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ABSTRACT

Human neuroblastoma cells growing in culture offer a unique oppor
tunity to study proliferating human cells with a neuronal phenotype. We
have previously identified several neuroblastoma cell lines which show
spontaneous conversion (N/S interconversion) between two morphologi
cally distinct cell types: neuroblastic (N-type) cells and variant, substrate-
adherent (S-type) cells resembling cultured glial or mesenchymal cells.
In the present study, we have used molecular markers to confirm the
neuronal phenotype of N-type cells and to demonstrate that S-type cells
have a nonneuronal phenotype. Furthermore, we have used these mark
ers, including a series of cell surface differentiation antigens, to compare
S-type neuroblastoma cells with a wide range of cultured epithelial,
mesenchymal, and neuroectodermal cells. The results suggest that (a)
N/S interconversion represents an ordered transition between two neu
roectodermal differentiation programs rather than random phenotypic
instability of cultured cells; (b) S-type variant cells show a molecular
phenotype most closely resembling the phenotype of cultured ectomesen-
i hymal cells; and (c) in vitro variant formation of human neuroblastomas
may provide an experimental model for the observed in vivo transition of
some malignant neuroblastomas into benign ganglioneuromas.

INTRODUCTION

Neuroblastoma Â¡sa common malignant tumor of childhood
derived from the autonomie nervous system. Clinical and path
ological observations (reviewed in Ref. l) suggest that occa
sional neuroblastomas undergo a sequence of histolÃ³gica!
changes resulting in gangtioneuromas, benign tumors com
posed of mature ganglion cells, abundant Schwann-like and
connective tissue cells and, in some cases, satellite cells (2).
Since the cause of this apparent change in malignant potential
and histolÃ³gica! appearance is completely unknown, we have
begun to analyze a presumptive in vitro model system, N/S
interconversion of cultured neuroblastomas (3), for molecular
changes accompanying and mediating the transition. Such a
model may permit a systematic search for clinically useful
exogenous signals capable of inducing a change in the malignant
growth potential of neuroblastoma cells, a strategy previously
suggested for hematopoietic malignancies (4). Several of the
established neuroblastoma cell lines (5-14) comprise at least
two morphologically distinct cell types (3, 8, 10, 15). The
predominant cell is generally neuroblastic with a small, round
cell body that may have neuritic processes, dense core vesicles,
and enzyme activities for neurotransmitter synthesis (3, 15). In
contrast, the rarer, substrate-adherent cells with epithelial or
fibroblast-like morphology (S-type variant cells) do not extend
neuritic processes and show no or little neurotransmitter-syn-
thetic activity (3, 15). The presence of identical structurally
rearranged chromosomes in both cell types and reversible phe
notypic interconversion within cloned sublines indicate a com
mon cellular origin of the two cell types in any one cell line
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(15, 16) and exclude trivial explanations, such as the presence
of contaminating fibroblasts, for the observed morphological
and biochemical heterogeneity. In this study, we provide a
detailed comparison of N-type and S-type neuroblastoma var
iants for expression of cell surface antigens, intracellular anti
gens, and cell surface receptors for growth factors and we
correlate these findings with the growth characteristics of the
variants and with the antigenic phenotypes of other neuroec-
toderm-derived cells.

MATERIALS AND METHODS

Cell Lines. The derivation and maintenance of human neuroblastoma
cell lines have been described (Table 1). Additional cell cultures were
taken from our cell bank at Sloan-Kettering Institute. For selection of
neuroblastoma variant subpopulations from morphologically mixed
cultures, loosely substrate-adherent (neuroblastic) cells were detached
by gentle shaking of culture flasks after incubation with phosphate-
buffered saline, collected by centrifugation of the resulting cell suspen
sion, and transferred to new flasks. Remaining substrate-adherent cells
were washed twice with phosphate-buffered saline and refed with culture
medium or passaged after trypsinization. Cloned sublines were isolated
as described (3).

Antibodies. The generation and characterization of mAbs3 to human

cell surface antigens have been described (Table 2). mAb 528, directed
against epidermal growth factor receptor (25), was a gift of Dr. Gordon
Sato. Hybridoma cells producing mAbs BBM.l [HB 28; anti-human
ft-microglobulin], 20.4 [HB 8737, full designation 200-3-G6-4 (20.4);
anti-human nerve growth factor receptor (26)], and W6/32 [HB 95;
antiHLA-A, -B, -C] were obtained from the American Type Culture
Collection [Rockville, MI >|. A single batch of each mAb (nu/nu serum
or ascites or hybridoma culture supernatant) was used throughout this
study. Rabbit antiserum to neuron-specific enolase was obtained from
DAKO Corp., Santa Barbara, CA, and mAb LK2H10 recognizing
chromogranin (32) was obtained from Hybritech, Inc., San Diego, CA.

Serological Procedures. MHA resetting assays for the detection of
cell surface antigens on viable, cultured cells were performed as de
scribed (33, 34). Briefly, cells grown in 60-welI Micro Well plates (Nunc,
Roskilde, Denmark) were incubated with serial dilutions of mAbs for
1 h. After repeated washes, target cells were incubated for 45 min with
indicator cells, prepared by conjugating purified anti-mouse immunÂ»
globulin (DAKO Corp.) or protein A (Pharmacia Fine Chemicals,
Piscataway, NJ) or goat anti-mouse Â¿j-chainantibodies to human eryth-
rocytes using 0.01% chromium chloride (35). Finally, plates were
washed and reactivity was scored microscopically by determining the
proportion of target cells that showed attachment of indicator cells
(rosette formation). The highest dilution of mAb giving rosette forma
tion (titration end point) and the proportion of target cells showing
rosette formation were determined for each mAb dilution tested. All
titration experiments were carried out at least twice and titration end
points did not vary by more than a single, 5-fold dilution step. mAbs
to unrelated antigens were routinely used for negative control experi
ments and did not produce rosette formation.

Immunocytochemical Methods. Cell pellets were quick-frozen in iso-
pentane precooled in liquid nitrogen. Sections 5 //m thick were cut,
mounted on gelatin-coated slides, and air-dried for 30 min at room
temperature before use. The sections were fixed with cold acetone and
tested by the avidin-biotin-immunoperoxidase method (36). Cells grown

3The abbreviations used are: mAb, monoclonal antibody, MHA assay, mixed
hemadsorption assay; RIPA, radioimmunoprecipitation assay; NGFr, nerve
growth factor receptor, EGFr, epidermal growth factor receptor.
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Table 1 Derivation and morphological classification of human neuroblasloma
cell lines

CelllineSK-N-SH*SK-N-MCSK-N-BE(l)1'SK-N-BE(2)'-

*'LA-N-1*LA-N-2CHP-212CHP-234*SMS-KAN*SMS-KANR*SMS-KCN*-

dSMS-KCNRrfSMS-MSNSMS-SAN*IMR-32*NAPMC-NB-1Purified

sub-
populationLA-N-1

nLA-N-1
sCHP-234nCHP-234SSMS-KCNnSMS-KCNsSMS-SANnSMS-SANsIMR-32nIMR-32SCloned

sublineSH-SY5Y,
-EP15eSH-EP1C,

-FEMC-IXCBE(2)-CBE(2)-88n,

-Ml7BE(2)-99s,
-88FLAl-15n,

-19n, -21n,-22nLAI
-5s,-6sC34-35n,

-37n, -38n,-4SnKCN-62n,

-65n, -69n, -7 InMorphology"NSININSNSNINSNNNSNNNINSNNRef.1111559913147777778126

â€¢Cell morphology indicated as follows: N, neuroblastic; S, epithelial or fibro-
blast-like: I, intermediate.

* Primary cell line showing N/S interconversion.
f SH-EP I and SH-EPI5 were derived from the same S-type subline of SK-N-

SH SH-EP; BE(2)-88F was derived from BE(2)-88n.
Two cell lines established from the same patient before and after therapy (7).

' During early passages in culture, SK-N-BE(2) cells showed a more neuro
blastic morphology compared to the cells tested in this study (passages 95-100).

on LAB-TEK tissue culture slides (Miles, Naperville, IL) were tested
as described (17).

Immunoprecipitation Procedures. Cells were labeled with [35S]methi-
onine or [3H]glucosamine, extracted with 0.5% Nonidet P-40 in Tris

buffer and used for RIPA as described (24). For some experiments, cell
lysates were fractionated on a concanavalin A-Sepharose column. So
dium dodecyl sulfate-polyacrylamide gel electrophoresis and fluorog-
raphy were carried out as described (24).

RESULTS

Derivation and Characterization of Neuroblastoma Cell Cul
tures. Seventeen cell lines derived from 14 patients with neu
roblastoma were included in this study (Table 1). For three
patients, companion neuroblastoma cell lines established before
and after initiation of chemotherapy were available for analysis.
Morphological variants purified from seven of the neuroblas
toma cell lines and cloned sublines were also examined. Fig. 1
presents photomicrographs of the distinct cell morphologies
seen in different neuroblastoma cell lines. For selection of S-
type variant cultures, advantage was taken of the strong adher
ence of the epithelial and fibroblast-like neuroblastoma variant
cells to plastic culture surfaces. Seven of the 17 neuroblastoma
cell lines were found to contain both neuroblastic and substrate-
adherent cells (Table 1), with neuroblastic cells being the pre
dominant cell type in unselected cultures. Continuously grow
ing S-type subpopulations have been obtained from only two
cell lines, SK-N-SH and LA-N-1; purified LA-N-1 s cultures
and clones LAI-5s, LAI-6s, and SH-EP 1 have been maintained
for more than 50 passages with no decrease in proliferative
activity. In striking contrast to the immortal growth behavior
of parental neuroblastoma cell lines and all N-type clones
isolated in our laboratory, most S-type variant cultures, includ
ing those obtained from cell lines SK-N-BE(2), CHP-234, SMS-
KCN, SMS-SAN, and IMR-32 and an additional S-type isolate
of the SK-N-SH line, clone SH-FE, show a limited life span in
culture. S-type variant cells, repeatedly purified from these cell

Table 2 Panel of mouse monoclonal antibodies raised against human cell surface
antigens and tested with human neuroblastoma cell lines

Group I mAbs were raised against neuroectoderm-derived cells and recognize
antigens with restricted tissue distribution (17-22); group II and III mAbs were
raised against mesenchymal and epithelial cells, respectively, and also recognize
antigens with restricted tissue distribution (23-27); group IV mAbs recognize
antigens with wide tissue distribution (19, 28, 29); and group V mAbs are specific
for human growth factor receptors (30, 31). Cell surface reactivity of mAbs with
a panel of 17 independently derived human neuroblastoma cell lines (Table 1)
was determined by MHA assays and results are indicated as follows: numbers incolumn "s\u*" represent numbers of cell lines in the typing panel that show

reactivity with the respective mAb with tÂ¡trillionend points of at least 1:5000;numbers in column "sAg~" represent numbers of cell lines that show negative

results in MHA assays even at the highest concentrations of mAbs tested (1:500
for nu/nu sera or ascites fluid or 1:1 of hybridoma culture supernatants).

SurfaceantigenitiAbGroup

IMC25AO10MC

139K117AO122MillAJ225R24Group

IIF19F24Group

IIIA42S4S27SV19SV63LK26K4K21Group

IVAJ2Q14FIOSR84SV13F22F8bG253A99J143F20BBM.lW6/32Group

V52820.4Description"NDgpllOgp35Thy-1mel-CSPGgpl40pl45GDJgp

140/90gp90gp57gpl60gpl20gp40PLAPgp35NeuNAc-LNTLNTgp200/170/140gpl30gp50gp200/I40gplOSgpl30/100gp95gp95gp

140/30gp
140/30ft-mft-mHLA-A,B,CEGFrNGFrImmunizing

cellsSK-N-MCSK-MG-A02SK-N-MCSK-MG-2SK-MG-A02MelanocytesSK-MG-1SK-MEL-28FibroblastsFibroblastsSK-OV-3SK-RC-7SK-RC-7GCC-SVGCC-SVLu-75Tera-1Tera-1SK-MG-1SK-MEL-28FibroblastsDU-

145GCC-SVFibroblastsFibroblastsSK-GS-1SK-OV-3253-JFibroblastsNeuroblastoma

phenotypeNo.

of
sAg*lines15151717y.

f.g1*1*1'1*1*1717171717Y-2C-2C-Tf-2e-2c-2C-2C-119No.

ofsAg~linesV*2e-'1416171716171616161717171717151515151515151524

" Biochemical characteristics of antigens are indicated as follows: gp, glycopro-
tein; p, polypeptide; numbers represent apparent molecular weights (M, x 10~3)
as determined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis under
reducing conditions; multiple numbers separated by a slash indicate molecular
weights of subunit components; ND, not determined; EGFr, epidermal growth
factor receptor (30); NGFr, nerve growth factor receptor (31); mel-CSPG, sero-
logically defined cell surface chondroitin sulfate proteoglycan, consisting of M,
250,000 and >500,000 glycoconjugates (20); LNT, lacto-JV-tetraose carbohydrate
structure (26); NeuNAc-LNT, sialosyllacto-N-tetraose (27), PLAP, placental-
type alkaline phosphatase (25); ,j;-m, J32-microglobulin.

* Independently derived mAbs to identical cell surface antigens are G253/F8,

F20/BBM.1, and A99/J143.
c CHP-212.
" CHP-234.
' SMS-KCNR.
f SK-N-BE(2).
* SMS-SAN.
* SK-N-MC.
' SK-N-SH.

lines and initially able to be maintained for several cell passages
at cell densities of 2 x IO3 to 2 x 104/cm2 of growth surface,

cease to proliferate after an additional 10 to 15 cell passages
with 1:2 or 1:3 split ratios. When tested for expression of
neuron-specific enolase or chromogranin, two intracellular
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Fig. 1. Morphology of cultured human neuroblastoma cells. Neuroblastic morphology:/!, KCN-71n; fi, LAl-19n; and C. CHP-234. Intermediate-type morphology:
D, BE(2)-C; and E, SK-N-MC. Epithelial or fibroblast-like morphology: F, SMS-KCNs; G. LAI-5s; and H, CHP-234s. Note the presence of neurites (A, fi) and
formation of tightly packed aggregates of viable cells (pseudoganglia) (I) or the presence of chains of nonadherent round cells without neurites Â«i among the
neuroblastic variants. Phase-contrast photomicrographs: original magnification, X 250.

markers of neurons and certain other cell types (32,37), N-type
cultures showed strong cytoplasmic reactivity with anti-neuron-

specific enolase antibody (Fig. 2) and granular, cytoplasmic
reactivity with anti-chromogranin antibody in immunoperoxi-
dase tests whereas none of the S-type cultures tested showed

reactivity with these antibodies.

Surface Antigenic Phenotype of Cultured Neuroblastoma
Cells. The 17 neuroblastoma cell lines available for study were
tested by MHA titration experiments and RIPA with a panel
of mAlis detecting 29 distinct cell surface antigens to establish
a detailed surface antigenic map for this tumor type. The mAbs
in the typing panel can be placed in five groups based on their
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TRANSDIFFERENTIATION OF HUMAN NEUROBLASTOMA CELLS

Neuroblastoma cell lines

Fig. 2. Immunoperoxidase staining of cultured human neuroblastoma cells
with antibody to neuron-specific enolase. A, LA-N-ln cells; fi, LA-N-ls cells.
Note strong cytoplasmic reactivity in . I and lack of reactivity in B. Hematoxylin
counterstaining; original magnification, x 400.

derivation and specific patterns of reactivity with cultured cell
panels (Table 2): mAbs of groups I, II, and III identify antigens
with a restricted tissue distribution and were raised against
neuroectodermal, mesenchymal, and epithelial cells, respec
tively; group IV mAbs recognize antigens with a broad tissue
distribution; and group V includes mAbs specific for growth
factor receptors. Cell surface reactivity of these mAbs with the
neuroblastoma lines was detected by MHA rosetting assays
(results summarized in Table 2) and quantitated for antigen-
expressing cell lines by determining titration end points (Fig.
3). The MHA typing results for levels of cell surface reactivity
were found to parallel the results of RIPA experiments with
these cell lines (see below).

The neuroblastoma cell lines show a highly characteristic and
uniform surface antigenic phenotype with only very limited
antigenic diversity between different cell lines (Table 2). Most
deviating typing results were obtained with the three cell lines
in the panel that are distinguished by an intermediate-type cell
morphology and substrate-adherent growth behavior [SK-N-
MC, CHP-212, and SK-N-BE(2)]. Comparison of the surface
antigenic phenotypes of the seven unselected neuroblastoma
cell lines which show N/S interconversion with sublines ex
pressing a neuroblastic phenotype, i.e., purified N-type popu
lations and a large number of cloned neuroblastic sublines
(listed in Table 1), revealed only minor differences with regard
to patterns of antigen expression and levels of cell surface
reactivity. The only exception noted was the lack of AO10
expression in clone SH-EP15, derived from the AO10+ SK-N-

SH cell line. By contrast, several consistent major differences
in surface antigenic phenotype were found between the neuro
blastic and substrate-adherent variant populations derived from
any single neuroblastoma line. Four principal patterns of anti
gen distribution on the N/S variant panel can be distinguished
(Fig. 3): (a) antigens MC25 and AO10 are preferentially ex-
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Fig. 3. Patterns of surface antigen expression on human neuroblastoma cells
with neuroblastic (N-type), epithelial or fibroblast-like (S-type), or intermediate-
type morphology. Results of MHA titration experiments are shown for 13 mAbs
recognizing distinct human cell surface antigens. Levels of cell surface reactivity
were determined by testing S-fold serial dilutions of mAbs for rosette formation
in MHA assays. Highest dilutions of mAbs giving positive reaction (titration end
points) are shown in histograms; mAh dilution steps tested are indicated on the
right and are as follows: 1/500, 1/2,400, 1/12,000. 1/60,000, 1/300,000, and
1/1,500,000. â€¢,>90% of cells in cultures show rosette formation; D <30% of
cells show rosette formation even at highest concentration of mAb tested.

pressed on neuroblastic cells and lost from S-variant cells; (b)
nine antigens are not found on neuroblastic cells but are
strongly expressed on all or most S-variant cell lines: mel-
CSPG (detected with mAb AO122), A99/J143, F22, A42, F19,
S4, F8/G253, ft-microglobulin, and HLA class I antigens; the
HLA class I antigens are expressed on all S-variant cell lines,
but levels of cell surface reactivity in MHA titration experi
ments were more than 10-fold lower on these cells than on
other cultured cell types, for instance skin fibroblasts and
lymphocytes. Finally, ten antigens were expressed neither on
neuroblastic nor on S-variant cells (Mill, GDj, AJ225, F24,
S27, SV19, SV63, LK26, K21, and K4) and seven antigens
were expressed equally on both neuroblastic and S-variant cells
(MC139, Thy-1, AJ2, Q14, FIO, SR84, and SV13).

Biochemical Analysis of Neuroblastoma Variants with mAbs
to Cell Surface Antigens. The results of MHA titration experi
ments were compared with the results of RIPA tests using
extracts of metabolically labeled neuroblastoma cell cultures.
The RIPA results for the amounts of specific antigens present
in neuroblastoma cell extracts were found to reflect the large
differences in cell surface reactivity observed for some mAbs in
MHA assays with N-type and S-type cells. Fig. 4 illustrates
these results for mAbs AO10, Q14, AJ2, J143, S4, AO122, and
F8 using extracts of LAl-22n (N-type) and LAI-5s cells (S-
type), both derived from the LA-N-1 cell line. As expected from
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B
Fig. 4. Fluorogram of immunoprecipitates

obtained from metabolically labeled extracts of
LAl-22n (A) and LAI-5s (B) cells and sepa
rated by sodium dodecyl sulfate-polyacrylam-
ide gel electrophoresis. Cells were labeled with
["Sjmethionine and extracted with Nonidet P-
40 buffer: extracts were separated by concan-
avalin A-Sepharose affinity chromatography,
and [3!S]methionine incorporation was deter
mined after precipitation of cellular proteins
from cell lysates with 10% trichloroacetic acid.
Aliquots with equal 3!S cpm were used for all

immunoprecipitation experiments. mAbs used
were: AO10 (Lane I), Q14 (Lane 2), AJ2
(Lane 3), JI43 (Lane 4), S4 (Lane 5). AO122
(Lane 6), F8 (Lane 7), or unrelated mAb serv
ing as negative control (Lane S). Kodak XAR-
5 films were exposed for fluorography for 5
days: no additional bands were seen after pro
longed film exposure (20 days). Positions of
molecular weight markers (M, x 10~3) indi

cated on the right.
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Fig. 5. Comparison of NGFr and EGFr expression on neuroblastoma cell
lines and neuroblastoma variants. N, neuroblastic; S, epithelial or fibroblast-like;
I, intermediate.

the MHA typing results, antigens Q14 and AJ2 are precipitated
from both LAl-22n and LAI-5s cells, the AO10 glycoprotein
is seen with LAl-22n cells but not with LAI-5s cells, and the
remaining antigens, J143, S4, AO122, and F8, are seen only
with LAI-5s cells and not with LAl-22n cells. Similarly, the
A42 and F22 glycoproteins were precipitated from extracts of
SH-EP1 cells (S-type) but not from SH-EP15 cells (N-type),
whereas the SV13 and SR84 glycoproteins were equally precip
itated from both SH-EP1 and SH-EP15 cells.

Cell Surface Expression of Growth Factor Receptors on Neu
roblastoma Variants. Fig. 5 shows the results of the serological
typing of 20 neuroblastoma lines, including 6 pairs of N-type
and S-type cultures derived from distinct cell lines, for cell
surface expression of NGFr and EGFr. Strong cell surface
reactivity for NGFr was found for N-type cells of 9 of the
neuroblastoma lines tested whereas 4 lines showed no reactivity;
18 of the 20 lines showed strong reactivity for EGFr. When the
typing results for N-type and S-type cells are compared, two
observations can be made. First, the level of cell surface reac
tivity with mAb 20.4 (i.e., NGFr expression) is more than 20-
fold higher for N-type cells than for S-type cells in all 6 tested
cell lines with N/S interconversion; no NGFr is detectable on
4 S-type cultures. In contrast, reactivity with mAb 528 (I.e.,
EGFr expression) is generally higher in S-type cultures, with
differences in titration end points between S-type and N-type
cells ranging from 5- to 100-fold. Taken together, these results
indicate that N/S interconversion is accompanied by a recip
rocal change in expression of two distinct growth factor recep
tors. We have confirmed these serological typing results for
EGFr expression by EGF binding assays and RIPA, and these
results will be presented elsewhere.4

4J. L. Biedler et al., manuscript in preparation.

DISCUSSION

There has never been much doubt about the neuronal char
acteristics of the predominant N-type cells in human neuro
blastoma cultures, but little is known about the relationship
between S-variant cells and normal cells undergoing neuroec-
todermal differentiation. Ross and Biedler (38) have detected
tyrosinase activity in S-variants (but not in N-variants) of the
SK-N-SH cell line and inferred melanocytic differentiation in
these cells. Tsokos et al. (39) have demonstrated melanocytic
and Schwann cell characteristics in these same cell lines, and
DeClerck et al. (40) have described Schwann cell traits in other
S-cell variants. In the present study, we identify (a) cell surface
antigens which distinguish N-type and S-type neuroblastoma
cells from a wide range of epithelial, mesenchymal, and lymph-
oid cell types, (b) antigens which distinguish N-type and S-type
neuroblastoma cells from each other, and (c) antigens which
distinguish both N-type and S-type neuroblastoma cells from
normal and transformed melanocytic cells, astrocytomas, and
retinoblastomas, all of which share a common neuroectodermal
origin with neuroblastomas (Table 3). Thus, S-type neuroblas
toma variants and melanocytic cells clearly differ in surface
antigen phenotype, in contrast to the biochemical findings of
Ross and Biedler (38) for SK-N-SH. Instead, S-type cells closely
resemble the fibroblast-like meningea! cells in both morphology
(41) and surface antigen phenotype, whereas both meningea!
cells and S-type neuroblastoma cells differ antigenically from
normal fibroblasts (Table 3). This observation may be explained
by the fact that neural crest cells give rise not only to peripheral
neurons, Schwann cells, and melanocytes but also to ectomes-
enchyme, i.e., skeletal and connective tissues of the head and
face, including meninges (42, 43); mesenchyme of other organs
is of mesodermal origin. Thus, similarity in surface antigen
expression between S-variant neuroblastoma cells and menin
gea! cells may reflect in part their histogenetic similarity. It will
be important to compare additional neural crest-derived cell
types with S-variant neuroblastoma cells and the findings of
Tsokos et al. (39) and DeClerck et al. (40) suggest that analysis
of Schwann cells may be of particular interest. However, cul
tured human Schwann cells are not generally available for study
and comparison of their antigenic phenotype with S-type cells
is not possible at present. Application of the mAbs found to
distinguish N-type and S-type cells to the immunohistochemical
analysis of normal neural crest-derived tissues may help to
resolve this question.

The strictly coordinated changes in cell surface antigen
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Table 3 Comparison of cell surface antigenic phenotypes of human neuroblaslomas and other normal and malignant cells of neuroectodermal and mesenchymal origin
Results of MHA assays summarized as follows: +, antigen-positive Â«Â¡nationend points 5 x 10* to 1 x 10'); -, antigen-negative; Â±,subsetting of test panel into

antigen-positive and antigen-negative cell lines (19, 22, 23).

Cell type

Cell surface antigen

MC25 AO10 NGFr Thy-1 F24 S4 A42 Mill AJ225

Neuroblastoma
N-type
S-type

Meningea! cells"

Fibroblasts
Fetal*
Adult'

Â±

+

Skin melanocytes
Fetal
Adult

Melanoma
Astrocytoma
Rctinoblastoma

Â±
Â±

NT*

Â±
NT

Â±
Â±

Â°Cultures derived from three fetal brain specimens.
'' Cultures derived from fetal lung, skin, and kidney.
' Cultures derived from adult lung, skin, kidney, and colon.
rfNT, not tested.

expression accompanying N/S interconversion in cell lines
derived from a number of patients, concomitant with uniform
changes in cell morphology, substrate adhesiveness, neurotrans-
mitter-synthetic activity, and neuron-specific enolase and
chromogranin expression, suggest that N/S interconversion is
controlled by activation of an alternate differentiation program
of neural crest-derived cells (for instance, neuronal and
Schwann cell differentiation) rather than by uncoordinated
changes in expression of a multitude of individual molecular
traits. Since we know that antigens coordinately modulated
during N/S interconversion are encoded by genes located on at
least five different chromosomes [EGFr maps to chromosome
7 (44), mel-CSPG to chromosome 15 (20), F8 to chromosome
19 (29), A42 to chromosome 6 (23), and JI43 (29) and NGFr
(31) to chromosome 17], we suggest that only one or very few
/raws-acting regulatory factors control cell-specific antigen dis
play on the surface of N-type and S-type neuroblastoma var
iants. Changes in the expression of regulatory factor(s) may
then result in the consistent patterns of phenotypic changes
seen during N/S interconversion. Further analysis of the neu
roblastoma variants may lead to a more detailed characteriza
tion of the presumptive regulatory signals mediating N/S inter-
conversion.

The consistent patterns of surface antigen expression seen in
a large series of neuroblastoma cell lines contrast with the
antigenic heterogeneity previously observed for melanomas (22)
and astrocytomas (19). Neuroblastomas may originate from
neuronal cells, presumably neuroblasts of the autonomie ner
vous system, at a single unique state of normal differentiation
when cells are particularly susceptible to malignant transfor
mation. Conceivably, the stem cell phenotype of this trans
formed cell, including a stem cell-specific surface antigen pat
tern, will be retained by the neuroblastoma cells if it is necessary
for tumor growth in the patient. By contrast, phenotypic diver
sity among melanomas and astrocytomas may indicate that
these tumors arise at several later stages of normal melanocytic
or glial differentiation or that they undergo further differentia
tion following transformation (19,22) without loss of malignant
phenotype. A possible explanation for this difference between
neuroectodermal tumors of early childhood (neuroblastoma)
and adult life (melanoma, astrocytoma) has emerged from the
molecular genetic analysis of malignant transformation in vitro,
which suggests that two distinct alterations of normal growth,

namely, immortalization and transformation, are required to
produce the malignant phenotype (45, 46). In the case of a
pediatrie malignancy like neuroblastoma, the target for trans
formation may be a stem cell which, because of its constitutive
self-renewal properties, represents the normal counterpart of
an immortalized cell. Consequently, fewer somatic genetic
changes may be required to produce a fully malignant pheno
type, and the resulting malignancies occur earlier in life than
tumors in which both cellular immortalization and transfor
mation result from rare somatic genetic events. According to
this concept, the stem cell phenotype of neuroblastoma is
maintained because loss of stem cell properties would result in
loss of malignancy. In addition, such tumors may be more
sensitive to normal stem cell regulators than tumors arising at
a later stage in developement. A search for regulatory factors
controlling neuronal differentiation in humans is hampered by
the lack of fetal neuroblast test cells as well as of reliable
molecular markers for neuronal stem cells. Thus, cultured
neuroblastoma cells and N/S interconversion provide the only
tenable model for detection of differentiative factors. Signifi
cantly, we have found that N/S interconversion is generally
associated with loss of immortalization in S-type cultures and
that this change in growth potential in vitro is accompanied by
loss from S-type cells of the MC25 cell surface antigen, a
putative stem cell marker (17). In a parallel study, we have
extended these observations on the altered malignant potential
of S-type neuroblastoma variants and found that they also show
reduced ability to form colonies in soft agar and tumors in nude
mice.4

Based on our findings, two types of questions can now be
addressed, (a) Changes in the expression of cell surface antigens
and growth factor receptors during N/S interconversion may
not only indicate the transition between two neuroectodermal
differentiation programs but may also be directly involved in
the observed changes in malignant potential. We have recently
begun to identify biological signals that modulate the expression
of some of the S-type-specific antigens (20, 23), and it will be
of interest to determine the effects of these signals on neuro
blastoma cell growth. (Â¿>)If N/S interconversion of cultured
neuroblastomas reflects cellular changes critical for the conver
sion of some neuroblastomas into benign ganglioneuromas ///
vivo, it is tempting to speculate that the most important histo-
logical feature in these tumors is not the presence of mature
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neuronal cells (ganglion cells) but the appearance of abundant
Schwann-like cells and connective tissue separating and enclos
ing the neuronal cells (2). Therefore, the change in malignant
potential in these tumors may result not only from neuronal
maturation leading to ganglion cells but also from transdiffer-
entiation (analogous to N/S interconversion in vitro) of neurob-
lastic tumor cells into nonmalignant or less malignant
Schwann-like cells or other ectomesenchymal cell types.
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