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(700 t,g/ml) for 3 weeks. The results presented were obtained
with uncloned cell populations.

Immunoblotting (Western Blotting). Cells were washed with
phosphate-buffered saline (PBS), scraped into ice-cold PBS
with a rubber policeman, and lysed in an ice-cold lysis buffer
containing 20 mM Tris-HCl (pH 8.0), 0.2 mM EDTA, 3%
Nonidet P-40, 2 mM orthovanadate, 50 mM NaF, 10 mM
sodium pyrophosphate, 100 mM NaCl, and 10 ag each of
aprotinin and leupeptin per ml. After incubation on ice for 10
min, the samples were centrifuged at 14,000 x g for 15 min, and
the supernatants were collected. An aliquot was removed for
total protein estimation by using the Bio-Rad protein assay. An
aliquot corresponding to 30 ,tg of total protein of each sample
was separated by SDS/PAGE under reducing conditions and
transferred electrophoretically to nitrocellulose filters. Unspe-
cific binding of antibody was blocked with 3% bovine serum
albumin (BSA) in 20 mM Tris-HCl, pH 7.5/150 mM NaCl/
0.05% Triton X-100 for 2 hr. Immunoblotting was carried out
with the respective antibody followed by peroxidase-con-
jugated secondary anti-immunoglobulin antibodies, and the
blots were developed by the enhanced chemiluminescence
method (ECL, Amersham).
Northern Blotting. mRNA was extracted by oligo(dT) chro-

matography. Eight micrograms of mRNA per sample was
separated on 0.8% agarose-formaldehyde gels and transferred
to Hybond-N filters (Amersham). Equal loading was con-
firmed by hybridization with an actin probe. cDNA probes
were [32P]dCTP-labeled by random priming. The blots were
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FIG. 2. Differentiation-related changes in BCL2 protein expres-
sion assayed by immunoblot analysis of lysates from wild-type Paju
cells without treatment (a) and with 50 nM PMA (b) for 1-4 days. Sizes
are shown in kDa.

hybridized overnight at 42°C, washed in 2x SSC (lx = 0.15
M NaCl/0.015 M sodium citrate, pH 7) containing 0.5% SDS
at 60°C for 0.5 hr, and subjected to autoradiography.

RESULTS

Induction of Differentiation by PMA Enhances BCL2 Ex-
pression in Paju Cells. The Paju cells undergo spontaneous
differentiation in culture as seen by neurite outgrowth (Fig. 1
A-D). Treatment of the cell cultures with 50 nM PMA induced
enhanced differentiation, visible as accelerated neural sprout-
ing (Fig. 1 E-G). Analysis by Western blotting revealed an
increased expression of BCL2 protein in Paju cells concomi-
tantly with the enhanced neural differentiation induced by
PMA (Fig. 2b). There was no perceivable change of the level
of BCL2 expression in Paju cells kept in untreated cultures for
the same time (Fig. 2a).

Expression of Human BCL2 cDNA in Paju Cells. Paju cells
were transfected with pcDNA3 expression vector containing
the entire 950-bp open reading frame of human BCL2 cDNA
in sense (Paju/s-BCL2) or antisense (Paju/as-BCL2) orienta-
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FIG. 1. Phase-contrast photomicrographs of spontaneous and
PMA-induced differentiation of Paju cells. Wild-type Paju cells were
cultured in 10% FCS-containing medium for 1-4 days (A-D) and in
the presence of 50 nM PMA for 2-4 days (E-G).
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FIG. 3. Immunoblotting (A) and Northern blotting (B) analyses of
BCL2 in wild-type Paju cells and BCL2 cDNA transfectants cultured
in 10% serum-containing medium for 3 days. (A) Total cell lysates
were immunoblotted with anti-human BCL2 and Bax antibodies. Sizes
are shown in kDa. (B) mRNA extracted from wild-type Paju cells and
transfectants was successively hybridized to the BCL2 and ,j-actin
probes. Lanes: 1, wild-type Paju cells; 2, Paju/neo; 3, Paju/as-BCL2;
4, Paju/s-BCL2.
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FIG. 4. Growth properties of wild-type Paju cells and BCL2 cDNA
transfectants. Wild-type Paju (D), Paju/as-BCL2 (0), and Paju/s-
BCL2 (A) in 10% FCS (a)- and 0.5% FCS (b)-containing cultures.

tions. Control cells were transfected with the empty pcDNA3
vector (Paju/neo). Neomycin (G418)-resistant cells were se-
lected for 3 weeks, and uncloned populations were analyzed for
expression of BCL2. The levels of BCL2 protein were assayed
by Western blotting. The population of Paju/s-BCL2 cells
displayed levels of BCL2 that were about 5-fold higher than
those found in wild-type Paju or cells transfected with the
empty vector. A decreased BCL2 level was detected in cells
transfected with the antisense cDNA construct (Fig. 3A).
Northern blot analysis with the probe of BCL2 mRNA re-
vealed a single endogenous transcript of human BCL2 message

in wild-type Paju and Paju/neo cells, whereas Paju/s-BCL2
and Paju/as-BCL2 transfectants presented additional exoge-
nous transcripts of the size predicted from the transfected
construct (Fig. 3B).

Alteration of Bcl-2 levels did not affect the expression of Bax
(Fig. 3A), which heterodimerizes with and is antagonistic to
BCL2 (24).
Growth Properties. The growth kinetics of the wild-type

Paju cells and the transfectants were analyzed in the presence
of 10% or 0.5% FCS. There was no significant difference in
growth rate between the wild-type cells and the uncloned
populations of transfected cells in cultures containing 10%
FCS. Paju/s-BCL2 cells survived in cultures with 0.5% FCS,
while the numbers of Paju/as-BCL2 and wild-type Paju cells
decreased under these conditions (Fig. 4). When cultured in
serum-free medium, the wild-type Paju and antisense trans-
fected cells failed to attach to the surface, while the Paju/s-
BCL2 cells still were able to spread and display neurite
outgrowth (data not shown). Although the BCL2-overexpress-
ing uncloned population did not have an appreciable retarda-
tion in their rate of proliferation in short-term cultures, cells
displaying terminal differentiation were seen upon extended
cultivation. Moreover, our attempts to select single-cell clone
transfectants with very high expression of BCL2 have repeat-
edly failed because of their terminal differentiation and ces-
sation of proliferation (data not shown).

Morphological Changes in BCL2 cDNA Transfectants. The
manipulated levels of BCL2 expression in Paju cells had a
dramatic impact on their spontaneous differentiation. As
compared with wild-type Paju or Paju/neo cells, the Paju/s-
BCL2 cells displayed an accelerated and extensive neural
sprouting (Fig. 5). Overexpression of BCL2 in the Paju cells
not only induced enhanced differentiation but also up-
regulated the expression of NSE (Fig. 6A), a marker for
mature neuronal tissue. In contrast, suppression of the endog-
enous levels ofBCL2 with the antisense BCL2cDNA construct
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FIG. 5. Phase-contrast photomicrographs of wild-type Paju cells and BCL2 cDNA transfectants cultured in 10% FCS for 4 days. (A) Wild-type
Paju. (B) Paju/neo. (C) Paju/as-BCL2. (D) Paju/s-BCL2.
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FIG. 6. Immunoblot analysis of NSE (A) and nestin protein (B) in
wild-type Paju cells and BCL2 cDNA transfectants cultured in 10%
serum-containing cultures for 4 days. Lanes: 1, wild-type Paju cells; 2,
Paju/as-BCL2; 3, Paju/s-BCL2. Sizes are shown in kDa.

induced signs of dedifferentiation. The Paju/as-BCL2 cells did
not display spontaneous neural sprouting upon cultivation.
Instead, these cells acquired a flat epithelioid morphology
without neurite processes (Fig. 5). In addition to the epithe-
lioid morphology, the Paju/as-BCL2 cells also displayed en-
hanced expression of nestin (Fig. 6B) and a decreased expres-
sion of NSE.

DISCUSSION
The neural-crest-derived human tumor cell line Paju is related
to the melanocyte-melanoma lineage. By treatment with reti-
noic acid, it can be induced to synthesize detectable amounts
of melanin in vitro (unpublished results). Normal human skin
melanocytes, melanocytic nevi, and melanoma tumor cells
have been reported to express elevated levels of BCL2 (11).
This finding, together with the observation that mice trans-
genic for disrupted BCL2 genes (bcl-2-/-) appear grey-haired
(25), suggests a functional connection between melanocytic
differentiation and expression of the bcl-2 gene product. The
reported lack of morphological abnormality in the brain of
bcl-2-/- mice (25) may well be explained by compensatory
gene expressions in vivo.
The human Paju cells respond to treatment with PMA by

morphological differentiation. Analysis by Western blotting
revealed that the PMA-induced enhanced outgrowth of neu-

rites is accompanied by an elevated level of endogenous BCL2.
This further substantiates a functional coupling between the
BCL2 levels and differentiation of neural-crest-derived cells.
Reed et al. also reported increased BCL2 levels in a neuro-

blastoma cell line induced to differentiation by treatment with
PMA (13).

In this study we show that manipulation of the level ofBCL2
expression regulates the stage of neuronal differentiation of
Paju cells. Paju cells transfected with the antisense BCL2
cDNA construct displayed depressed levels of endogenous
BCL2. This prevented their spontaneous morphological dif-
ferentiation. Concomitantly, there was an up-regulated expres-
sion of nestin. There was no decrease in the cell survival or the
rate of proliferation under normal culture conditions of the
Paju cells expressing the antisense BCL2 cDNA construct.
Although the down-regulation of the expression of the endog-
enous BCL2 by the antisense construct is not complete, the
BCL2 does not seem to be crucial for growth of the Paju cells.
The Paju/s-BCL2 cells displayed enhanced neural differen-

tiation also in cultures supplemented with 0.5% serum and
even in serum-free cultures under conditions where wild-type
Paju cells did not attach to the surface (data not shown). In this
respect, the Paju/s-BCL2 cells behave like rat pheochromo-
cytoma PC12 cells overexpressing BCL2 (26). However, in
another study it has been shown that BCL2 has no appreciable
effect on differentiation of PC12 cells (27). The enhanced
neural differentiation together with the upregulated expres-

sion ofNSE in the Paju/s-BCL2 cells indicates that BCL2 plays
a role as a positive regulator of neural differentiation.
The recent reports on the appearance of regulated expres-

sion of BCL2 in the glandular epithelium of the endometrium
during its proliferative phase (28, 29) lend additional support
to the concept of a regulatory role of BCL2 for cell differen-
tiation. The endometrial glands are formed via cyclic epithelial
differentiation. In addition, an association between BCL2
expression, tumor differentiation, and favorable prognosis has
been found in different types of human cancer (30, 31, 32),
suggesting that BCL2 reduces the growth rate of epithelial
tumors by induction of differentiation.
Our findings that BCL2 actively regulates cell differentiation

are by no means in conflict with the well-established antiapo-
ptotic role of BCL2. In fact, it appears plausible that genes that
induce cell differentiation and restricted replicative capability
may also promote cell survival. This concept is in agreement
with a role of BCL2 in T- and B-cell differentiation recently
proposed by Linette et al. (33, 34).
The BCL2 protein has been reported to localize to the inner

mitochondrial membrane (35). Our studies by confocal mi-
croscopy of both wild-type Paju and Paju/s-BCL2 cells immu-
nostained with monoclonal antibodies to BCL2 revealed a
reticular cytoplasmic distribution. In cells with a high level of
BCL2 expression, the product is also found in focal areas of the
dendritic processes (data not shown). Recently it has been
reported that BCL2 may be involved in signal transduction by
association with R-ras p23 (36), as well as in interleukin-2-
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