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ABSTRACT

The bell protooncogene was originally discovered because of its in
volvement in t(14;18) chromosomal translocations frequently found in
non-Hodgkin's lymphomas. The expression of this gene is reported to be

highly tissue specific, with bell mRNAs being readily detectable only in
hematolymphoid tissues and brain. To explore the possible involvement
of beli in neural tumors, we surveyed a variety of tumor cell lines for the
presence of the p26-BCL2 protein by immunoprecipitation and ininiu-
noblotting methods. Very high levels of BCL2 protein were found in three
of nine neuroblastoma (NB) cell lines examined; these levels of p26-
BCL2 were comparable to lymphoma cell lines that contain a t(14;18).
Despite the impressive relative amounts of BCL2 protein, however, no
structural alterations or changes in the methylation status of bell genes
were detected in these NB cell lines by conventional Southern blotting.
Of the other NB cell lines surveyed, three contained intermediate levels
of BCL2 and another three cell lines had little or no detectable BCL2
protein, raising the possibility that determination of relative levels of
BCL2 protein may help to segregate neuroblastomas into groups with
different biological and clinical characteristics. BCL2 protein levels were
not influenced by induction of neuronal differentiation with nerve growth
factor in two of the two cell lines examined [SH-SY5Y (high BCL2);
GICAN (low BO,2)| and did not correlate with N-MVf gene amplifi
cation or expression of nerve growth factor receptors. NB cell lines that
contained little or no detectable BCL2 protein, however, tended to contain
significant proportions of flat epithelioid cells, whereas Ac/2-expressing
cell lines were composed primarily of neuronal-like cells, suggesting that
expression of this protooncogene correlates with the differentiation char
acteristics of these tumor cell lines. In addition to NBs, lower levels of
BCL2 protein were also found in a variety of other neural crest-derived
tumors and tumor cell lines, including some neuroepitheliomas, Ewing's

sarcomas, neurofibromas, and melanomas. With regard to tumors of
central nervous system origin, bcl2 expression was absent from most
medulloblastomas but was detected at moderate to low levels in a reti-
noblastoma and some glioblastoma multiforme cell lines. Taken together,
these findings imply that bell protooncogene expression is differentially
regulated within the various lineages of cells that give rise to the nervous
system.

INTRODUCTION

The bcl2 (B-cell lymphoma/leukemia 2) gene was first dis
covered because of its involvement in the t(14;18) chromosomal
translocations found in the majority of non-Hodgkin's lympho

mas (1). As a consequence of this translocation, the bcl2 gene
from 18q21 moves into juxtaposition with powerful enhancer
elements located within the immunoglobulin heavy chain locus
at 14q32, thus deregulating the expression of the bcÂ¡2gene in
these tumors of B-lymphocyte origin. The end result is the
continuous production at high levels of the normal M, 26,000
BCL2 protein, although in some lymphomas missense muta
tions of uncertain significance are found in the open reading
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frames of translocated bd2 alÃeles(2-4).
Studies of bd2 gene expression in normal tissues of the mouse

have revealed detectable bcl2 mRNAs only in spleen, lymph
nodes, thymus, bone marrow, and brain (5). In normal lympho
cytes cultured in vitro, bcl2 gene expression is induced concom
itant with cellular proliferation, suggesting a role for this pro
tooncogene in the regulation of normal lymphocyte growth (6).
Immunostaining of tissue sections, however, has demonstrated
BCL2 protein in the non mitotic cells of lymph nodes and spleen
(7), thus dissociating bcl2 expression from cellular proliferation
in vivo. In this regard, gene transfer and antisense experiments
have provided evidence that bcl2 enhances hematolymphoid
cell accumulation not so much by increasing the rate of cellular
proliferation but rather by decreasing the incidence of cellular
death (8-12). Furthermore, the mechanism by which bcl2 en
hances cell survival involves the blocking of apoptosis (also
called PCD3), a form of cellular suicide characterized by re

quirements for ATP and new RNA and protein synthesis and
by endonuclease-mediated cleavage of the chromosomal DNA
of the cell (13-15). Physiologically, PCD plays an important
role in several settings, including: (a) removal of redundant
tissues during development; (b) immune tolerance; (c) cytolytic
T-cell killing; and (</) hormone withdrawal-induced atrophy of
many tissues (15-17).

PCD is also thought to be of importance in the nervous
system, particularly where the neurotrophic factors such as
NGFs are concerned that regulate the survival of postmitotic
neurons (18, 19). The previous demonstration of Ac/2 mRNA
in rodent brain (5) [as well as the general observation that
enormous parallels exist between the immune and nervous
systems (20)] thus raises the interesting possibility that bcl2
functions as a regulator of PCD in cells of neural origin.
However, it is unknown which of the various lineages of neural
cells (neurons, astrocytes, oligodendrocytes, etc.) expresses
bcl2. Equally of interest is the question of whether bcl2 contrib
utes to the neoplastic transformation of neural cells. As a first
attempt to address these issues, we analyzed the relative levels
of p25-BCL2 protein in a variety of human tumors and tumor
cell lines derived from both central and peripheral nervous
system tissues.

MATERIALS AND METHODS

Preparation of Antisera. Peptides were synthesized using t-BOC
chemistry and an ABI-430A instrument (Applied Biosystems, Inc.),
then cleaved from supports using HF, and purified by reverse phase

3The abbreviations used are: PCD, programmed cell death; NGF, nerve growth
factor; KLH, keyhole limpet hemocyanin; PBS, phosphate-buffered saline; RIPA,
10 HIMTris (pH 7.4)-0.15 M NaCI-5 mw EDTA-1% Triton X-100-1% sodium
deoxycholate-0.1% SDS; BSA, bovine serum albumin; SDS, sodium dodecyl
sulfate; PAGE, polyacrylamide gel electrophoresis; Ab-B, anti-20-34-amino acid
antibody peptide; Ab-C, anti-41-54-amino acid antibody; Ab-D, anti-61-76-
amino acid antibody; SSC, standard saline-citrate [150 HIMsodium chloride, 15
m\i sodium citrate (pH 7.0)]; kbp, kilobase pairs; NB, neuroblastoma; NF,
neurofÃbroma; NFS, neurofibrosarcoma; CNS, central nervous system; PNS,
peripheral nervous system; NE, neuroepithelioma; ES, Ewing's sarcoma; AS-

ODN, antisense oligodeoxynucleotides; GNB, ganglioneuroblastoma; GN,
ganglioneuroma.
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DIFFERENTIAL EXPRESSION OF M2 PROTOONCOGENE

high performance liquid chromatography (C,8 column) using a buffer
containing 0.1% trifluoroacetic acid with a gradient of 0-100% aceto-
nitrile. Amino acid sequencing confirmed proper synthesis of all pep-
tides. The cysteine-containing peptides GAAPAPGIFSSQPGC (cor
responding to amino acids 41-54 of the human 239-amino acid BCL2
protein) and ASRDPVARTSPLQTPAC (corresponding to amino acids
61-76) were conjugated to maleimide-activated KLH carrier protein
(Pierce, Inc.) by the method of Partis et al. (21). The peptide HY-
KLSQRGYEWDAGD (corresponding to amino acids 20-34) was con
jugated to KLH by the glutaraldehyde cross-linking method of Reichlin
(22). After preimmune serum was collected, New Zealand White rabbits
were given s.c. injections of 1 mg KLH-peptide conjugates in 50%
PBS/50% Freund's complete adjuvant. Animals received an additional

3 boosts at approximately 4-week intervals using 1 mg KLH-peptide in
50% PBS/50% Freund's incomplete adjuvant. Sera were collected 7-

10 days after the third and fourth immunizations.
Immunoaffmity Purification of Anti-Peptide Antibody. Antisera gen

erated against the 20-34-amino acid peptide (peptide B) were immu-
noaffinity purified using a peptide affinity column. Briefly, a BSA-
peptide B conjugate was prepared as above and this material was
covalently coupled to activated Affi-Gel 10 (Bio-Rad) in 0.1 M 3-(N-
morpholino)propanesulfonic acid (pH 7.5)-80 IHMCaCl: buffer for 4 h
at 4Â°C,followed by blocking of unreacted sites with 0. l Methanolamine

to yield 3.9 mg protein/ml of gel. Anti-peptide antibodies were adsorbed
to the peptide-gel matrix (10% serum in PBS with 5 m,\i EDTA, 1 m\i
phenylmethylsulfonyl fluoride, and aprotinin). The affinity column was
then washed extensively with 0.5 M NaCl-10 HIMTris (pH 8.0), prior
to eluting antibodies in 0.1 M glycine (pH 2.8). After neutralization (50
IHMTris, pH 9.6), 1% (w/v) BSA was added for stabilization purposes
and the purified antibodies were dialyzed against PBS/0.02% NaN3.
The yield of specific antibody was approximately 50 ng/m\ of serum.

Immunoprecipitations and Immunoblotting. These methods were es
sentially as described previously (23). Cells were washed and then
scraped into ice-cold PBS (pH 7.4) with the aid of a rubber policeman.
After centrifugation (400 x g for 10 min), cell pellets were resuspended
in either 0.15 M NaCl-10 mM Tris (pH 7.4)-5 HIMEDTA-1% Triton
X-100 buffer or a modified RIPA lysis buffer, both containing the
protease inhibitors 1 m,Mphenylmethylsulfonyl fluoride, 0.23 unit/ml
aprotinin, IO/AI leupeptin, and 1 mM benzamidine. [Both lysis methods
were found to be equally effective at extracting the M, 26,000 BCL2
protein from cells. Direct lysis of cells in boiling Laemmli's buffer (62

mM Tris, pH 6.6)-2.3% SDS-10% glycerol-5% 2-mercaptoethanol) did
not result in greater recovery of BCL2 protein from cells.) After
incubated on ice for 10 min, samples were centrifuged at 16,000 x g
for 20 min and the concentration of protein in the resulting postnuclear
supernatants was determined by the bicinchoninic acid method (24).

For immunoprecipitations, cell lysates were normalized for protein
content (500 ^g) and BCL2 protein was immunoprecipitated from 0.5
ml of lysis buffer using excess anti-peptide antibody (5 M') and fixed
Staphylococcus aureus (Pansorbin; Calbiochem, Inc.) (50 Â¡Aof 50:50
suspension preblocked with 1% BSA in RIPA buffer). In some cases,
competing specific peptides were added to lysates prior to addition of
antibody (5 Mg).After 4 washings in lysis buffer, immunoprecipitates
were resuspended in 50 ÃŸ\2x Laemmli's buffer and vortexed for 10

min to elute antigen prior to pelleting out Pansorbin by centrifugation
and subsequently boiling the resulting supernatants for 3 min prior to
SDS-PAGE(12% gels).

For immunoblots, either immunoprecipitates prepared from unla-
beled cells or 100 /jg of postnuclear lysate proteins were subjected to
SDS-PAGE and transferred to nitrocellulose filters for incubation with
anti-peptide antibodies followed by 0.1-0.25 nCi/m\ of I2il-protein A

(30 mCi/mg; Amersham) (23). Relative levels of BCL2 proteins were
quantified from immunoblot data using scanning densitometry (LKB
Ultroscan) wherein the area under the tracings was determined. These
data were normalized relative to the results for the t(14;18)-containing
cell lines (RSI 1846 or 380) which were included as internal controls
for every blot. Data were summarized as: ++++, 76-100% of the
t(14;18)-containingcell signal; +++, 51-75%; ++, 26-50%; +, 1-25%;

and 0, no detectable signal.

Cell Labeling and Sequential Immunoprecipitation Assays. RSI 1846
cells were washed twice in methionine-free RPMI and then returned to
culture (37Â°C/5%CO2) at IO6cells/ml in methionine-free RPMI con

taining 10% (v/v) dialyzed fetal calf serum for 2 h prior to addition of
["Sjmethionine (50 /jCi/ml). The next day, cell lysates were prepared
for immunoprecipitations (5 x IO6 cell/assay) and precleared using

preimmune serum for 2 h; BCL2 protein was then immunoprecipitated
using either Ab-C or Ab-D for 2 h as described above. After immuno
precipitates were washed 2-3 times with RIPA buffer (23) and once
with 1 M potassium thiocyanate/20 mM Tris (pH 8.0)/1% Nonidet P-
40, antigen-antibody complexes were dissociated in 50 M' of 10 mM
Tris (pH 7.5)/l% SDS at 100Â°Cfor 5 min, and the Panasorbin was

removed by centrifugation (16,000 x g for 2 min). Reconstitution buffer
[500 M!of 10 mM Tris (pH 7.5)-150 mM NaCI-1 % sodium deoxycholate-
1% Triton X-100] was added to achieve 0.1% SDS (final), the lysate
was precleared with 50 n\ Pansorbin for 20 min, and then 500 n\ of
RIPA buffer containing 2% bovine serum albumin were added to each
sample. BCL2 protein was then reimmunoprecipitated using the op
posite antibody (e.g., Ab-D for Ab-C-immunoprecipitated material)
overnight, the immunoprecipitates were washed as above, and the BCL2
protein was eluted in 50 ^1 of 2x Laemmli's for 10 min prior to boiling

for 3 min and analysis by SDS-PAGE (12% gels).
Subcellular Fractionation. Line 380 leukemic cells were lysed in a

detergent-free buffer and the nuclear, cytosolic, and membrane com
partments were fractionated by differential centrifugation as we have
described previously in detail (23). Fractions were normalized for
protein content (24) and 50 Mg/'ane were subjected to SDS-PAGE
followed by transfer to nitrocellulose for analysis by immunoblot assay.

In Vitro Transcription/Translation. The human BCL2 complemen
tary DNA (pB4) (1) was excised from the plasmid pSV2-BCL2 (25)
using Hindlll and subcloned into the riboprobe plasmid pSKII (Stra-
tegene, Inc.) using standard recombinant DNA methods (26). The Sall-
linearized pSKII and pSKII-BCL2 plasmids were used for in vitro
transcription reactions with the use of T3 RNA polymerase (IBI Tech
nologies, Inc.) and these RNAs were then in vitro translated using a
commercial reticulolysate preparation (Promega, Inc.) in the presence
of ['5S]methionine (Amersham, Inc.) using established methods (27). A

portion of the in vitro translation product (5%) was then either used
for immunoprecipitation assays as described above or analyzed directly
by SDS-PAGE (12% gels). Gels were impregnated with a fluorographic
reagent (Amplify; Amersham, Inc.) prior to drying and exposure to X-
ray film.

Baculovirus-mediated Production of Recombinant BCL2 Protein. The
production of recombinant BCL2 baculoviruses and the purification
and characterization of recombinant BCL2 protein will be described in
detail elsewhere. For the production of cell lysates containing baculo-
virus-produced BCL2 protein (Bac-BCL2), 3 x 10" Sf9 cells in 5 ml of
Grace's medium were infected with recombinant baculoviruses at a

multiplicity of infection of 10 and the cells were harvested after 3 days
for preparation of detergent lysates (28). In some cases, infections were
performed with a recombinant virus that produces the p56-LCK
protein4 for use as a control. Sf9 cell lysates were normalized for protein
content and 5-25 jig/lane were subjected to SDS-PAGE followed by

immunoblotting.
Southern Blotting. DNA was isolated from cell lines and equal

amounts (12 Mg/'ane) were digested to completion with restriction
endonucleases (HindUl, Mspl, or Hpall) using the manufacturer's

recommended conditions (BRL/Gibco) and then subjected to gel elec-
trophoresis in 0.8% agarose gels prior to transfer to nylon membranes
(Zeta probe; Bio-Rad) using 0.4 N NaOH as described by Reed and
Mann (29). DNA blots were then prehybridized overnight (6x SSC-Sx
Denhardt's solution-0.5% SDS-10 mM EDTA-100 Mg/ml salmon

sperm DNA) prior to hybridization in the same buffer containing 5 x
IO6cpm/ml of heat-denatured [12P]DNA probe at 68Â°Cfor 16-24 h.

Blots were washed with 2x SSC/0.1% SDS at room temperature for
0.5 h followed by 0.2-2X SSC/0.1% SDS at 68Â°Cfor 0.5-1 h. Expo
sures to X-ray film (Kodak XAR) were at -70Â°C using intensifying

screens.

4 Unpublished observations.
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Probes used for these studies included a 4.7-kbp Sma\-Hind\\l
fragment from p 18-21H (5'-bcl2), a 4.4-kbp Hindlll fragment from
pl8-4 (3'-bcl2), a 4.5-kbp EcoRl fragment from pFL2 (3' o(bcl2), and

a 2.8-kbp Mbo\ fragment from pKB-Mbo\ 2.8 (human mitochondrial
probe) (1, 30). All probes were liberated for their plasmids by digestion
with appropriate restriction enzymes and gel purified prior to labeling
by random primer method. Sonicated human placenta! DNA (50 /Â¿g)
was included when using the pi 8-21H probe to block binding to highly
repetitive sequences.

RESULTS

For these studies, three anti-peptide antisera with specific
reactivity for the human p26-BCL2 protein were prepared and

thoroughly characterized. One of these peptides corresponded
to a stretch of amino acids (20-34) completely conserved be
tween the human and mouse BCL2 proteins. Antibodies raised
against this 20-34-amino acid peptide (Ab-B) were first used
to confirm the presence of BCL2 protein in tissue homogenates
prepared from normal adult mouse and rat brain. As shown in
Fig. \A, a M, 26,000 protein that comigrated with the BCL2
protein from a t(14;18)-containing lymphoma cell line
(RSI 1846) was detected by immunoblot analysis of mouse and
rat brain lysates. A survey of several neural tumor cell lines
with this 20-34-amino acid antibody (including 6 medulloblas-
tomas, an astrocytoma, 2 neuroepitheliomas, and 2 NBs) re
vealed the presence of p26-BCL2 only in the 2 NB cell lines
(Lan 5 and SH-SY5Y) (see Fig. 1, A and B and Table 1).

Fig. 1C presents some of the evidence that this anti-peptide
antibody reacted specifically with the p26-BCL2 protein on
immunoblots. Note that a prominent M, 26,000 protein corre
sponding to BCL2 was detected in cell lysates prepared from
B-cell lymphoma and leukemia cell lines that are known to
contain high levels of bcl2 mRNAs (1), or in a pSV2-bcl2-
transfected 3T3 fibroblast cell line (25), whereas a T-cell line
with low levels of bcl2 mRNAs (31) and pSV2-gpt-transfected
(control) 3T3 cells contained little or no detectable BCL2
protein, respectively. In addition to correlating levels of BCL2
protein with Ac/2 mRNAs, the specificity of this 20-34-amino
acid antiserum for p26-BCL2 was further confirmed by peptide
competition experiments (not shown) and by subcellular frac-
tionation studies that showed reactivity only in the membrane
fraction (Fig. \D) as expected from previous reports (32).
Moreover, this antiserum (Ab-B) reacted specifically with the
recombinant p26-BCL2 protein expressed in Sf9 insect cells
that were infected with a recombinant BCL2-baculovirus (Fig.
IE). No reactivity was observed for Sf9 cells infected with a
control (LCK) baculovirus, thus establishing the specificity of
this antiserum for the BCL2 oncoprotein.

To confirm and extend this finding of p26-BCL2 in NB cell
lines, we analyzed a total of nine NB cell lines using two
additional anti-BCL2 antibodies raised against nonoverlapping
peptides corresponding to amino acids 41-54 and 61-76 of the
human protein. Unlike the antiserum described above (Ab-B),
these antisera were capable of recognizing the human p26-
BCL2 protein both in solution (immunoprecipitations) and on
filters (immunoblots). Thus, we were able to use these antibod
ies in a two-step immunoprecipitation/immunoblot assay
whereby one of these two antibodies was used to immunopre-
cipitate p26-BCL2 and the other was used to detect this onco
protein on immunoblots. Fig. 2A presents some of the evidence
that this method specifically detects the human M, 26,000
BCL2 protein. As shown, a prominent M, 26,000 protein was
seen when cell lysates from a t(14;18)-containing lymphoma

cell line were subjected to immunopreciptiation analysis with
either Ab-C or Ab-D antibody, followed by SDS-PAGE and
subsequent immunoblotting assay using the opposite antiserum.
Addition of specific and nonspecific peptides to the cell lysates
prior to immunoprecipitations demonstrated specific competi
tion, thus further confirming the validity of these results. More
over, by testing precleared lysates (following immunoprecipi
tations) for residual BCL2 protein, we found that the anti-41-
54-amino acid and anti-61-76-amino acid antisera recovered
Â«80and Â»99%,respectively, of immunodetectable BCL2 pro
tein from cellular lysates (Fig. 2A). Usage of alternative lysis
buffers (e.g., 1x Laemmli's buffer) did not result in extraction

of additional BCL2 protein from cells (not shown), thus estab
lishing our ability to quantitatively recover and measure relative
levels of BCL2 protein by this assay.

In addition to the sequential usage of Ab-C and Ab-D in the
two-step immunoprecipitation/immunoblot assay described
above (Fig. 2A), we further confirmed that these antibodies
specifically recognize the human p26-BCL2 protein by using
them sequentially for the immunoprecipitation of the radiola-
beled BCL2 protein isolated from [15S]methionine-labeled cells.

For this experiment, postnuclear lysates were prepared from
labeled RSI 1846 lymphoma cells, and p26-BCL2 was immu-
noprecipitated with either Ab-C or Ab-D (in the presence or
absence of competing peptide). The immunoprecipitates were
then washed extensively to remove other cellular proteins, the
antibody-antigen complexes were released with 1% SDS, and
then p26-BCL2 was reimmunoprecipitated with the opposite
antibody after adjustment of the SDS concentration. As shown
in Fig. 2/i. sequential usage of these antibodies directed against
nonoverlapping sequences within the human BCL2 protein led
to the specific immunoprecipitation of a M, 26,000 protein.
This M, 26,000 protein did not appear in gels when competing
peptide was added to the lysates. When taken together, the data
in Figs. 2A and IB prove that the sequential usage of Ab-C and
Ab-D specifically and quantitatively detects the human BCL2
oncoprotein. Moreover, the specificity of these antisera for the
human p26-BCL2 protein was confirmed individually for both
Ab-C and Ab-D by several methods, including (a) selective
reactivity with the recombinant BCL2 protein on blots (Fig.
2(7), (b) immunoprecipitation of the in v//ro-translated bcl-2
gene product (Fig. 2D), as well as by (e) subcellular fractiona-
tion studies, (d) immunofluorescence and immunohistochemis-
try assays, and (e) studies of transfected cell lines similar to
those described above (not shown).

For our investigations of the BCL2 protein in neuroblastoma
cell lines, we chose to employ the two-step immunopreciptia-
tion/immunoblot assay described above (Fig. 2A) rather than
sequentially immunoprecipitating the protein from radiolabeled
cells (Fig. 2B). The advantage of the former assay (aside from
its convenience) is that it measures steady-state levels of accu
mulated BCL2 protein and thus is not subject to many of the
problems that plague studies involving [35S]methionine-labeled

cells such as (a) variations among cell lines in their uptake and
intracellular handling of methionine pools and (Â¿>)artifactual
results attributable to regulation of protein levels by differential
rates of protein synthesis and degradation. Fig. 3 shows some
of the results obtained by this two-step analysis of NB cell lines.
In all experiments, relative levels of BCL2 protein were nor
malized relative to t(14;18)-containing B-cell lines (either
RSI 1846 or 380). As shown in Fig. 3 and summarized in Table
1, some NB cell lines such as Lane 5, SH-SY5Y, and CHP234
contained levels of BCL2 protein approaching or equaling the
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Fig. 1. Immunoblot detection of p26-BCL2 protein in normal brain and neuroblastoma cell lines. Relative levels of p26-BCL2 protein were determined by
immunoblot analysis using either Â¡mmunoaffinity-purified antibodies (A, B) or crude antisera raised against a peptide corresponding to amino acids 20-34 of the
human BCL2 protein. Detergent-lysates were normalized for total protein content (100 Â¿Â¿g/lane).(A) Analysis of DAOY and D283 medulloblastoma cell lines,
SKNMC and CHPIOOL neuroepithelioma lines, mouse and rat brain, and t(14;18)-containing lymphoma cell line RSI 1846. (B) Immunoblot analysis of p26-BCL2
for the medulloblastoma cell lines D425, D384, and D4S8; the astrocytoma line 1251: the neuroblastoma cell line Lan S; and the lymphoma RSI 1846. (C) Relative
levels of p26 BCL2 protein assessed in the following cell lines: 3T3 fibroblasts transfected with BCL2 (3T3-BCL2) or control (3T3-NEO) expression plasmids;
t(14;18)-containing RSI 1846 and 380 B cell lines; JURKAT I cell leukemia; and 697 prÃ©H coll leukemia. (I)) Immunoblot analysis of subcellular fractions derived
from 380 leukemia cells. Line 380 cells were fractionated to yield cytosolic, nuclear, and membrane preparations which were normalized for total protein content (SOpg/lane). A total cell lysate of 380 cells (380) is shown for comparison (100 *ig). (/â€¢')Lysates were prepared from Sf9 cells infected with either BCL2- or LCK-

containing baculoviruses and 25 ug were analyzed by immunoblotting using Ab-B. RSI 1846 lymphoma cells (100 ng) were included as a control. Kd. molecular weight
in thousands.
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Table I Summary of analysis of human tumor cell lines for p26-BCL2

Relative levels of p26-BCL2 protein were assessed by immunoblot analysis
using samples normalized for total protein content. Results are expressed relative
to the levels of p26-BCL2 in the t(14;18)-containing B-cell tumor cell lines 380
and RSI 1846 (++++). Protein samples were derived from cell lines in log phase
of growth, except for some primary tumor isolates as indicated by the asterisk
(*)â€¢

Most cell lines are identified by tumor type. Other cell lines analyzed included:
melanomas (WM373, WM9487, WM982); small cell lung carcinoma (NCI-H28);
astrocytoma (U251); glioblastoma multiforme (A 172, 1690, A1235); and a neu
roglioma (H4).

Levels of
BCL2 protein

Levels of
BCL2 protein

/. Peripheral nervoussystemNeuroblastomasLan

5SH-SY5YCHP234SK-N-SHIMR32CHP134GICANIMR5SHEPNeuroepitheliomasTC32SK-N-MCCHP100LEwing's

sarcomasCHP629ECW165+++++4-+++++++++++0/+0/+0++00+++0Ganglioneuroblastoma*CW369-1Ganglioneuroma*CW421-1CW381-1CW474-2Neurofibroma*CW296-1CW207-1Neurofibrosarcoma*CW205-1CW

187-1Other

neuralcrestderived
tumorsWM373WM9487WM982NCI-H28+/+++++0/+++/++++++++0//.

Central nervoussystemMedulloblastomasDAOY341D458D283D425D384CHP707m0000000/+Glial

tumorsU251A1721690A1235H4RetinoblastomaY7900++++++

levels found in t(14;18)-containing cell lines, whereas other NB
cell lines such as GICAN, SHEP, and IMR5 contained very
low or undetectable levels of p26-BCL2 (Fig. 3). Exposure of
BCL2- expressing (SH-SY5Y) and BCL2-nonexpressing
(GICAN) NB cell lines to 200 ng/ml NGF for 1, 3, 5, or 10
days did not alter the levels of BCL2 protein, although NGF
did induce neurite extension in both types of cells (Fig. 2B, and
data not shown).

Despite the very high levels of BCL2 protein in some NB cell
lines such as Lan 5 and SH-SY5Y, no gross structural altera
tions were detected in the bcl2 genes of these cell lines by
conventional Southern blotting using three different probes
(Fig. 4, A and B, and data not shown). Assessment of the DNA
methylation status of the bcl2 gene also failed to reveal any
clear differences between NB cell lines that contained high
levels of BCL2 protein and other neural tumor cell lines that
contained little or no BCL2 protein. Fig. 4C, for example,
shows the analysis of two NB cell lines, SH-SY5Y (high BCL2)
and GICAN (low BCL2) and of a medulloblastoma that had no
detectable p26-BCL2 (DAOY). Southern blot analysis of DNAs
digested with the isochizomers Mspl (methylation insensitive)
and Hpall (methylation sensitive) demonstrated that the bd2
genes of these cell lines are extensively methylated within the
region detected by a 5'-bcl2 probe (pl8-21H) that covers the

promoter region and first two exons of the gene. Rehybridiza-
tion of this DNA blot with a mitochondrial DNA probe verified

that the Hpa\\ digests went to completion (Fig. 4D). Thus, the
molecular basis for the very high levels of p26-BCL2 found in

these NB cell lines remains unknown.
Neuroblastoma is a tumor of the PNS that derives embryo-

logically from neural crest and that is thought to represent the
neoplastic counterpart of the primative cells that give rise to
the adrenal medulla and sympathetic ganglia (33). We therefore
also surveyed a variety of other tumors of PNS/neural crest
origin for presence of the BCL2 protein. Examination of NE
and ES cell lines (immature neural tumors which are histolog-
ically similar to NBs) revealed moderate to high levels of p26-

BCL2 in 1 of 3 NE and 1 of 2 ES tumor cell lines (Table 1).
BCL2 protein was also found in more mature neuronal-like

tumor specimens derived from 1 of 1 ganglioneuroblastomas
and 3 of 3 ganglioneuromas, albeit at lower levels than those
seen in the more primitive NB, NE, and ES cell lines (Fig. 5/1;
Table 1). Although no BCL2 protein was detected by immu
noblot analysis of the rat olfactory neuronal cell line Snif-ll
and of mature neurons derived by retinoic acid-induced differ
entiation of the N-Tera-2 teratocarcinoma cell line (34, 35) we
did detect BCL2 protein in mature CNS neurons by immuno-

histochemical methods (not shown).
Although BCL2 protein was found at various levels in many

NB and related PNS tumor cell lines with neuronal features,
expression of the bcl2 protooncogene was not limited to the
neuronal lineage. Analysis of tumor specimens taken from
benign NFs (tumors of Schwann-like cells) and their malignant

counterparts, NFS, for example, revealed low to moderate levels
of BCL2 protein in these neoplasms (Fig. 5A; Table 1). Al
though these NF and NFS tumor specimens contained a mix
ture of cell types, the higher relative levels of p26-BCL2 seen
in the neurofibrosarcomas suggests that the abnormal Schwann-

like cells are the principal source of the immunodetectable
BCL2 protein in these tumors. In addition to these tumors of
Schwann cell origin, BCL2 protein was also found at low to
moderate levels in other nonneuronal tumors of neural crest
derivation, including 3 of 3 malignant melanoma cell lines. No
BCL2 protein was detected in a small cell lung cancer cell line
(H28), indicating that not all neuroendocrine tumors express
this protooncogene (Fig. 5B; Table 1).

Finally, a survey of tumor cell lines of CNS/neural tube
origin demonstrated moderate levels of BCL2 protein in a
retinoblastoma cell line (Y79), moderate to low levels of p26-
BCL2 in two of three glioblastoma multiforme (1690, A1235)
and one neuroglioma (H4) cell lines, and just barely detectable
levels of BCL2 protein in a relatively well-differentiated me
dulloblastoma cell line (CHP707m) with neuronal features (Fig.
5A; Table 1). BCL2 protein was not detected in 6 other less-

differentiated medulloblastoma cell lines (see Table 1) or in an
astrocytoma cell line (U251). Thus, as anticipated from the
previously mentioned finding of p26-BCL2 in normal rodent

brain tissue (Fig. 1/4), BCL2 protein was detected in some
human tumor cell lines of CNS origin. Consistent with the
results of our survey of PNS tumors, tumors of both the
neuronal and glial lineages were found that contained BCL2
protein (see Y79 retinoblastoma and A1235 glioblastoma mul
tiforme cell lines, for example). None of these CNS-derived
tumor cell lines, however, contained levels of BCL2 protein as
high as those seen in particular NB cell lines such as Lan 5 and
SY5Y.
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Fig. 2. Characterization of anli-BCL2 antibodies. The specificity of Ab-C and Ab-D for detection of the BCL2 protein was determined by several methods. (A)
RSI 1846 cell lysates (500 iÂ¡\at 1 mg, ml) were fir-it subjected to immunoprecipitation using 5 /<!of antisera raised against either peptide C (amino acids 41-S4 of
human BCL2 protein) or peptide D (amino acids 61-76) as shown (in the presence or absence of 5 *igcompeting peptide). After SDS-PAGE (12% gels) and transfer
to nitrocellulose filters, blots were incubated with the opposite antibody (anti-D for top blot; anti-C for bottom blot) followed by '"I-protein A. Any BCL2 protein
not recovered from lysates by immunoprecipitation was detected by running the precleared lysates (,s.V| directly in gels. (Hi RSI 1846 cells were metabolically labeled
with [3!S]methionine, and BCL2 protein was sequentially immunoprecipitated using a combination of Ab-C and Ab-D, in the presence or absence of specific competing
peptides. Lane I, Ab-D plus peptide-D, followed by Ab-C; Lane 2, Ab-D followed by Ab-C; Lane 3, Ab-C plus peptide-C, followed by Ab-D; Lane 4, Ab-C followed
by Ab-D. Immunoprecipitated proteins were analyzed autoradiographically after SDS-PAGE. (C) Lysates were prepared from Sf9 cell infected with either BCL2- or
LCK-containing baculoviruses and 5 *igwere analyzed by immunoblotting using either Ab-C or Ab-D. RSI 1846 cells (100 Mg)were included as a control (/>) pSKII
(control) and pSKII-BCL2 plasmids were used to prepare RNA for in vitro translation in the presence of ["SJmethionine. An aliquot (2.5 iti) of the in vitro translated
products was either loaded directly into gels or first subjected to immunoprecipitation using Ab-D prior to SDS-PAGE and autoradiography. Lane I, no RNA: Lane
2, Brome mosaic virus (control) RNA; Lane 3, pSKII-derived RNA; Lane 4, pSKII-derived RNA with Ab-D immunopreciptiation; Lane 5, pSMI R(Ã¯.2 derived
RNA; Lane 6, pSKII-BCL2-derived RNA with Ab-D immunoprecipitation. Similar results were obtained when Ab-C was used to immunoprecipitate the in vitro
translated products (not shown). Kd, molecular weight (MW) in thousands.
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Fig. 3. ImmunoprecipitatÂ¡onofp26-BCL2
from neuroblastoma cell lines. Relative levels
of BCL2 protein were assessed in various cell
lines by two-step immunoprecipitation/im-
nlimolili>i analysis as described for Fig. 2,1.
The data shown were derived by immunopre-
cipitating with antibody C and blotting with
antibody D. In some cases, specific competing
peptide (5 ng) was added to cell lysates (500
ill at 1 mg/ml) as shown (pep). SH-SY5Y and
GICAN cell lines were stimulated for 10 days
with 200 ng/ml NGF as indicated. Similar
results were obtained when Ab-D was used for
immunoprecipitations, followed by Ab-C for
blotting (not shown).

DIFFERENTIAL EXPRESSION OF bcl2 PROTOONCOGENE
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Fig. 4. Southern blot analysis of BCL2
gene in neural tumor cell lines. DNA (12 /ig/
lane) was digested with ///Â«(/IIIand subjected
to Southern blot analysis using either (A) pi8-
21H (5'-ec/2) or (B) pl8-4 (3'-Â¿>c/2)probes.

Lane 1, SKNSH neuroblastoma; Lane 2,
BT474 breast cancer cell line (included as a
control); and the neuroblastomas IMR32
(Lane 3) and Lan 5 (Lane 4). In C and D,
DNA samples were digested with either Mspl
(M) or //pall (//) prior to Southern blot
analysis using the 5'-bcl2 probe pl8-21H (C)
or the mitochondrial probe pKB-MboI2.8.
Lane I, DAOY medulloblastoma; Lane 2, SH-
SY5Y neuroblastoma; Lane 3, GICAN neuro
blastoma.
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DISCUSSION

Neuroblastoma is one of the most common solid tumors of
childhood (33). In a survey of 9 NB cell lines, we found 3 that
contained levels of p26-BCL2 equal to or approaching those
seen in t( 14:18(-containing B-cell tumor lines (Lan 5, SH-
SY5Y, CHP234), 3 that contained little or no detectable BCL2
protein (IMR5, SHEP, GICAN), and 3 NB cell lines with
intermediate levels of this oncoprotein (CHP134, IMR32,
SKNSH). The differential expression of the bcl2 protooncogene
in these NB cell lines could not be attributed to gross structural
alterations or changes in the DNA methylation status of the
gene. Although more subtle genetic changes, such as point
mutations or other structural changes not detectable by conven
tional Southern blotting, cannot be ruled out, it is noteworthy
that cytogenetic abnormalities involving 18q21 where bell re
sides are rarely associated with NBs (36). Thus, the high levels
of expression of bcl2 seen in some NB cell lines may simply
reflect the normal developmental regulation of this protoonco

gene, Le., bcl2 expression may be appropriate for some types
of neuroectodermal cells at particular stages of differentiation,
just as high levels of bcl2 expression in the absence of concom
itant structural alterations in the gene are associated with the
pre-B-cell stage of lymphocyte differentiation (37).

In this regard, analysis of the relative levels of p26-BCL2 in
the NB cell line SKNSH and the two sublines derived from it
(SH-SY5Y and SHEP) is particularly enlightening. Morpho
logical heterogeneity of cells within NB cell lines is well docu
mented and many of these tumors contain a mixture of: (a)
neuronal-like cells with short neurites and round cell bodies;
(b) flattened epithelial-like cells; and (c) cells with intermediate
morphology (38). The epithelial-like cells also tend to lack
NGF receptors, in contrast to the more neuronal-like cells
within these tumors (39). We found intermediate levels of BCL2
protein in the parental cell line SKNSH but very high levels in
the neuronal-like SY5Y subline and no detectable p26-BCL2
in the epithelial subline SHEP (40). Thus, expression of bcl2

6535

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/51/24/6529/2445895/cr0510246529.pdf by guest on 19 M

ay 2023



DIFFERENTIAL EXPRESSION OF M2 PROTOONCOGENE

p26-
BCL2

-28
kd

-19
kd

B ///I*

P26-Â»
BCL2

'If

-33 Kd

-28Kd

-19Kd

Fig. 5. Immunoprecipitation analysis of BCL2 protein in cell lines and tumor
specimens. Relative levels of p26-BCL2 protein were determined for tumor
specimens and cell lines by two-step immunoprecipitation/immunoblot assay. In
l. tumor specimens were homogenized in RIPA lysis buffer and equal amounts

of total protein (SOOng) were used for immunoprecipitation of BCL2 protein in
the presence (+) or absence (â€”)of excess competing specific peptide. As a control,
1 fi\ of a lysate prepared from Sf9 cells infected with a recombinant BCL2-
baculovirus was included in the experiments. In lÃ¬,relative levels of BCL2 protein
were similarly determined for the malignant melanoma cell lines VVM373 and
WM9.487; the glioblastoma multiforme lines 1690 and A1235, the breast cancer
cell line MDAMO (included as a control for low BCL2 expression): the retino-
blastoma Y79; the neuroglioma H4; and the t(14;18)-containing B-cell lines
RSI 1846 and 380. kd, molecular weight in thousands.

was associated with cells having a more neuronal phenotype in
this particular NB cell line. Moreover, of the 3 NB cell lines
that lacked significant levels of p26-BCL2 (IMR5, SHEP,
GICAN), all of them contained appreciable proportions of
epithelial-like cells, unlike the other Â¿Â»Â¿-/Â¿-expressingNB cell

lines (summarized in Table 2). Because the neuronal and epi
thelial cells within these tumors probably have a common
precursor (41), these data argue that bcl2 expression may be
associated with particular pathways of neuroectodermal cell
differentiation.

Although the SH-SY5Y (high BCL2) and SHEP (low BCL2)
sublines also differed in their expression of NGF receptors, in
general no correlation between NGF receptors and BCL2 pro
tein levels was observed (Table 2). For example, both Lan 5
and SY5Y contained very high levels of p26-BCL2, but SY5Y
has been reported to express NGF receptors whereas Lan 5
does not (39, 42). Furthermore, bcl2 expression was not asso
ciated with an ability of NGF to induce differentiation (neurite
extension) in NB cell lines. For instance, both SH-SY5Y and
GICAN display NGF receptors and differentiate in response to
this factor (39), yet SH-SY5Y contains high levels of p26-

BCL2, whereas GICAN does not. Thus, unlike N-myc gene
amplification which has been associated with poor clinical
outcome (43) and unresponsiveness to NGF (44,45), high level
expression of the bcl2 protooncogene does not appear to influ
ence NGF-mediated differentiation of NB cell lines.

Because BCL2 protein levels were not correlated with N-myc
gene amplification in the 9 NB cell lines examined here (Table
2), it remains to be determined whether bcl2 expression is of
prognostic significance for patients with NB. It should be noted,
however, that studies of cell lines can be misleading since these
tumors are biased toward those capable of in vitro growth. In
this regard, since overexpression of bcl2 has been shown to
enhance cellular survival by blocking programmed cell death
(13) and since many chemotherapeutic reagents are capable of
inducing cell death via this mechanism (46), high levels of p26-
BCL2 in NB cells might indeed be expected to lead to poor
responses to therapy and hence shortened patient survival.
Regardless of its prognostic significance, however, the expres
sion of bcl2 at high levels in some NBs raises new therapeutic
possibilities for the future improved treatment of children af
fected with NB. Previously, for example, we have shown that
AS-ODN targeted against bcl2 can sequence-specifically inhibit
the growth and induce the death of Â¿>c/2-expressinglymphoma
and leukemia cell lines in vitro (12). Furthermore, recent data4
indicate that these AS-ODN stimulate programmed cell death
(apoptosis) in t( 14; 18)-containing lymphoma cells. Thus, if bcl2
regulates the survival of NB cells as it does some hematolym-
phoid cells (8-12), then it may eventually be possible to use
antisense or similar gene targeting approaches for the ablation
of bcl2 expression in the treatment of patients with NB. Appli
cations of bcl2 AS-ODN might be particularly germane to bone
marrow purging in the context of NB, since autologous bone
marrow transplantation is currently considered an instrumental
part of the optimal treatment of children with aggressive tumors
(47) and since the AS-ODN could be used extracorporally thus
avoiding potential side effects and minimizing the amounts of
ODN required.

Inasmuch as tumor cell lines are caricatures of normal situ
ations, our survey of BCL2 protein levels in a wide variety of
neural tumors suggests that bcl2 is differentially expressed
within several lineages of neuroectoderm-derived cells in both
the peripheral and central nervous systems. For example, most
cases of NB present with primary lesions in the adrenals and
sympathetic ganglia. Based on the presence in NBs of enzymes
involved in adrenergic neurotransmitter biosynthesis and on
the expression of various neurofilament proteins and other

Table 2 Summary of characterisation of neuroblastoma cell lines
Neuroblastoma cell lines were compared with regard to their relative levels of

BCL2 protein [++++ = BCL2 levels approximately equivalent to those detected
in t(14;I8)-containing B-cell lines 380 and RSI 1846], N-A/XCamplification, and
NGF receptor status (39, 42). Cell morphology classification was by the method
of Ciccarone et al. (38). N, neuronal-like cells that are loosely attached small cells
with round cell bodies and short processes; S, substrate adherent cells that are
larger flat cells lacking processes; I, intermediate cells that are slightly flattened
and have short processes, nil., not determined.

Levels of
Cell line BCL2proteinLANS

++++SH-SY5Y
++++CHP234
+++CHPI34
++IMR32
++SK-N-SH
++GICAN
0/+IMR5
0/+SHEP

0N-myc

amplification+0++n.d.00+0NGF
Cell

receptorsmorphologyN,+

N,n.d.
N,-/+
N,n.d.
N,+

N,++
I,S-/+

N, I,S0
S
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markers, these neuronal-like tumors appear to represent neo-
plastic versions of immature adrenal ganglion and sympathetic
ganglion cells (33, 40). Thus, the finding of bcl2 expression in
several NB cell lines argues that expression of this protoonco
gene occurs in neural crest-derived cells that give rise to this
portion of the autonomie nervous system. Moreover, it would
appear that the principal Ac/2-expressing cells of the sympa
thetic lineage are relatively neuronal in their phenotype based
on the correlation of BCL2 protein levels with cellular mor
phology in NB cell lines (Table 2) and on our comparisons of
NB cell lines with ganglioneuroblastomas (GNB) and gangli-
oneuromas (GN) (Table 1). NB, GNB, and GN represent a
continuum in which the proportion of neuroblastic cells pro
gressively decreases while the percentage of Schwannian-like
cells increases (48). In addition to expression in cells of the
sympathetic branch, the presence of p26-BCL2 in some of the
neuroepithelioma and Ewing's sarcoma cell lines tested suggests

that bell expression can also be associated with immature cells
that form the parasympathetic branch of the autonomie nervous
system. Both of these types of neural crest-derived tumors have
been demonstrated to contain cholinergic neurotransmitter en
zymes and have been suggested to represent neoplastic counter
parts of postganglionic parasympathetic neurons (49).

Despite the tendency of NB cell lines with more pronounced
neuroblastic features to contain higher levels of BCL2 protein
(Table 2), we found that bcl2 expression was not limited to
tumors with neuronal features. For example, neurofibroma
(NF) and neurofibrosarcoma (NFS) tumor specimens which
were composed mostly of neoplastic Schwannian cells con
tained low and moderate levels, respectively, of p26-BCL2 (Fig.
5/4). Also, significant amounts of BCL2 protein were found in
3 of 3 malignant melanoma cell lines examined (Fig. 5B). NF,
NFS, and malignant melanoma are all tumors of neural crest
origin that often express NGF receptors (50, 51) and that
probably arise from the same primitive precursors that give rise
to many of the neuronal cells of the PNS (41). Thus, our
findings in these PNS tumors raise the possibility that hcl2
expression normally occurs in other neural cell lineages besides
neurons, at least at some point during their differentiation.
Similarly, BCL2 protein was found in CNS tumors of both the
neuronal and glial lineages. With regard to neuronal-like cells,
for example, moderate to low levels of p26-BCL2 were found
in a retinoblastoma cell line (Y79), a glioma with neuronal
features (H4), and one of the medulloblastomas with neuronal
features (CHP707m). However, BCL2 protein was also detected
in two glioblastoma multiforme cell lines (A 172, 1690) that
lacked neuronal markers. Notwithstanding the caveats involved
when interpreting data derived from tumor cell lines, our find
ings thus suggest that Â¿>c/2-expressionin the nervous system is
not neuron specific. Further studies of the in situ expression of
bcl2 in the adult nervous system and during development are
in progress to define the normal patterns of expression of this
protooncogene and its relevance to the regulation of neural cell
survival and differentiation.
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