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Abstract

We have found highly predictable patterns of protooncogene
expression in cell lines and tumor tissue of neuroblastoma
(NB), a tumor of the peripheral nervous system (PNS). These
patterns make it possible to recognize two different genetically
definable subgroups among histopathologically indistinguish-
able tumors. Additionally, we have identified a difference in
neurotransmitter biosynthetic enzyme activity in these two
subgroups of NB. The patterns of protooncogene expression
and neurotransmitter biosynthetic enzymes suggests that these
tumors arise in different cells of the PNS.

Introduction

Neuroblastoma (NB)! is a tumor of the peripheral nervous
system that is thought to arise in primitive cells derived from
the embryonal neural crest. 50% of advanced stage neuroblas-
toma tumor tissues have been found to have variable levels of
amplification of the N-myc gene (1), and it has been suggested
that amplification and expression of this gene is associated
with rapid clinical progression of this highly malignant neo-
plasm (2). We have recognized a subgroup of NB tumors that
are characterized by a specific chromosomal rearrangement,
1(11;22) (q24; q12) (3). Although these tumors are histologi-
cally indistinguishable from primitive NB characterized by the
amplification of the N-myc oncogene (NB-N), they do have a
number of clinical features by which they can be recognized
and therefore have been called neuroepithelioma (NE) (3).
Although NB-N occurs in early childhood and presents
typically in the adrenal gland or at other sites of known sympa-
thetic nervous system tissue, NE most frequently occurs in
older children and young adults and seems to most frequently
present on the chest wall or in an extremity (4). It is likely that
most cases of adult neuroblastoma (5, 6) or peripheral neuro-
blastoma (7, 8), as well as the small round cell tumor of the
chest wall, Askin’s tumor (4), are all neuroepithelioma. These
clinical differences complement the observation that, immu-

Address reprint requests to Dr. Thiele, Molecular Genetics Section,
National Institutes of Health, Building 10, Room 13N240, Bethesda,
MD 20892.

Received for publication 6 January 1987 and in revised form 13
April 1987.

1. Abbreviations used in this paper: CAT, cholineacetyl-transferase;
DBH, dopamine-B-hydroxylase; MOPS, morpholine propanesulfonic
acid; NB, neuroblastoma; NE, neuroepithelioma; SSC, standard saline
citrate; TH, tyrosine hydroxylase.

The Journal of Clinical Investigation, Inc.
Volume 80, September 1987, 804-811

804 Thiele, McKeon, Triche, Ross, Reynolds, and Israel

nocytochemically, NE, but not NB-N, expresses class I histo-
compatibility antigens (9).

To further characterize these two closely related tumors,
we examined the relative levels and patterns of protooncogene
expression in NE and NB-N. Protooncogenes are the normal
cellular homologues of retroviral oncogenes (10). These genes
are highly conserved throughout evolution and are likely to be
important for normal cellular functions such as proliferation,
growth, and differentiation (11-15). In general, studies exam-
ining protooncogene expression in specific human tumors re-
port a highly variable pattern of expression, and the level of
expression in different specimens of any particular tumor type
is usually unpredictable (16-18). In sharp contrast to these
studies, we have found in cell lines and tissue specimens of NB
highly predictable patterns of protooncogene expression asso-
ciated with the distinct biologic and genetic subgroups of this
tumor, NB-N and NE. Furthermore, we have identified a dif-
ference in the neurotransmitter enzymes expressed in these
tumors. These findings support the concept that NB-N and NE
are distinct tumor entities and suggests that they may arise in
different cells of the peripheral nervous system.

Methods

Cell lines. The following NB-N cell lines; SMS-KCN, SMS-KCNR,
SMS-KAN, SMS-SAN (19), LA-N-5 (20), and IMR-32 (21), and NE
cell lines; N1000, TC-32, N1008, N1016, N1043 (22), SK-N-MC (23),
and CHP-100 (24) were utilized in this study.

Enzyme assays. NE and NB-N cell lines were plated into 150-mm
tissue culture dishes in RPMI 1640 supplemented with 15% fetal calf
serum, incubated at 37°C with 5% CO,, and cells were harvested at
confluence. The cells were mechanically detached from the dishes,
frozen at —70°C and assayed for neurotransmitter biosynthetic en-
zyme activity as previously described (25). The values represent the
mean of triplicate assays on replicate cultures that were coded before
assay. The activity of the neurotransmitter biosynthetic enzymes, tyro-
sine-hydroxylase (TH), dopamine-B-hydroxylase (DBH) and choline-
acetyl-transferase (CAT) is expressed as the amount of product formed
per hour per milligram of protein.

Isolation and analysis of nucleic acids. High molecular weight
DNA was prepared as previously described (26). 15 ug of genomic
DNA was digested to completion with 5 U of Eco R1 (Boehringer
Mannheim Biochemical, Indianapolis, IN) per ug DNA, electropho-
resed in a 0.7% agarose gel and transferred onto nitrocellulose essen-
tially as described by Southern (27). Nitrocellulose blots were hybrid-
ized with 32P-labeled recombinant plasmid DNA containing cloned
protooncogene segments for 24 h at 42°C in 50% formamide, 5X
standard saline citrate (1X SSC = 0.1 M NaCl, 0.015 M sodium citrate,
pH 7.0), 50 mM Na,HPO,, 5X Denhardt’s solution, 100 ug/ml
sheared salmon sperm DNA (Sigma Chemical Co., St. Louis, MO),
10% Dextran sulphate, washed twice in 2X SSC, 0.1% SDS for 15 min
at 25°C and twice in 0.2X SSC, 0.1% sodium dodecyl sulfate (SDS) for
30 min at 60°C and exposed to X-Omat AR film with a lightening plus
intensifying screen at —70°C. Cytoplasmic or poly(A)+ RNA was iso-



lated from tissue culture cell lines as previously described (28) while
tumor RNA was isolated by the method of Chirgwin (29). RNA was
denatured in 2.2 M formaldehyde; 50% formamide; 0.2 M morpholine
propanesulfonic acid (MOPS), pH 7.0; 50 mM sodium acetate; 1| mM
EDTA, pH 7.0; for 5 min at 65°C. The samples were electrophoresed
through a 1% agarose-formaldehyde gel and transferred to nitrocellu-
lose or Nytran filters (Schleicher & Schuell, Keene, NH). After hybrid-
ization with a 3?P-labeled plasmid DNA (42°C, 50% formamide, 5X
SSC, 10% dextran sulfate), these blots were washed at 65°C in 0.2X
SSC, 1.0% SDS and exposed to X-OMAT AR film with a lightening
plus intensifying screen at —70°C. Rehybridization of filters was per-
formed as described above after treating Nytran filters for 1 h in 50%
formamide, 1X SSC at 75°C or nitrocellulose filters for 15 min in

boiling 0.1X SSC, 0.1% SDS.
Protooncogene containing plasmid DNA probes. Recombinant

plasmid DNA probes containing the following protooncogenes were
32p_radiolabeled by either nick-translation (30) or the preparation of a
single strand specific M13 probe by the method of Hu and Messing
(31): c-myb, a 2.2 kbp Hae III DNA fragment probe of a human c-myb
cDNA plasmid (kindly provided by J. Frederic Mushinski, NCI/NIH);
N-myc-pNB-1 DNA (32) or pC7 (unpublished plasmid of E. Flamm
and M. A. Israel containing a 2.1-kb pair cDNA insert with sequence
homology to human genomic N-myc nucleotides 1045-3179 as de-
scribed by Kohl et al. [33]); c-myc a 1.3 kb pair Clal-Eco R1 fragment
of pMC41-3RC (34); and c-cts-1, an 800-bp Hind III fragment of pK H-
47 (35).

Results

Histopathology of NE and NB-N. Primitive NE and NB-N are
tumors of the peripheral nervous system that exhibit subtle,
though unmistakable features of neuronal differentiation. A
histologic comparison of these tumors and cell lines derived
from them is shown in Fig. 1. Light microscopic examination
of a NB-N tumor (4) and a NE tumor (E) reveals clusters of
morphologically undifferentiated, cohesive, round cells in
which few if any distinguishing characteristics such as Homer
Wright rosettes (4) or ganglion cells are seen. In tissue culture,
cell lines derived from NB-N and NE tumors (B, F, respec-
tively) are substrate-adherent with neuritic processes charac-
teristic of neural cells in culture. Low magnification electron
microscopy (EM, uranylacetate/lead citrate, X 7,000) of NB-N
and NE cell lines reveals ultrastructural features of neural dif-
ferentiation including abortive neuritic processes (C, G, re-

Table I. Neurotransmitter Biosynthetic Enzymes

spectively) and, at higher magnification, the presence of neu-
rosecretory vesicles (D, H, respectively) suggesting the pres-
ence of neurotransmitters (EM as above, X 15,000; inset,
X 30,000).

Neurotransmitter biosynthetic enzymes. An interesting
feature of NB cell lines is their ability to express biochemical
properties of normal neuronal cells (36). An analysis of the
pattern of neurotransmitter biosynthetic enzyme activities re-
vealed a striking difference between NE and NB-N (Table I).
We found cell lines from NE to be characterized by high levels
of CAT activity, the rate-limiting enzyme in the biosynthesis
of acetylcholine, a neurotransmitter in the parasympathetic
branch of the PNS (11). However, we detected no activity in
these cell lines of either DBH or tyrosine hydroxylase (TH),
cathecholamine biosynthetic enzymes that are highly ex-
pressed in the sympathetic branch of the PNS. In contrast, the
NB-N cell lines we examined contained high levels of TH and
DBH but no detectable CAT activity.

While most NB cell lines have been reported to express
only neurotransmitter biosynthetic enzymes associated with
an adrenergic phenotype, some express a mixed pattern of
neurotransmitter biosynthetic enzyme activities (36). Two cell
lines, SK-N-MC and CHP-100, had previously been reported
to express CAT uniquely (24, 36). Although diagnosed origi-
nally as neuroblastoma, the patients from whom SK-N-MC
and CHP-100 were derived had clinical histories (24, 36) that
can now be recognized as typical of NE (4). Furthermore,
cytogenetic examination of these cell lines demonstrates evi-
dence of a t(11;22) chromosomal rearrangement indicating
they are NE rather than NB tumor cell lines (22). Examination
of the neurotransmitter biosynthetic enzymes in these two cell
lines as well as in three additional NE cell lines revealed a
concordance between the cholinergic phenotype and t(11;22)
(Table I). In contrast, none of the 13 adrenergic or mixed
adrenergic/cholinergic NB-N cell lines we examined or that
are reported in the literature contain this cytogenetic alteration
(19-25, 35-38). The association of CAT expression and the
t(11;22) in NE cell lines provides further evidence that NE is a
biologically distinct entity from NB-N.

Structure of N-myc gene. One of the most common cytoge-
netic alterations found in NB-N cell lines are homogeneously
staining regions and double minute chromosomes (23, 37, 38).

Tyrosine-hydroxylase Dopamine-B-hydroxylase Choline-acetyltransferase
Cell line Expt. 1 Expt. 2 Expt. 1 Expt. 2 Expt. 1 Expt. 2
nmol/h/mg* nmol/h/mg nmol/h/mg
N1000 NE 0.02+0.01% ND# ND ND 12.0+£7.9 94.4+41.5
TC32 NE 0.02+0.01 ND ND ND 7.540.1 37.6+15.5
SK-N-MC NE ND ND ND ND 2.0+0.4 7.0+1.6
CHP-100 NE ND ND ND ND 4.1+0.7 7.7£2.2
N1008 NE NT¢ ND ND ND NT 2.9+0.5
SMS-KCNR NB-N 0.95+0.20 0.50+0.1 1.8+0.1 2.1+0.8 ND ND
LA-N-5 NB-N 0.20+0.01 NT 0.4+0.6 NT ND NT
IMR-32 NB-N 0.74+0.10 1.8+0.3 0.8+0.1 ND ND ND

The activity of the neurotransmitter biosynthetic enzymes, TH, DBH, and CAT is expressed as amount of product formed per hour per milli-
gram of protein. The values represent the mean of triplicate assays on replicate cultures. * Activity in nanomoles of product formed per hour

per milligram of protein. * Mean+SEM of triplicate assays of each experiment. $ Not detected.
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Figure 1. Histopathologic evaluation of NE and NB-N. NE(TC32) low magnification electron microscopy (EM) of NB-N (C) and NE
and NB-N(KCN) cell lines and tumor tissue were evaluated: by light (G) (EM, uranyl acetate/lead citrate, X 7,000); and by high magnifi-
microscopy of NB-N (4) and NE (F) (hematoxylin & eosin, X 400); cation EM of NB-N (D) and NE (H) (EM, uranyl acetate/lead ci-
by phase-contrast microscopy of NB-N (B) and NE (F) (X 200); by trate, X 15,000; inset, X 30,000).
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Figure 2. Southern blot analysis of N-myc gene structure in NE ard
NB-N. Lanes /-4 are NB-N cell lines (/) SMS-KCNR, (2) IMR-32,
(3) SMS-SAN, and (4) LA-N-5. Lanes 6-9 are NE cell lines (6)
TC-32, (7) N1000, (8) SK-N-MC and (9) CHP-100. Lane 5 is DNA
isolated from normal brain obtained at autopsy. To the right of (A) is
a graphic representation of the relative N-myc gene copy number as
determined by quantitative densitometric scanning of comparable
experiments on appropriately diluted samples of DNA.

In several cell lines, these structures have been shown to con-
tain amplification of the N-myc gene (32, 39). N-myc is struc-
turally and functionally related to the protooncogene c-myc
(33, 40-42) and is expressed at discrete stages of murine devel-
opment (43, 44). To determine whether N-myc amplification
also occurred in NE tumor cell lines, we examined the level of
N-myc amplification in adrenergic or adrenergic/cholinergic
NB-N and cholinergic NE cell lines by Southern blot analysis
(Fig. 2). This experiment demonstrates that in contrast to
NB-N cell lines, NE cell lines contained only a single copy of
the N-myc gene. To our knowledge, the t(11;22) is only seen in
cholinergic cell lines, and the cholinergic/t(11;22) cell lines
invariably had a single copy of N-myc (22, this paper, and
McKeon, C., C. Thiele, R. Ross, M. Kwan, T. Triche, J. Miser,

and M. A. Israel, manuscript submitted for publication.). Con-
versely, with a single exception, published NB cell lines show a
concordance between the expression of a predominantly
adrenergic phenotype and amplification of N-myc (19-25, 32,
39). The exception, SK-N-SH, is an adrenergic NB cell line
(23) that contains neither amplified N-myc sequences (32, 39)
nor a t(11;22) (23), although it does contain another genetic
alteration, an activated N-ras gene (45). This cell line may
define another subset of NB tumors.

Protooncogene expression. Since protooncogenes are
known to be regulated in normal tissues in a lineage and dif-
ferentiation-stage specific manner (11, 15), we examined the
expression of several protooncogenes in NE and NB-N cell
lines. We anticipated similarities in the pattern of protoonco-
gene expression since both NE and NB-N are of neural origin.
However, the differences in neurotransmitter biosynthetic en-
zyme activity between NE and NB-N suggested that they
might be tumors of cells corresponding to different pathways
or stages of PNS tissue difféerentiation and might differentially
express some protooncogenes.

Previously, we have reported that neither NE nor NB-N
cell lines express detectable c-sis transcripts (46), while both
contain high levels of pp60c-src kinase activity (47, 48). In this
study, we examinéd the expression of c-myb, another pro-
tooncogene with a highly restricted pattern of expression that
is regulated during the differentiation of hematopoetic cells
(49). Equivalent levels of c-myb RNA were detected in 7/7 PN
and 6/6 NB-N cell lines (Table II). A representative Northern
blot demonstrating c-myb expression in these cell lines is
shown in Fig. 3 4.

Since some retinoblastoma tumors express high levels of
N-myc RNA without amplification of the N-myc gene (50), we
studied the expression of N-myc in NE and NB-N. We found
that NE cell lines express N-myc (Table II; Fig. 3 B) at low
levels, which are comparable to that detected in SK-N-SH
(data not shown), a NB cell line that has a single copy of the
N-myc gene per haploid genome (32, 39). As expected, NB-N
cell lines express high levels of N-myc (51). We also evaluated
these cell lines for the expression of c-myc. The Northern blot
shown in B was rehybridized with 32P-labeled c-myc DNA and
the results are shown in Fig. 3 C. In sharp contrast to the NB-N

Table II. Contrasting Genetic Features of Neuroepithelioma and Neuroblastoma-N

Neuroblastoma-N Neuroepithelioma
SMS- SMS- SMS- SMS- LA- IMR- SK- CHP-
Tumor cell lines examined KCN KCNR KAN SAN N-5 32 N1000 TC32 N1008 N1016 N1043 N-MC 100
Cytogenetic alterations
t(11;22) - - - - - - + + + + +* + +
N-myc amplification  + + + + + + - - - - - - -
Relative protooncogene
expression
c-myb +* + + + + + + + + + + + +
N-myc ++5 4+ ++ ++ 4+ + + + + + + +
c-myc = - - - - - ++ ++ ++ ++ ++ ++ ++
c-ets-1 + + + + + + + - — - - + -
* Unpublished results J. Whang-Peng and M. Israel. * + Detected in cytoplasmic RNA preparations. ¢ ++ 10-100-fold higher than +.
I' — Not detected in cytoplasmic RNA preparations. ' c-ets-1 expression can be detected in poly (A)+ selected RNA.
807
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cell line studied, NE cell lines express high levels of c-myc
mRNA. Fig. 3 D, shows a comparison of the level of c-myc
expression in five NE cell lines and four additional NB-N cell
lines. The high levels of c-myc in NE may be due to structural
-alterations in that gene since cytogenetic analysis of NE cell
lines (22) show a supernumery chromosome 8 in N1000,
N1008, and SK-N-MC and Kohl et al. (39) report amplifica-
tion of c-myc in CHP-100 and a subclone of SK-N-MC,
SK-MC-IXC. In addition to the 2.7 kb c-myc mRNA species,
some NE cell lines express an additional 3.1 kb RNA species
that is recognized by the c-myc DNA probe. This RNA species
is expressed at high levels in the NE cell line N1016 (D, lane 3),
while it is not detected in NB-N cell lines or in the SK-N-SH
NB cell line (D, lane 6). The 3.1-kb mRNA species does not
cross hybridize with other members of the myc gene family
(Thiele, C., unpublished observations). While it is possible that
this mRNA species as well as the larger mRNA species seen in
some lanes represent c-myc precursor mRNAs, we have de-
tected a rearrangement in the c-myc gene in N1016, which
may account for the 3.1-kb mRNA species (McKeon, C., C.
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Figure 3. Northern blot analysis of
the expression of protooncogenes in
NE and NB-N cell lines. (4) North-
ern blot analysis of 2 ug of poly(A)+
RNA from NE cell lines (1) TC-32
and (2) CHP-100 and NB cell lines
(3) SMS-KAN and (4) SMS-KCNR
hybridized to a 32P-labeled 2.2 kb
Hae III DNA fragment probe of a
human c-myb cDNA plasmid. (B)
Northern blot analysis of poly(A)+
RNA from NE and NB-N cell lines
hybridized with 32P-labeled N-myc
plasmid probe, pNB-1 (5). The
lanes contain cytoplasmic poly(A)+
RNA from NE cell lines (/) 15 ug
TC32, (2) 15 ug CHP-100, (3) 15 ug
SK-N-MC and (4) 5 ug N1000 and
a NB-N cell line: (5) 2 ug SMS-
KCN, (6) 15 ug SMS-KCN. (C) Re-
. . hybridization of the previous nitro-
cellose filter with 3?P-labeled 1.3 kb
Clal-Eco RI fragment of c-myc plas-
. mid, pMC41-3RC (35). (D) North-
ern analysis of 35 ug of cytoplasmic
RNA from NE and NB-N cell lines
blotted and hybridized with the 32P-
labeled c-myc DNA fragment probe
previously described. The lanes cor-
s : respond to NE cell lines (/) N1000,

- (2) N1008, (3) N1016, (4) SK-N-

MG, (5) N1043, a NB cell line (6)
- SK-N-SH, and NB-N cell lines (7)

¥ SMS-KAN, (8) SMS-SAN, (9)
LA-N-5 and (J0) SMS-KCNR. (E)
The Nytran filter utilized in D was
rehybridized to an 800 bp Hind III

& fragment of a c-ets-1 plasmid DNA.

Thiele, M. Israel, unpublished results). This is currently under
investigation.

The altered regulation of protooncogene expression has
been implicated in the etiology of both experimentally induced
and sporadically occurring tumors (10-13). One proposed
mechanism mediating the altered regulation of a protoonco-
gene is its translocation to another chromosome (52, 53). Since
NE contains a t(11;22) (q24; q12) and the c-ets-1 protoonco-
gene has been mapped to 11g24 (35), we evaluated NE and
NB-N cell lines for expression of c-ets-1. We detected moder-
ate levels of c-ets-1 mRNA in 6/6 of the NB-N cell lines we
examined, while only 3/8 NE cell lines we examined expressed
detectable levels of c-ets-1 RNA (Table I, Fig. 3 E, our un-
published data). In a more critical examination of the NE cell
lines which did not have detectable c-ets-1 expression, we eval-
uated 15 ug of poly(A)+ RNA and were able to detect c-ets-1
expression in N1008 (data not shown) but not TC32 or
CHP100 (Fig. 3 B).

While tumor cell lines are particularly useful in studying
genetic alterations in pure populations of malignant cells, we



also examined the pattern of protooncogene expression in NE
and NB-N tumor tissue. In some cases, tissue was available
from tumors that had given rise to cell lines that we have
examined in this report. The relative levels and pattern of
N-myc and c-myc protooncogene expression (Fig. 4 A4, B, re-
spectively) in these tumor tissues are consistent with those seen
in the cell lines from the corresponding tumor type. Examina-
tion of these same specimens for c-ets-1 expression (Fig. 4 C)
indicated that each of the NB-N tumor samples expressed
c-ets-1 RNA, a finding that complements the observation that
this protooncogene is expressed in all cell lines derived from
NB-N. We also detected c-ets-1 expression in 1 of 2 NE tumor
tissues (Fig. 4 C). In other experiments, we have detected
c-ets-1 expression in four of five additional NE tumor tissues
(data not shown). These data contrast with the absence of
detectable c-ets-1 expression in most NE cell lines, although
their interpretation is complicated by the known expression of
c-ets-1 in stromal and vascular tissues (54, 55) that are present
in all tumor specimens.

Discussion

Protooncogene expression in tumors reflects normal cellular
processes associated with proliferation, specific stages of tissue
differentiation, and perhaps other biologic features that we do
not yet appreciate. However, protooncogene expression may
also denote underlying genetic alterations that either directly
cause or occur as a consequence of tumorigenesis. Our find-
ings that c-src protein kinase activity and the pattern of c-sis
and c-myb expression are constant and highly predictable for
both NB and NE may suggest that these genes are regulated in
a manner that reflects a similar growth or developmental state.

o
i
{
i

Figure 4. Protooncogene expression in NE and NB-N tumor tissue.
Northern blot analysis of 35 ug of total RNA from selected NE and
NB tumor tissue [lanes / GSN, 2 KCN, 3 KAN (The cell lines SMS-
KCN and SMS-KAN were derived from the tumor tissue KCN and
KAN, respectively.)] and NE tumor tissue [lane 4 19-7 (The cell line
N1016 was derived from this tumor tissue.) and 5 18-13]. (4) The
blot was hybridized to a Messing (31) 3?P-labeled pC7 N-myc plas-
mid DNA. (B) Rehybridization with a nick-translated 3?P-labeled 1.3
kb CLal-Eco RI fragment of c-myc plasmid DNA. (C) Rehybridiza-
tion with a nick-translated 2P-labeled 800 bp Hind III DNA frag-
ment of a c-ets-1 plasmid DNA.

In one group of NB tumors we studied, NB-N, N-myc
expression was predictably high. However, we found it re-
markable that without exception the level of c-myc expression
was high in NE, while the level of N-myc expression was low.
The altered regulation of one or both of these myc family genes
could be important in the etiology of these tumors. The am-
plification of N-myc DNA in NB-N also supports this possibil-
ity. Alternatively, different stages in PNS differentiation may
be associated with high levels of expression of these protoon-
cogenes, and these tumors may arise in tissues corresponding
to these different stages.

The detection of c-ets-1 RNA in each of the NB-N tissue
specimens we examined is compatible with the possibility that
this gene is also expressed in the normal cell from which this
tumor arises. However, of the six protooncogenes we have
examined, the only one that had an unpredictable pattern of
expression was c-ets-1, and this occurred only in NE and not
NB. The location of c-ets-1 close to the t(11; 22) in NE, sug-
gests that alterations in this gene may have an important role
in the development of this malignancy. If such a role were
mediated by both regulatory and structural alterations in this
gene, as has been hypothesized for the translocated c-myc gene
in Burkitt’s lymphoma (52), it seems likely that an unpredict-
able pattern of expression would be found.

Although NB-N and NE appear histologically indistin-
guishable and have usually been considered as a single patho-
logic entity, there are clearly cytogenetic and biochemical dif-
ferences indicating that NE and NB-N are different tumors of
the PNS. One striking biochemical difference between NE and
NB-N is in the pattern of their neurotransmitter biosynthetic
enzyme activities. NE express enzyme activities associated
with cholinergic neurons, while NB-N express enzyme activi-
ties that are predominantly associated with adrenergic
neurons. Another difference is our finding of highly predict-
able and distinct patterns of protooncogene expression in these
tumors that suggests that patterns of protooncogene expression
may also distinguish closely related tumors. The similarities in
the patterns of protooncogene expression in NB-N and NE are
compatible with the origin of these tumors in cells that are
ontogenetically related: the differences may reflect unique bio-
logic features of the precise cell of origin or perhaps the genetic
events involved in the development of the malignancy. Of
particular interest is the finding that in different samples of
each tumor type, the pattern of protooncogene expression is
largely invariant while marking different biologic entities
among these histopathologically indistinguishable tumors. In-
deed, other investigators have presented evidence compatible
with the possibility that protooncogene expression may define
genetically distinct forms of colon cancer (53). We propose
that if patterns of protooncogene expression identify homoge-
neous subgroups among tumors now recognized to be hetero-
geneous in their clinical behavior and therapeutic responsive-
ness, such patterns may be useful as tumor markers to more
effectively stratify tumors for study and cancer patients for

therapy.
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