triche T J, Dif- 
ferentiation of human neuroblastoma recapitulates 
neural crest development. Am J Pathol 128: 484-496, 
1987. 



738 M. FALCIONE et al. 

2. Seeger RC, Siegel SE and Sidell N, Neuroblastoma: 
Clinical perspectives, monoclonal antibodies, and reti- 
noic acid. Ann Intern Med 97: 873--884, 1982. 

3. Prasad KN and Kumar S, Role of cyclic AMP in dif- 
ferentiation of human neuroblastoma cells in culture. 
Cancer36: 1338-1343, 1975. 

4. Schor NF, Neocarzinostatin induces neuronal mor- 
phology of mouse neuroblastoma in culture. J Phar- 
macol Exp Ther 249: 906-910, 1989. 

5. Lowengrub J, Gilbert MR and Schor NF, Induction of 
differentiation in neuroblastoma cells by the anti- 
neoplastic agent, neocarzinostatin. Ann Neuro128: 461, 
1990. 

6. Schor NF, Gilbert MR, Lowengrub J and Lagenaur 
CF, Markers of neuronal maturation in neuroblastoma 
cells treated with neocarzinostatin. Soc Neurosci Abstr 
16: 1149, 1990. 

7. Lowengrub JA and Schor NF, Neuronal "~differenti- 
ation" of murine neuroblastoma cells induced by neo- 
carzinostatin: Neural cell adhesion molecules. Brain 
Res, in press. 

8. Schwartz M and Sehor NF, Effects of nerve growth 
factor upon routine neuroblastoma cells before and 
after induction of morphologic differentiation with neo- 
carzinostatin. Ann Neurol 30: 454, 1991. 

9. Azar CG, Scavarda N J, Reynolds CP and Brodeur GM, 
Multiple defects of the nerve growth factor receptor in 
human neuroblastomas. Cell Growth Differ 1: 421-428, 
1990. 

10. Azar C, Scavarda N J, Reynolds CP and Brodeur GM, 
Multiple defects of the nerve growth factor receptor 
in human neuroblastomas. Progress in Clinical and 
Biological Research: Advances in Neuroblastoma 
Research 3 (Eds. Evans AE, D'Angio G J, Knudson 
AG Jr and Seeger RC), Vol. 336, pp. 219-226. Wiley- 
Liss, New York, 1991. 

11. Matsushima H and Bogenmann E, Nerve growth factor 
(NGF) induces neuronal differentiation in neuro- 
blastoma cells transfected with the NGF receptor 
cDNA. Mol Cell Biol 10: 5015-5020, 1990. 

12. Schor NF, Targeted enhancement of the biological 
activity of the antineoplastic agent, neocarzinostatin: 
Studies in murine neuroblastoma cells. J Clin Invest 89: 
774-781, 1992. 

13. Sonnenfeld KH and Ishii DN, Nerve growth factor 
effects and receptors in cultured human neuroblastoma 
cell lines. J Neurosci Res 8: 375-391, 1982. 

14. Chen J, Chattopadhyay B, Venkatakrishnan G and 
Ross AH, Nerve growth factor-induced differentiation 
of human neuroblastoma and neuroepithelioma cell 
lines. Cell Growth Differ 1: 79-85, 1990. 

15. Garcia I, Martinou I, Tsujimoto Y and Martinou J-C. 
Prevention of programmed cell death of sympathetic 
neurons by the bcl-2 proto-oncogene. Science 258: 302- 
304, 1992. 

16. Ross RA, Spengler BA and Biedler JL, Coordinate 
morphological and biochemical interconversion of 
human neuroblastoma cells. J Natl Cancer lnst 71: 741- 
749, 1983. 

17. Goldberg IH, Mechanism of neocarzinostatin action: 
Role of DNA microstructure in determination of chem- 
istry of bistranded oxidative damage. Accounts Chem 
Res 24: 191-196, 1991. 

18. Gaetano C, Matsumoto K and Thiele CJ, In vitro 
activation of distinct molecular and cellular phenotypes 
after induction of differentiation in a human neuro- 
blastoma cell line. Cancer Res 52: 4402-4407, 1992. 

19. Melino G, Piacentini M, Patel K, Annicchiarico-Petruz- 
zelli M, Piredda L and Kemshead JT, Retinoic acid 
and ce-difluoromethylornit hine induce different 
expression of neural-specific cell adhesion molecules in 
differentiating neuroblastoma cells. Progress in Clinical 
and Biological Research: Advances in Neuroblastoma 
Research 3 (Eds. Evans AE, D'Angio G J, Knudson 
AG Jr and Seeger RC), Vol. 366, pp. 283-291. Wiley- 
Liss, New York, 1991. 

211. Cox ME and Maness PF, Neurite extension and protein 
tyrosine phosphorylation elicited by inducible 
expression of the v-src oncogene in a PC12 cell line. 
Exp Cell Res 195: 423--43l, 1991. 

21. Ohmichi M, Decker S J, Pang L and Saltiel AR, Nerve 
growth factor binds to the 140 kd trk proto-oncogenc 
product and stimulates its association with the src hom- 
ology domain of phospholipase C 3'1. Biochem Biophys 
Res Commun 179: 217-223, 1991. 

22. Cordon-Cardo C, Tapley P, Jung S, Nanduri V, 
O'Rourke E, Lamballe F, Kovary K, Klein R, Jones 
KR, Reichardt LF and Barbacid M, The trk tyrosine 
protein kinase mediates the mitogenic properties of 
nerve growth factor and neurotrophin-3. Cell 66: 173- 
183, 1991. 

23. Kaplan DR, Hempstead BL, Martin-Zanca D, Chao 
MV and Parada LF, The trk proto-oncogene product: 
A signal transducing receptor for nerve growth factor. 
Science 252: 554---558, 1991. 

24. Kremer NE, D'Arcangelo G, Thomas SM, DeMarco 
M, Brugge JS and Halegoua S, Signal transduction by 
nerve growth factor and fibroblast growth factor in 
PCI2 cells requires a sequence of src and ras actions. J 
Cell Biol 115: 809-819, 1991. 

25. Vetter ML, Martin-Zanca D, Parada LF, Bishop JM 
and Kaplan DR, Nerve growth factor rapidly stimulates 
tyrosine phosphorylation of phospholipase C-yI by a 
kinase activity associated with the product of the trk 
protooncogene. Proc Natl Acad Sci USA 88: 5650- 
5654, 1991. 

26. Ross AH, Chen J, Baker DL. Venkatakrishnan G and 
Pleasure DL, Nerve growth factor-induced differenti- 
ation of human neuroblastoma cell lines. Progress in 
Clinical and Biological Research: Advances in Neuro- 
blastoma Research 3 (Eds. Evans AE, D'Angio G J, 
Knudson AG Jr and Seeger RC), Vol. 366, pp. 193- 
201. Wiley-Liss, New York, 1991. 

27. Stemple DL and Anderson D J, Isolation of a stem cell 
for neurons and glia from the mammalian neural crest. 
Cell 71: 973-985, 1992. 


