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ABSTRACT

Genomic amplification of the Vmiv protooncogene in neuroblastomas
correctly predicts poor outcome for the patients. However, the prognosis
for neuroblastomas with a single copy of N-myc is also poor in cases
diagnosed after I year of age but good in infantile cases. To elucidate the
different prognoses depending upon the age of the patients with neuro
blastoma, we performed an analysis of the expression of protooncogenes
related to neural differentiation. \Ve examined the genomic amplification
of \-inyi in 26 specimens of neuroblastomas and further analyzed 22 of
the 26 cases for expression of N-myc, c-src, c-Ha-ras, and c-fos. Conse
quently, we observed frequent overexpression of N-myc in undifferen-
tiated neuroblastomas and enhanced expression of c-src and c-Ha-ras in
infantile neuroblastomas with favorable prognosis and in neuroblastomas
differentiated by chemotherapy. These findings suggest that c-src and c-
lla-ras play important roles in the neural differentiation of infantile
neuroblastomas.

INTRODUCTION

Neuroblastoma, the origin of which is the neural crest, is the
most common neoplasm in solid cancers of children. The
prognosis of patients with neuroblastoma widely depends on
the age of the patient at the time of diagnosis (1). Regardless
of the spread of the disease, neuroblastomas diagnosed before
1 year of age are expected to show good response to treatments.
Although the reason for this phenomenon has not been clarified
sufficiently, it is possible to speculate that predisposition of
infantile neuroblastomas to maturate into benign phenotypes
might account for a favorable prognosis. Neuroblastomas are
known to differentiate in response to chemotherapy or sponta
neously (2). Ganglioneuromas and well-differentiated gangli-
oneuroblastomas, which are mature phenotypes of neuroblas
tomas, are incidentally found in older children and are often
gross tumors beyond the midline of the body. These observa
tions strongly suggest the ability of neuroblastomas to differ
entiate in vivo.

N-myc protooncogene plays important roles in the develop
ment of the neural tissues (3-5). The genomic amplification of
the N-myc gene correlates with the rapid progression of the
disease and the poor diagnosis (6, 7). A single copy of N-myc,
however, does not result in a good clinical course in advanced
neuroblastomas diagnosed after 1 year of age.

Protooncogenes other than N-myc are also known to be
involved in maturation of the neural tissues. The protoonco
genes, c-src and c-Ha-ra.v, are known to associate with neural
differentiation (8-11). Augmented expression of c-Ha-ras p21
was observed in neuroblastomas with favorable prognosis (12).
In various cell lines including neuroblastoma cell lines, c-fos
protooncogene is activated rapidly and transiently when cells
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are induced to differentiation (13-18).
Although these protooncogenes have been shown to play

important roles in the differentiation of neuroblastoma cell
lines in vitro, their expression in primary neuroblastoma tissues
has not yet been documented. If neuroblastomas diagnosed at
less than 1 year of age have an ability to differentiate, these
genes may be expressed differently in accordance with the age
of the patients or the degree of maturation of tumors. We
therefore examined the genomic amplification of N-myc in 26
specimens of neuroblastomas and further analyzed 22 of the 26
cases for the mRNA expression of N-myc, c-src, c-Ha-ras, and
c-fos.

MATERIALS AND METHODS

Tumor Specimens. All patients with neuroblastoma analyzed were
treated at the Chiba University Hospital from 1985 to 1989 and were
followed up for over 1 year. High-molecular-weight cellular DNAs were
obtained from 26 cases of neuroblastomas. Undegraded and sufficient
total RNAs were extracted from 22 of the 26 cases. These 22 cases
consist of 3 groups: (a) 5 cases of naturally differentiated neuroblasto
mas, 3 ganglioneuromas and 2 well-differentiated ganglioneuroblasto-
mas; (Â¿>)8 cases of neuroblastomas less than 1 year, 7 of them not
treated with chemotherapy prior to analysis; (c) 9 cases of neuroblas
tomas over 1 year of age, 7 of them treated with chemotherapy prior
to analysis. Data on the age, sex, and outcome of the patients and stage
and histology of the tumors are summarized in Table 1. The tumor
tissues were obtained at the time of operation and were immediately
frozen and stored in a liquid nitrogen container until tested. These
specimens were confirmed to consist of tumor cells by pathological
examinations before gene analyses.

Cell Lines. The neuroblastoma cell line IMR32 (19) was used as a
control for N-myc amplification. The neuroblastoma cell lines SK-N-
SH (20) and c-NBI' and cervical carcinoma cell line HeLa S3 were

used as controls for the mRNA expression of N-myc, c-src, c-Ha-ras,
and c-fos.

Southern Blot Hybridization. DNA was isolated from tumor tissues
by proteolytic digestion with proteinase K and phenol/chloroform
extraction. Five /jg of DNA were digested with restriction endonuclease
EcoRl, electrophoresed on a 0.8% agarose gel, and transferred to a
nitrocellulose filter. The ÃŸa/wHI-Â£coRIfragment of the 2nd exon of
N-myc DNA (21, 22) was labeled with [12P]dCTP by nick translation

and used as a probe. Hybridization was performed under highly strin
gent conditions, and autoradiography was performed at -80Â°C, as

described previously (23). The UDh probe (24), which hybridizes to a
3.3-kilobase EcoRI fragment of human genomic DNA, was used to
normalize the DNA amount.

Northern Blot Hybridization. Total cellular RNA was extracted by
the guanidinium isothiocyanate/CsCl method. Ten jig of RNA were
separated on a 1.0% agarose-6% formaldehyde gel and transferred to a
nitrocellulose filter. The filter was sequentially hybridized with radio-
labeled probes, the 5#/ll-EcoRI fragment of the N-myc 3rd exon, v-src
(25), the Kpnl-Sac\ fragment of the c-Ha-ras 2-4 exon (26), or \-fos
(27) under the same condition as Southern blot analyses. Finally,
rehybridization with mouse ÃŸ-actincomplementary DNA (28) was
carried out to normalize the RNA amount.

' To be published.
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Estimation of Gene Amplification and Expression. Autoradiograms
of Southern and Northern blotting were measured quantitatively by
using a densitometric scanner (Hoefer Scientific Instruments; GS-300).
To determine the copy number of N-myc in each sample, human
placenta! DNA was used for the detection of a single copy of N-myc,
and DNA from IMR32 for amplified copies of N-myc. IMR32 was
confirmed to have 25-fold amplification of N-myc by serial dilution of
its DNA (data not shown). Errors of DNA amount loaded onto gels
and transfer processes were corrected by the signal intensity of the UDh
probe. In Northern blot analysis, all the samples of RNA were analyzed
simultaneously with RNA from HeLa S3, SK-N-SH, and c-NBI. The
SK-N-SH cells contain a single copy of N-myc and express a low level
of N-myc mRNA (29, 30). We carried out autoradiography until the
signal of N-myc for SK-N-SH appeared. The c-NBI cells were con
firmed to contain 150-fold amplified N-myc and express high levels of
N-myc mRNA equal to that of IMR32 (data not shown). The RNA

expression of the protooncogenes in each sample was determined by
comparison with the signal intensity of SK-N-SH as a value of 1. The
ÃŸ-actinprobe was also used as an internal marker.

RESULTS

Genomic Amplification of N-myc. A total of 26 samples of
neuroblastomas was examined for N-myc amplification. Am
plification of N-myc of more than 10 copies was found in 4
tumors, and 3-fold amplification of N-myc was found in 1
tumor (Fig. 1). Amplifications of N-myc of more than 10 copies
were found in cases of stage IV, and the patients with these
tumors died within 25 months. The tumor with 3-fold amplifi
cation of N-myc was at stage II, and the patient with this tumor
is alive well over 3 years after the operation. The correlation
between N-myc amplification and clinical profiles is shown in
Fig. 2. This figure indicates that the prognosis of advanced
neuroblastoma over 1 year of age is not favorable even if the
tumor has a single copy of N-myc and that the prognosis of
infantile neuroblastoma under 1 year of age is good even if the
tumor is at the advanced stage.

Expression of Protooncogenes. Representative results of
Northern blottings for N-myc, c-src, c-Ha-ras, and c-fos pro
tooncogenes in 22 specimens are shown in Fig. 3, and clinical
profiles and results of gene analysis are summarized in Table
1.

Cases 1 to 5 were diagnosed histologically as ganglioneuroma
(1 to 3) and well-differentiated ganglioneuroblastoma (4 and
5), which are naturally differentiated phenotypes of neuroblas
tomas and are thought to be clinically benign tumors. In these
tumors, mRNA of N-myc was not detectable, and c-src and c-
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Fig. 1. Southern blot analysis for amplification of N-myc protooncogene. The
number at the top of each lane indicates the case number of the patients shown
in Table 1. Errors of DNA amount and transfer processes are corrected by the
signal intensity at 3.3 kilobases (Kb) of the UDh probe. These tumors show a
strong hybridization signal at the 2.0-kilobase band, representing genomic ampli
fication of the N-myc gene.
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Fig. 2. Correlation of genomic amplification of N-myc to clinical stage of the
tumor and prognosis and age of the patient. Cases of ganglioneuromas are also
included but not classified according to the clinical stage of the tumor. Prognosis
and age at the time of diagnosis of the patient are: O, over I year, alive; D, under
1 year, alive; Â®,over 1 year, recurrence; â€¢,over 1 year, dead; â€¢under 1 year,
dead.

Ha-ras expression was at low levels equivalent to those of the
control cell lines.

Cases 6 to 22 were undifferentiated neuroblastomas diag
nosed before 1 year of age (cases 6 to 13) and after 1 year of
age (cases 14 to 22). Expression of N-myc, c-src, and c-Ha-ras
was observed in these tumors at various levels, according to the
different histology and prognosis of the tumors. A remarkable
difference between N-myc and c-src expression correlating to
the prognosis is shown in Fig. 4. This indicates that high
expression of c-src was observed in neuroblastomas with a good
clinical course, especially in infantile cases, and that low levels
of c-src and high levels of N-myc expression were found in cases
of poor outcome. However, high expression of N-myc does not
always result in poor outcome because all cases of infantile
neuroblastomas with good clinical course were shown to express
high levels of N-myc. Three of four tumors expressing low
levels of N-myc in Fig. 4 were histologically induced to gangli
oneuroblastoma of the composite type or poorly differentiated
type by chemotherapy (Table 1). N-myc expression was asso
ciated with the undifferentiated histological appearance of the
tumors rather than the prognosis of the patients. Expression of
c-Ha-ras was almost parallel to that of c-src (Table 1).

Expression of c-fos was found in most specimens, to nearly
the same degree (Fig. 3). We could not find any tendency of the
c-fos expression to depend on the age of the patient or histolog
ical appearance of the tumor.

DISCUSSION

Expression of N-myc gene is regulated during the develop
ment of the brain, retina, lung, and kidney of the embryo (3-
5). During organogÃ©nesisof the fetal brain, N-myc is expressed
only in undifferentiated neuronal cells which have already com
pleted cell division, and its expression declines with the onset
of neural differentiation (5). The neuroblasts leave the neural
crest, migrate while proliferating, and invade the fetal adrenal
or sympathetic ganglion. To retain an undifferentiated form in
this process, the expression of N-myc is thought to be essential.
The neuroblasts in the adrenal no longer express N-myc (31),
and neural differentiation begins. The decreased expression of
N-myc during the differentiation of neuroblastoma and em-
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N-myc AND c-src EXPRESSION IN NEUROBLASTOMAS

Fig. 3. Representative results of Northern
blot analysis for expression of N-myc [2.9 kil-
obases (Kb)], c-src [4.0 kilobases], c-Ha-ras [1.4
kilobases], and c-/os [2.2 kilobases]. The num
ber at the top of each lane indicates the case
number of the patients shown in Table 1. All
the samples were analyzed simultaneously with
RNA from HeLa S3. SK-N-SH. and c-NBl. 0-
Actin probe was used as an internal marker.
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Table 1 Clinical profiles and amplification and expression of protooncogenes

Case12345678*q-ÃIff1111213'14IS16'17'18'19'20'21'22'Age6

vr7yr13yr2yrSyr9

mos5
mos9
mos8
mos7
mos2
mos7
mos3
mos3yr4yr3vr3yr1

vrSyrlOyr3vrSexFMFMFMMMFMMMMMFMFMFFFFStageIIIIIIIIIIIIIIIIIIVIVIIIIVIVIVIVIVIVIVIVIVOrigin"MedMedMedRetRetRetRetRetAdRetMedAdRetAdAdAdMedRetAdAdMedMedN-mycHistology*

DNARNA1I12a2a3a3a3a3a3a3a3b

23a3b

23b3a2b2c3b

33b
13a11111301010303020)

5030)

501101150J

552b

1c-src(RNA)<1<1111232343<12<1113<1<1<1<12c-Ha-ras

RNA1<11<1<!122231<121<1<12<1<1<113Clinicalcourse'NED

(29)NED
(17)NED
(29)NED
(20)NED
(38)NED

(41)NED
(35)NED
(27)NED
(42)NED
(23)NED
(22)DOD
(7)NED
(19)DOD

(10)REC
(89)DOD
(10)NED

(19)REC
(40)DOD
(23)DOD
(25)DOD
(25)NED

(47)
Â°Origin of the tumor: Med. mediastinum; Ad, adrenal gland; Ret. retroperitoneum.
* Histology of the tumor: I, ganglioneuroma; 2a. ganglioneuroblastoma (GNB). well differentiated type; 2b, GNB, composite type; 2c, GNB, poorly differentiated

type; 3a, neuroblastoma, rosette-fibrillary type; 3b. neuroblastoma, round cell type.
' Clinical course: NED. no evidence of disease; REC. recurrence: DOD. death of disease. Numbers in parentheses, months after diagnosis.
J Detected by mass screening test.
' Chemotherapy was given before the analysis.

bryonal carcinoma cell lines has also been reported (32-35). In
this study, overexpression of the N-myc was observed frequently
in undifferentiated neuroblastomas, and naturally or chemically
differentiated neuroblastomas were shown not to express N-
myc at all. This result concurs with observations previously
reported by others (36, 37) and leads us to speculate that
neuroblastoma arises from immature cells which have been
arrested at the developmentally undifferentiated stage and that
the overexpressed N-myc might play a critical role in maintain

ing the malignant phenotype.
The genomic amplification of N-myc in neuroblastomas cor

relates with the rapid progression of the disease and its poor
prognosis (6, 7). This correlation has been sustained by other
reports (38, 39), as well as our results. However, the biological
mechanism of this phenomenon remains to be elucidated. Our
results and other reports (36, 37) indicate that tumors with N-
myc amplification generally express a greater amount of N-myc
transcripts than those with unamplified N-myc, but the degree

of the expression does not correlate with the extent of the
amplification. The infantile neuroblastomas in this study ex
pressed high levels of N-myc and showed a good clinical course
in all cases, except case 12 with N-myc amplification. Thus, it
is unlikely that enhanced expression of N-myc due to gene
amplification solely accounts for the poor prognosis for neu
roblastomas with N-myc amplification. In the specimens ob
tained after aggressive chemotherapy, N-myc amplified tumors
were found to express high levels of N-myc. We analyzed

additional samples taken after administration of anticancer
drugs from cases 12 and 14, and persisting expressions of N-
myc at high levels were observed (data not shown). These results
may be interpreted as indicating that the genomic amplification
of N-myc might be implicated in the uncontrolled regulation of
transcription which is never turned off even though aggressive
chemotherapy is given. The difference in prognosis between
neuroblastomas diagnosed before 1 year of age and those after
1 year of age is not explained by the degree of N-myc expression.
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Fig. 4. Correlation of the different expression patterns of N-myc and c-src
protooncogenes to clinical profiles of the patients with undifferentiated neuro
blastoma. Cases of ganglioneuromas and well-differentiated ganglioneuroblasto-
mas are not included. The c-src mRNA levels in patients with good prognosis
were significantly higher than those in patients with poor prognosis (P < 0.01)
by the Wilcoxon nonparametric test. Prognosis and age at the time of diagnosis
are symbolized as in Fig. 2.

To seek differences that explain the difference in prognosis
between these two groups, we examined the expression of other
protooncogenes related to neural differentiation.

c-src protooncogene is also regulated in the development of
the fetal brain and retina (8-11). The expression of c-src in
postmitotic neuronal cells coincides with the onset of neural
differentiation (5). High expression of c-src and increase in the
tyrosine kinase activity of c-src products are induced when
neural differentiation is induced in neuroblastoma and em
bryonal carcinoma cell lines (34, 40-42). Introduction of v-src,
the viral counterpart of this protooncogene, induces maturation
of the rat pheochromocytoma cell line PCI 2 (43). The ras gene
family (Ha-, Ki-, and N-) is also known to cause differentiation
of various cell lines of neural and nonneural origin (44-48).
Tanaka et al. (12) found abundant products of c-Ha-ras in rat
brain and high expression of c-Ha-ras p21 in neuroblastomas
with favorable prognosis. These observations strongly suggest
that c-src and c-Ha-ras play significant roles in neural differ
entiation. Our results showed that the expressions of c-src and
c-Ha-ras were enhanced in infantile neuroblastomas with favor
able prognosis and in tumors with a histologically matured
appearance due to good response to chemotherapy, but not in
most of the tumors from patients over 1 year of age. Unexpect
edly, in the tumors of naturally matured phenotypes, expression
of c-src and c-Ha-ras was at very low levels. However, these
findings could be explained by the high proportion of schwan-
nian cells in the tissues. Naturally differentiated neuroblasto
mas of cases 1 to 5 were confirmed histopathologically to
contain small amounts of ganglion-like cells among abundant
schwannian cells in the samples (data not shown). It was re
ported that schwannian differentiation is accompanied by de
creased expression of c-src (40) and that c-Ha-ras p21 is ex
pressed in ganglion-like cells (12). It seems likely that c-src and
c-Ha-ras have completed their role in such highly differentiated
cells.

c-fos protooncogene is implicated in the regulation of cell
proliferation and differentiation in a variety of cell lines (13-
16, 49, 50). This gene is expressed rapidly and transiently as a

response to stimulations. The quick activation of c-/os by phor-
bol ester and delayed expression of c-fos by retinoic acid during

neural differentiation of neuroblastoma cell lines are reported
(17,18). Our analysis for primary tumor tissues showed that c-
fos is expressed in nearly all samples and that c-fos expression
has no association with the age of the patients and the degree
of histological differentiation. It seems that c-fos plays roles
other than cell differentiation in primary neuroblastomas. Re
cently, frequent loss of heterozygosity on chromosome 14q32
in neuroblastoma has been reported by restriction fragment
length polymorphism analysis (51). The c-/os is the putative
gene which is involved in this gene aberration because c-/os
locates on 14q21-31 (52). However, our observation of frequent
overexpression of the c-/os may indicate that there is no gross
deletion or rearrangement of the c-fos gene in neuroblastomas.

We found frequent overexpression of N-myc in undifferen
tiated neuroblastomas and enhanced expression of c-src and c-
Ha-ras in infantile neuroblastomas with favorable prognosis. It
seems that expression of N-myc plays the critical role in the
undifferentiated appearance of neuroblastomas. With regard to
the different prognoses depending upon age, we interpret our
results as indicating that infantile neuroblastomas continue
intrinsic expression of genes inducing neural differentiation,
such as c-src and c-Ha-ras, by which regression of the tumors
is prompted. The poor prognosis of neuroblastomas after 1
year of age could be explained by the decreased expression of
these genes in the tumors of patients over 1 year of age.

This study was designed to assess expression of the protoon
cogenes related to neural differentiation. Recent studies on c-
src in a neuroblastoma cell line indicated elevated levels of
tyrosine kinase activity of c-src pp60 during neural differentia
tion (41). It is also reported that c-src protooncogenes are
expressed as at least three distinct forms due to alternative
splicing in neuronal tissues, and this alternative splicing of the
c-src gene is suggested to be implicated in the regulation of
neural differentiation (53). Further analysis is necessary to
understand the biological properties of neuroblastoma, such as
the tendency to differentiate particularly in infantile cases.

ACKNOWLEDGMENTS

The authors thank Dr. Y. Taya for providing the N-myc 3rd exon
DNA through the Japanese Cancer Research Resources Bank and Dr.
K. Tokunaga for /3-actin complementary DNA.

REFERENCES

1. Evans, A. E., D'Angio, G. J., Proper!, K., Anderson, J., and Hann, H-W. L.
Prognostic factors in neuroblastoma. Cancer (Phila.), 59: 1853-1859, 1987.

2. Evans, A. E., Gerson, J., and Schnaufer, L. Spontaneous regression of
neuroblastoma. Nati. Cancer Inst. Monogr., 44: 49-54, 1976.

3. Jakobovits, A.. Schwab. M., Bishop. J. M.. and Martin, G. R. Expression of
N-m.yc in teratocarcinoma stem cells and mouse embryos. Nature (I nini.).
318: 188-191. 1985.

4. Zimmerman. K. A., Yancopoulos. G. D.. Collum, R. G.. Smith, R. K., Kohl.
N. E., Denis, K. A., Nau, M. M., Witte. W. N., Toran-Allerand, D., Gee, C.
E., Minna, J. D., and Alt, F. W. Differential expression of myc family genes
during murine development. Nature (Lond.), 319: 780-783, 1986.

5. Grady. E. F., Schwab, M., and Rosenau. W. Expression of N-myr and c-src
during the development of fetal human brain. Cancer Res., 47: 2931-2936,
1987.

6. Brodeur. G. M.. Seeger. R. C., Schwab, M., Varmus, H., and Bishop, J. M.
Amplification of N-myc in untreated human neuroblastomas correlates with
advanced disease stage. Science (Washington DC), 224: 1121-1124, 1984.

7. Seeger, R. C, Broudeur, G. M.. Sather, H., Dalton. A., Stege. S. E., Wong.
K. Y., and Hammond, D. Association of multiple copies of the N-myc
oncogene with rapid progression of neuroblastomas. N. Engl. J. Med., 313:
1111-1116,1985.

3151

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/12/3148/2443810/cr0510123148.pdf by guest on 19 M

ay 2023



N-myc AND c-jrc EXPRESSION IN NEUROBLASTOMAS

8. Jocobs, C., and RÃ¼bsamen,H. Expression of pp60CIrrprotein kinase in adult

and fetal human tissue: high activities in some sarcomas and mammary
carcinomas. Cancer Res., 43: 1696-1702, 1983. 32.

9. Cotton, P. C., and Brugge, J. S. Neural tissues express high levels of the
cellular src gene product ppW". Mol. Cell. Biol., 3: 1157-1162, 1983.

10. Sorge, L. K., Levy, B. T.. and Maness, P. F. ppoO0*" is developmental!} 33.
regulated in the neural retina. Cell, 36: 249-257. 1984.

11. Levey, B. T., Sorge, L. K., Meymandi, A., and Maness, P. F. pp60CIrekinase
is in chick and human embryonic tissues. Dev. Biol., 104: 9-17. 1984. 34.

12. Tanaka, T., Slamon, D. J., Shimada, H., Waki. C., Kawaguchi. Y., Tanaka,
Y., and Ida, N. Expression of Ha-ras oncogene products in human neuro-
blastomas and the significant correlation with a patient's prognosis. Cancer 35.

Res., 48: 1030-1034, 1988.
13. Gonda. T. J., and Metcalf. D. Expression of myb, myc and fos proto-

oncogenes during the differentiation of a murine myeloid leukaemia. Nature 36.
(Lond.), J/O: 249-251, 1984.

14. Mitchell, R. L., Zokas, L., Schreiber, R. D., and Yerma, I. M. Rapid
induction of the expression of proto-oncogene fos during human monocytic 37.
differentiation. Cell. 40: 209-217. 1985.

15. Kruijer, W., Schubert. D., and Verma, I. M. Induction of the proto-oncogene
fos by nerve growth factor. Proc. Nati. Acad. Sci. USA, 82: 7330-7334, 38.
1985.

16. Larsson, L-G., Gray. H. E., Totterman. T., Pettersson, U.. and Nilsson, K.
Drastically increased expression of M YC and FOS protooncogenes during in
vitro differentiation of chronic lymphocytic leukemia cells. Proc. Nail. Acad. 39.
Sci. USA, 84: 223-227. 1987.

17. Hammerling. U., Bjelfman. C., and Pahlman, S. Different regulation of N-
and c-myc expression during phorbol ester-induced maturation of human 40.
SH-SY5Y neuroblastoma cells. Oncogene, 2: 73-77, 1987.

18. Thiele, C. J., Deutsch, L. A., and Israel, M. A. The expression of multiple
proto-oncogenes is differentially regulated during retinole acid induced mat
uration of human neuroblastoma cell lines. Oncogene, 3: 281-288. 1988. 41.

19. Tumilowicz, J. J., Nichols, W. W.. Cholon, J. J., and Greene. A. E. Definition
of a continuous human cell line derived from neuroblastoma. Cancer Res.,
JO: 2110-2118, 1970.

20. Biedler, J. L., Helson, L., and Spengler, B. A. Morphology and growth, 42.
tumorigenicity, and cytogenetics of human neuroblastoma cells in continuous
culture. Cancer Res., 33: 2643-2652. 1973.

21. Kohl, N. E., Legouy, E., DePinho, R. A.. Nisen, P. D., Smith, R. K.. Gee, 43.
C. E., and Alt, F. W. Human N-mjr is closely related in organization and
nucleotide sequence to c-myc. Nature (Lond.), 319: 73-77, 1986.

22. Stanton, L. W., Schwab, M., and Bishop. J. M. Nucleotide sequence of the 44.
human N-m>rgene. Proc. Nati. Acad. Sci. USA, S3: 1772-1776, 1986.

23. Shirasawa, H., Tornita, Y., Kubota, K., Kasai. T., Sekiya, S., Takamizawa,
H., and Simizu, B. Transcriptional differences of the human papillomavirus 45.
type 16 genome between precancerous lesions and invasive carcinomas. J.
Virol., 62: 1022-1027, 1988.

24. Shirasawa, H.. Tornita. Y., Fuse, A., Yamamoto, T., Tanzawa, H., Sekiya, 46.
S., Takamizawa, H.. and Simizu. B. Structure and expression of an integrated
human papillomavirus type 16 genome amplified in a cervical carcinoma cell
line. J. Gen. Virol., 70: 1913-1919, 1989.

25. Czernilofsky, A. P., Levinson. A. D., Varmus, H. E. Bishop, J. M.. Tischer. 47.
E., and Goodman, H. Corrections to the nucleotide sequence of the src gene
of Rous sarcoma virus. Nature (Lond.). 301: 736-738. 1983.

26. Capon, D. J., Chen, E. Y., Levinson, A. D., Seeburg, P. H., and Goeddel, D.
V. Complete nucleotide sequences of the T24 human bladder carcinoma 48.
oncogene and its normal homologue. Nature (Lond.). 302: 33-37, 1983.

27. Beveren, C. V., Straaten, F. v.. Curran, T., MÃ¼ller,R., and Verma, I. M.
Analysis of FBJ-MuSV provirus and c-fos (mouse) gene reveals that viral
and cellular fos gene products have different carboxy termini. Cell. 32:1241- 49.
1255, 1983.

28. Tokunaga, K., Taniguchi, H.. Yoda, K.. Shimizu. M., and Sakiyama, S.
Nucleotide sequence of a full-length cDNA for mouse cytoskeletal /J-actin 50.
mRNA. Nucleic Acids Res., 14: 2829. 1986.

29. Schwab, M.. Ellison. J.. Busch. M., Rosenau. W., Varmus, H. E., and Bishop,
J. M. Enhanced expression of the human gene N-myc consequent to ampli- 51.
fication of DN A may contribute to malignant progression of neuroblastoma.
Proc. Nati. Acad. Sci. USA, 81: 4940-4944, 1984.

30. Kohl. N. E., Gee, C. E., and Alt, F. W. Activated expression of the N-myc 52.
gene in human neuroblastomas and related tumors. Science (Washington
DC). 226: 1335-1336. 1984.

31. Hirvonen. H.. Sandberg, M., Kalimo. H., Hukkanen, V'.. Vuorio, E.. Salmi, 53.
T. T.. and Alitalo, K. The N-myc proto-oncogene and IGF-11 growth factor

mRNAs are expressed by distinct cells in human fetal kidney and brain. J.
Cell Biol., 108: 1093-1104, 1989.
Thiele, C. J., Reynolds. C. P., and Israel, M. A. Decreased expression of N-
myc precedes retinoic acid-induced morphological differentiation of human
neuroblastoma. Nature (Lond.), 5/^:404-406, 1985.
Amatruda, T. T., Ill, Sidell, N., Ranyard, J., and Koeffler. H. P. Retinoic
acid treatment of human neuroblastoma cells is associated with decreased N-
myc expression. Biochem. Biophys. Res. Commun., 126: 1189-1195, 1985.
Sejersen, T., BjÃ¶rklund,H., SÃ¼megi,J., and Ringertz, N. R. N-myc and c-src
genes are differentially regulated in PCC7 embryonal carcinoma cells
undergoing neuronal differentiation. J. Cell. Physiol., 127: 274-280, 1986.
Kato, K., Kanamori, A., and Kondoh, H. Rapid and transient decrease of N-
myc expression in retinoic acid-induced differentiation of OTF9 teratocarci-
noma stem cells. Mol. Cell. Biol.. 10:486-491, 1990.
Nisen. P. D., Waber, P. G., Rich, M. A., Pierce, S., Garvin, Jr., J. R., Gilbert,
F., and Lanzkowsky, P. N-myc oncogene RNA expression in neuroblastoma.
J. Nati. Cancer Inst., 80: 1633-1637, 1988.
Slave, I., Ellenbogen, R., Jung, W-H., Vawter, G. F., Kretschmar, C., Grier,
H., and Korf, B. R. myc gene amplification and expression in primary human
neuroblastoma. Cancer Res., 50: 1459-1463, 1990.
Tsuda, H., Shimosato, Y.. Upton, M. P., Yokota, J., Terada, M., Ohira, M.,
Sugimura, T.. and Hirohashi, S. Retrospective study on amplification of N-
myc and c-myc genes in pediatrie solid tumors and its associatoin with
prognosis and tumor differentiation. Lab. Invest., 59: 321-327, 1988.
Nakagawara, A., Sasazuki, T., Akiyama, H., Kawakami, K., Kuwano, A.,
Yokoyama, T., and Kume, K. N-myc oncogene and stage IV-S neuro-
blastoma. Cancer (Phila.), 65: 1960-1967. 1990.
Horii. Y.. Sugimoto. T., Sawada, T., Imanishi, J., Tsuboi, K., and Hatanaka,
M. Differential expression of N-myc and c-src protooncogenes during neu
ronal and schwannian differentiation of human neuroblastoma cells. Int. J.
Cancer, 43: 305-309, 1989.
Bjelfman, C., Meyerson, G., Cartwright, C. A., MellstrÃ¶m,K., Hammerling,
U., and Pahlman, S. Early activation of endogenous ppoO1" kinase activity

during neuronal differentiation of cultured human neuroblastoma cells. Mol.
Cell. Biol., 70:361-370, 1990.
Lynch, S. A., Brugge, J. S., Levine, J. M. Induction of altered c-src product
during neural differentiation of embryonal carcinoma cells. Science (Wash
ington DC), 234: 873-876, 1986.
Alema, S., Casalbore, P., Agostini, E., and Tato, F. Differentiation of PCI 2
phaeochromocytoma cells induced by v-src oncogene. Nature (Lond.), 316:
557-559. 1985.
Noda. M.. Ko. M.. Ogura. A.. Liu. D-g., Amano, T., Takano, T., and Ikawa,
Y. Sarcoma viruses carrying ras oncogenes induce differentiation-associated
properties in a neuronal cell line. Nature (Lond.), 318: 73-75, 1985.
Bar-Sagi, D., and Feramisco, J. R. Microinjection of the ras oncogene protein
into PC12 cells induces morphological differentiation. Cell, 42: 841-848,
1985.
Nakagawa, T., Mabry. M., Bustros, A. d., Ihle, J. N., Nelkin, B. D., and
Baylin, S. B. Introduction of v-Ha-ras oncogene induces differentiation of
cultured human medullary thyroid carcinoma cells. Proc. Nati. Acad. Sci.
USA, 84: 5923-5927, 1987.
Seremetis, S.. Inghirami, G., FerrerÃ²,D., Newcomb, E. W., Knowles, D. M.,
Dotto, G-P., and Dalia-Pavera, R. D. Transformation and plasmacytoid
differentiation of EBV-infected human B lymphoblasts by ras oncogenes.
Science (Washington DC), 243: 660-663, 1989.
Bagli, D. J., D'Emilia, J. C., Summerhayes, I. S.. Steele, G. D., and Barloz-
zari, T. c-Ha-ras-I oncogene-induced differentiation and natural killer cell
resistance in a human colorectal carcinoma cell line. Cancer Res., 50: 2518-
2523, 1990.
Kruijer, W., Cooper, J. A.. Hunter, T., and Verma, I. M. Platelet-derived
growth factor induces rapid but transient expression of the c-/os gene and
protein. Nature (Lond.), 312: 711-716, 1984.
MÃ¼ller.R.. Bravo, R., and Burckhardt. J. Induction of c-/os gene and protein
by growth factors precedes activation of c-myc. Nature (Lond.), 312: 716-
720, 1984.
Suzuki. T., Yokota, J., Mugishima, H., Okabe, I., Ookuni, M., Sugimura,
T., and Terada, M. Frequent loss of heterozygosity on chromosome 14q in
neuroblastoma. Cancer Res., 49: 1095-1098, 1989.
Barker, P. E., Rabin, M., Watson, M., Bree, W. R., and Ruddle, F. H.
Human c-^osoncogene mapped within chromosomal region 14q21-31. Proc.
Nati. Acad. Sci. USA, 81: 5826-5830, 1984.
Pyper, J. M., and Bolen, J. B. Identification of a novel neuronal C-SÃ„Cexon
expressed in human brain. Mol. Cell. Biol., 10: 2035-2040, 1990.

3152

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/12/3148/2443810/cr0510123148.pdf by guest on 19 M

ay 2023


