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Presenilin-1 (PS1) and presenilin-2 (PS2), the major genes of
familial Alzheimer’s disease, are homologous to sel-12, a Cae-
norhabditis elegans gene involved in cell fate decision during
development. Recently, wild-type and mutant presenilins have
been associated also with apoptotic cell death. By using stable
transfection of antisense cDNAs, we studied the functions of
PS1 and PS2 during neuronal differentiation in the NTera2
human teratocarcinoma (NT2) cell line. Expression of antisense
PS1 resulted in a failure of the clones to differentiate into
neurons after retinoic acid induction, whereas cells transfected
with antisense PS2 differentiated normally. Concomitantly, an-

tisense PS1 clones were associated with increased apoptosis
both under basal conditions and during the early period of
neuronal differentiation after retinoic acid treatment. Overex-
pression of bcl-2 in antisense PS1 clones reduced cell death
and resulted in a recovery of neuronal differentiation. These
studies suggest that PS1 plays a role in differentiation and cell
death and that PS1 and PS2 have differing physiological roles in
this experimental paradigm.
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Alzheimer’s disease (AD), the most common age-related neuro-
degenerative disorder, is associated with several genetic risk
factors. Two genes, presenilin-1 (PS1) and presenilin-2 (PS2),
have recently been shown to be the major causes of early onset
familial Alzheimer’s disease (FAD) (Levy-Lahad et al., 1995;
Rogaev et al., 1995; Sherrington et al., 1995). The proteins
encoded by PS1 and PS2 share 67% identity to each other and are
predicted to be integral membrane proteins, with six to eight
transmembrane domains (Doan et al., 1996; De Strooper et al.,
1997; Lehman et al., 1997). Presenilin homologs to both PS1 and
PS2 have been identified in Drosophila, Xenopus, and C. elegans,
the latter to a gene called sel-12, which has been shown to
facilitate notch/lin-12 signaling during development (Levitan and
Greenwald 1995; Boulianne et al., 1997; Hong and Koo, 1997;
Tsujimura et al., 1997). Consistent with this observation, the in
vivo developmental expression of presenilins and notch are closely
matched to each other (Berezovska et al., 1997). Moreover, func-
tional homology between the presenilins and sel-12 has been
established by the ability of human PS1 and PS2 to substitute for
sel-12 function in C. elegans (Levitan et al., 1996; Baumeister et
al., 1997). Therefore, these studies suggest that the presenilin
gene represents a widely conserved gene family and that the
putative interaction with the notch/lin-12 genes is preserved.

In addition to the potential involvement of presenilins in the

notch pathway, recent studies have suggested that presenilins also
play a role in cell death. The evidence is better established for
PS2 than PS1 (Vito et al., 1996a). Specifically, overexpression of
PS2 in pheochromocytoma cell line (PC12) cells led to increased
cell death in response to a variety of apoptotic stimuli (Deng et
al., 1996; Vito et al., 1996b; Wolozin et al., 1996). Expression of
a PS2 mutation associated with FAD led to increased levels of
apoptosis at both basal and stimulated conditions (Wolozin et al.,
1996). The role of PS1 in cell death is less clear. Overexpression
of mutant PS1 (L286V mutation) but not wild-type PS1 resulted
in increased susceptibility to cell death induced by trophic factor
withdrawal and Ab-mediated neurotoxicity (Guo et al., 1997).
Therefore, both mutant PS1 and PS2 appear to acquire proapop-
totic properties. Disruption of calcium homeostasis and pathways
involving heterotrimeric G-proteins may mediate the increased
susceptibility to cell death (Guo et al., 1996; Wolozin et al., 1996).

To further understand the normal biological functions of pre-
senilins and whether they contribute to the pathophysiology of
AD, we examined the consequences of inhibiting presenilin ex-
pression in the NT2 neuronal precursor cell line. The rationale
for this approach is the putative relationship between presenilins
and the notch gene family, the latter having been shown to play a
role in cell fate decisions during neuronal development
(Artavanis-Tsakonas et al., 1995). Furthermore, presenilins ap-
pear to be expressed predominantly in neurons in a developmen-
tally regulated pattern (Lee et al., 1996; Takahashi et al., 1996;
Berezovska et al., 1997; Lah et al., 1997). Thus, inhibiting prese-
nilin expression during differentiation may reveal novel biological
properties of these proteins. Our results showed that in NT2
human teratocarcinoma cells PS1 expression is related to neuro-
nal development and that inhibiting expression of this protein is
correlated with both increased cell death and an inability of the
cells to differentiate into neurons. Surprisingly, in this experimen-
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tal paradigm, PS2 appeared to function independently and did
not share similar roles in neuronal differentiation.

MATERIALS AND METHODS
Cell culture. NT2 cells were cultured in 50% Opti-MEM–50% DMEM
containing 10% fetal bovine serum (FBS). The procedure for neuronal
differentiation was as described previously (Pleasure et al., 1992; Pleasure
and Lee, 1993). Briefly, NT2 cells plated in T-75 flasks were grown to
50% confluency, and the medium was changed to DMEM with 10% FBS
containing 10 mM retinoic acid (RA) for 4 weeks. After 4 weeks, the
cultures were replated twice, the second time onto matrigel-coated
dishes, and then treated with mitotic inhibitors (10 mM fluorodeoxyuri-
dine and 10 mM uridine) (Pleasure et al., 1992). For Northern blot
analysis, cell cultures were lysed with Trizol reagent (Life Technologies,
Grand Island, NY), and total RNA (20 mg) was separated by 2.2 M
formaldehyde–agarose gel and transferred to nylon membrane. Hybrid-
ization was performed in Quikhyb solution (Stratagene, La Jolla, CA) at
65°C and washed at 60°C with 0.1% SDS–0.23 SSC.

Transfections. For antisense experiments, PS1 cDNA (from 140 bp
upstream of the first AUG site to 200 bp downstream of the AUG) was
amplified by PCR and subcloned into pcDNA3 (Invitrogen, San Diego,
CA) vector in the antisense orientation by using BamHI and EcoRI
linkers. Anti-PS2 cDNA encompasses a region from 2100 bp to 1230 bp
from the first AUG site and subcloned into pcDNA3 vector, as above. For
rescuing experiments, bcl-2 cDNA was subcloned into pBabe-puro vector
containing puromycin resistance marker (Morgenstern and Land, 1990).
For stable transfections, undifferentiated NT2 cells were transfected with
Lipofectamine reagent (Life Technologies) according to the manufactur-
er’s instructions. Stable transfectants were selected by either G418 (200m
gm/ml) or puromycin (200 ng/ml).

Immunoblotting. Cells were lysed with 1% NP-40 containing 10 mg/ml
leupeptin and 240 mg/ml amino ethyl benzenesulfonyl fluoride for 30 min
on ice, and then 0.1% SDS and 1% deoxycholate were added into the
lysates. Before SDS-PAGE separation, the concentration of proteins
were measured by Micro BCA Protein Assay (Pierce, Rockford, IL). Cell
lysates (30 mg of total proteins) were denatured in Laemmeli sample
buffer at 70°C for 20 min, separated on 14% SDS-PAGE, and transferred
to nitrocellulose membranes. For quantitation of PS1 and PS2 levels in
antisense experiments, serial twofold dilutions of control samples were
fractionated in parallel to estimate the amount of protein reduction in
experimental samples. PS1 polyclonal antibody J27 was raised against
residues 27–45 of PS1 (Xia et al., 1997), and monoclonal antibody PSN2
was raised against residues 31–56 of PS1 (Okochi et al., 1997). Both
antibodies recognize the N-terminal fragment of PS1. A monoclonal
antibody PS2Loop was raised against residues 320–352 within the puta-
tive hydrophilic “loop” domain of PS2 (Y. Nomata and H. Mori, unpub-
lished observations). PS2loop recognizes the PS2 C-terminal fragment.
Additional monoclonal antibodies include b-tubulin (Developmental
Studies Hybridoma Bank, Iowa City, IA), Bcl-2 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA), and a 68 kDa neurofilament triplet (NF-L)
(Sigma). All immunoblots were developed with enhanced chemilumines-
cence (Pierce) and quantitated where indicated by densitometry.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling assay. For quantitative cell death assay, fluorescein-12-dUTP
labeling system (Promega, Madison, WI) with propidium iodide (10
ng/ml) counterstaining were used, the latter for scoring the total number
of cells within a microscopic field. Cells were counted from three random
microscopic fields from three different coverslips. The experiments were
performed three times, and the results were expressed as an average of
the percentage of terminal deoxynucleotidyl transferase-mediated bio-
tinylated UTP nick end labeling (TUNEL)-positive cells (6SEM). A t
test was used to determine statistical significance of the experimental
values.

RESULTS
Expression of presenilins during
neuronal differentiation
Human teratocarcinoma NT2 cells were used to determine
whether the presenilins play a role in neuronal differentiation.
NT2 is a teratocarcinoma cell line, which under basal conditions
resembles neuroepithelial stem cells, thus expressing low levels of
several neuronal markers, such as microtubule-associated pro-

teins, NFs, and N-cadherins (Pleasure and Lee, 1993). After RA
treatment, a portion of the NT2 cells differentiate into postmitotic
neurons. During the differentiation phase, these cells show char-
acteristic morphological changes. Two distinct cell populations
are discerned after 2 weeks of treatment: islands of epitheloid
cells surrounded by clumps of multilayered neuronal progenitor
cells (Fig. 1A–C). By 4 weeks of RA treatment, the neurons
within the dividing multilayered cells show long neuritic pro-
cesses (Fig. 1C). Further evidence of neuronal differentiation is
seen by the presence of differentiated CNS neuronal markers,
such as high levels of the light subunit of NF-L mRNA and
protein (Figs. 2, 3). As an initial effort to define the possible role
of presenilins in neuronal differentiation, we examined the pre-
senilin expression through the period of RA-induced differenti-
ation (Fig. 2). PS1 mRNA expression increased dramatically
during RA treatment, starting after 3 d and peaking at 1–2 weeks,
with a slight decrement during the remainder of the differentia-
tion period (Fig. 2A). Interestingly, the increase in PS1 expres-
sion preceded the increase in NF-L expression. PS2 expression
also increased during this period, but in comparison to PS1, the
increment was slightly delayed. Finally, the increase in PS1 and
PS2 mRNA expression was correlated with that of presenilin
protein expression during the differentiation (Fig. 2B). This find-
ing of increased presenilin expression during neuronal differen-
tiation in vitro is consistent with the developmental regulation of
these transcripts in humans seen in vivo by in situ hybridization
(Lee et al., 1996; Berezovska et al., 1997; Capell et al., 1997;
Hartmann et al., 1997).

Functional involvement of presenilins in
neuronal differentiation
We next established NT2 cell lines stably transfected with
antisense-oriented PS1 cDNA or control vector cDNA. To inhibit
PS1 but not PS2 expression, the antisense cDNA construct con-
sisted of an ;300 bp fragment encompassing a portion of the 59
untranslated and coding regions, with no homology to PS2. After
antibiotic selection, a total of 35 independent cell lines were
isolated and analyzed. All of the isolated cell lines showed
normal morphology under basal culture conditions. Six of these
cell lines failed to differentiate into neurons after RA treatment
(Fig. 1D–F). From 2 to 8 weeks, only large flat epithelial-
appearing cells were present in the cultures. The characteristic
multilayered cells and associated neuritic processes in which
neurons are derived were conspicuously absent from cultures
treated for 2 or more weeks with RA (Fig. 1E,F). Furthermore,
in contrast to control NT2 cells, NF-L protein was undetectable
by Western blotting in cultures after 4 weeks of RA treatment
(Fig. 3). In addition, abundant, detached, and dead cells were
evident in these cultures within several days of RA treatment.
The remaining clones, as well as the vector control transfected
cells (30 clones), all differentiated normally into neurons after
RA induction. Immunoblotting showed that the levels of PS1
N-terminal fragment in the antisense transfected cells, defective
in differentiation, were maximally reduced to 30% of the normal
untransfected NT2 cells (Fig. 4A). In contrast, in the antisense
PS1 transfected cell lines with normal neuronal phenotype after
RA treatment, PS1 protein levels were not diminished compared
with controls (Fig. 4A). Further analyses were therefore focused
on the cell lines defective in the neuronal differentiation (referred
to as anti-PS1 cell lines).
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To determine whether inhibition of PS2 expression leads to
similar results regarding neuronal differentiation in NT2 cells, the
above experiments were repeated using an antisense-oriented
PS2 cDNA construct. A total of 65 independent stable transfec-
tants were isolated and induced with RA. However, in marked
contrast to the anti-PS1 cells, all the antisense PS2 transfectants
differentiated normally without overt growth retardation or cell
death. Neurite formation and NF-L protein expression were

normal in these cultures (Figs. 1G–I, 3). Compared with untrans-
fected controls, immunoblotting showed that the level of PS2
protein was reduced in a subset of these transfectants to a level
(25–30%) comparable to that seen in anti-PS1 cells (Fig. 4B).
Therefore, reduction of PS2 expression did not result in a mutant
phenotype with regard to neuronal differentiation and was dis-
tinctly different to that seen after inhibition of PS1 expression.
This result is consistent with PS2 studies of fas ligand-mediated

Figure 1. Morphological changes of NT2 cells and transfected NT2 cells during neuronal differentiation. A–C, NT2 cells in basal conditions ( 0) and
after 2 and 4 weeks of RA treatment. Note that the 2 week RA culture shows a characteristic bimodal pattern with large groups of clumped multilayered
cells surrounding small islands of epitheloid cells. The latter cells are flat and apparently nondividing and contrast sharply to the rapidly dividing neuronal
progenitor cells. The 4 week RA culture shows a dense neuritic network extending from neurons that overlay the epitheloid cell layer. D–F,
Representative anti-PS1 cell line in basal culture conditions (0) and after 2 and 4 weeks of RA induction. In comparison to normal NT2 cells, the
anti-PS1 cells consist exclusively of flat epitheloid cells, even after 4 weeks of RA treatment, without any evidence of neuronal differentiation. The
neuritic processes are conspicuously absent. Note that these cells are strikingly similar to the epitheloid cells in normal NT2 cells. G–I, Representative
anti-PS2 cell line in basal culture conditions (0) and after 2 and 4 weeks of RA induction. The anti-PS2 cells resemble control NT2 cells at basal and
RA-treated conditions. These cultures differentiate normally into neurons after 4 weeks. J–L, Representative anti-PS1 cell line transfected with bcl-2
cDNA (anti-PS1/bcl-2 cells) at basal culture conditions (0) and after 2 and 4 weeks of RA treatment. In comparison with anti-PS1 cells, the anti-PS1/bcl-2
cells resemble control NT2 cells showing characteristic morphology and differentiate into neurons. Magnification, 2403.
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cell death in which antisense PS2 or a dominant negative
C-terminal PS2 construct protected cells from apoptosis (Wolo-
zin et al., 1996).

Enhanced cell death by blocking PS1 expression
As mentioned above, the anti-PS1 cell lines consistently showed
more cellular debris, especially during the initial period of RA

treatment. This led us to postulate that cell death may be en-
hanced after RA induction in these cell lines. Cell death was
therefore assayed by the TUNEL staining method before and
after RA treatment (Fig. 5). As anticipated, the anti-PS1 cell lines
showed a fourfold increase in the percentage of cell death com-
pared with normal NT2 cells analyzed after 3 d of RA treatment
( p , 0.005). Interestingly, from this analysis, it was evident that
even at basal culture conditions, the anti-PS1 cell lines showed an
approximately threefold increase in cell death ( p , 0.005) com-
pared with the untransfected NT2 cells. The cell death is consis-
tent with apoptosis by the presence of characteristic DNA lad-
dering (data not shown). Therefore, these findings indicate that
inhibiting PS1 expression in NT2 cells results in greater cell
death, particularly after RA-induced differentiation. Interest-
ingly, control NT2 cells also showed an approximately threefold
increase in cell death ( p , 0.005) after RA treatment, suggesting
that this cell death process usually accompanies neuronal differ-
entiation in NT2 cells. Therefore, it is possible that the inability
of anti-PS1 cells to differentiate into neurons is attributable to
enhanced apoptotic cell death, especially after RA treatment,
rather than the failure of the cells to differentiate into neurons
per se.

Figure 2. Presenilin gene expression during neuronal differentiation of
NT2 cells. A, Total RNAs were isolated from NT2 cell cultures staged
with RA treatment (top, 0–4 weeks and N after isolation of .95% pure
neurons). After transfer to nylon membrane, the Northern blot analysis
was sequentially performed with cDNA probes of PS1, PS2, NF-L, and
glyceraldehyde-3-phosphate dehydrogenase (GAPD) as control for RNA
loading. PS1 probe recognized a major transcript of 3.0 kb and a minor
transcript of 7.0 kb (Sherrington et al., 1995). NF-L probe detected two
transcripts of 2.4 and 4.4 kb (Pleasure and Lee, 1993). B, Immunoblotting
analysis of PS1 and PS2 expression in NT2 cells. Equal amounts of total
protein from lysates of uninduced NT2 cells ( 0) or isolated neurons after
RA induction (N ) were separated by SDS-PAGE and blotted with PS1
and PS2 monoclonal antibodies. The PS1 N-terminal proteolytic fragment
(;28 kDa) is significantly higher in neuronally differentiated NT2 ( N )
cultures than in the uninduced NT2 cells. Expression of the PS2
C-terminal proteolytic fragment (;20 kDa) is similarly increased in the
neuronally differentiated cultures. The respective PS1 and PS2 full-length
proteins were not detected in any NT2 cell lysates (see Fig. 4). The
;43–50 kDa bands in the PS2 immunoblot are nonspecific bands. Right
panel, Coomassie blue staining of a duplicate gel run in parallel is shown
for control of sample loading.

Figure 3. Immunoblot analysis of NF-L expression in NT2 cells and
transfected NT2 cells during RA-induced neuronal differentiation. Cell
lines were induced with 10 mM RA for 4 weeks. NT2 and anti-PS2 cell
lines were further replated and treated with mitotic inhibitors (see Ma-
terials and Methods) to isolate pure neurons ( N ). Uninduced cells ( 0),
neurons (N ), or cultures treated with RA for 4 weeks without replating
(4) were lysed and analyzed with NF-L monoclonal antibody. The dif-
ferentiated NT2, anti-PS2, and anti-PS1/bcl-2 cells all express high levels
of NF-L (;68 kDa), which are absent in RA-treated anti-PS1 cells.
Bottom panels, Coomassie blue-stained SDS-PAGE gels of duplicate sam-
ples run in parallel for control of sample loading.
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Functional replacement of PS1 by bcl-2
If increased apoptosis underlies the loss of neuronal differentiation
after RA administration, then the activity of genes that modulate
neural death may alter the mutant phenotype of anti-PS1 cells.
Overexpression of the proto-oncogene bcl-2 has been shown to
inhibit apoptosis in a variety of cell types, including cell death in
neural cells induced by a number of insults (Garcia et al., 1992;
Allsopp et al., 1993). Immunoblotting showed that the levels of

Bcl-2 are normally increased during neuronal differentiation of
NT2 cells resulting from RA induction (Fig. 6). In both control
untransfected NT2 cells and anti-PS1 cell lines, the levels of Bcl-2
were not detectable by immunoblotting at basal conditions. After
RA induction, the Bcl-2 level increased in both untransfected and
anti-PS1 cells, although substantially less in the anti-PS1 cells. This
result suggests that either the enhanced vulnerability of anti-PS1
cells to cell death may be related to lower expression of Bcl-2 or
that the increased apoptosis during RA-induced differentiation led
to lower expression of Bcl-2. We therefore stably transfected anti-
PS1 cell lines with bcl-2 cDNA to examine the effect of bcl-2
overexpression in the NT2 system. As expected, these anti-PS1/
bcl-2 doubly transfected cells showed increased Bcl-2 under basal
conditions. Interestingly, these cells also showed an increase in
Bcl-2 after RA treatment to a level exceeding that in the control
NT2 cells (Fig. 6). Surprisingly, however, these bcl-2 transfected
cell lines were able to differentiate into neurons by RA treatment

Figure 4. Immunoblot analysis of PS1 and PS2 proteins in transfected
NT2 cell lines. NT2 cells were transfected with either antisense-oriented
PS1 or PS2 cDNA. Equal amounts of total proteins (30 mg) were sepa-
rated by SDS-PAGE, transferred to nitrocellulose membranes, and incu-
bated with either J27 polyclonal antibody to PS1 or PS2 monoclonal
antibody. A, The amount of N-terminal PS1 proteolytic fragment is
reduced in the differentiation-defective anti-PS1 cell lines (a–c) compared
with that of control NT2 cell line but not from a PS1 antisense transfected
cell line with normal differentiation (d). Note that in addition to the ;28
kDa N-terminal proteolytic fragment, full-length PS1 protein (;43 kDa)
is present in a Chinese hamster ovary (CHO) cell line overexpressing PS1
(PS11) but not in any of the NT2 cell lines. Bottom panel, The filter was
stripped and incubated with b-tubulin antibody for normalization of the
amount of protein loaded in each lane. B, PS2 expression of anti-PS2 cell
lines. The ;20 kDa PS2 C-terminal fragment (arrow) was detected in a
CHO cell line stably transfected with PS2 (PS21), control NT2 cells, and
representative anti-PS2 cell lines. PS2 is reduced to different levels in the
anti-PS2 cells (a–c), but all the cell lines differentiated into neurons by
RA. In this autoradiogram, there is a faint band just below the PS2
C-terminal fragment that is present throughout the samples to varying
levels (see Fig. 2B). Because this band is neither increased in overex-
pressing cells nor decreased in antisense transfected cells, it appears to be
a cross-reactive species. Bottom panel, The filter was incubated with
b-tubulin antibody after antibody stripping.

Figure 5. Cell death in anti-PS1 cell lines after RA induction. Normal
NT2 cells and representative anti-PS1 and anti-PS1/bcl-2 cell lines were
cultured on poly-D-lysine-coated glass coverslips with (1) and without
(2) 10 mM RA for 3 d, and apoptotic nuclei were detected by TUNEL
assay. The percentage (6SEM) of cells undergoing apoptosis was mea-
sured by scoring the number of TUNEL-positive cells divided by the total
number of cells (detected by propidium iodide staining) from three
random microscopic fields performed in triplicate. The data are an aver-
age from three independent experiments.

Figure 6. Bcl-2 expression at uninduced and induced conditions. Un-
transfected NT2, anti-PS1, and anti-PS1/bcl-2 cells were analyzed before
(2) and after (1) 2 weeks of RA treatment. Equal amounts of total
protein were fractionated by SDS-PAGE, transferred to nitrocellulose
membrane, and incubated with a monoclonal antibody to Bcl-2.
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(Figs. 1J–L, 3). Finally, analysis of apoptosis in anti-PS1/bcl-2 cells
show that cell death was reduced by ;40% and 20% compared
with the parental anti-PS1 cells after RA treatment and during
basal conditions ( p , 0.005), respectively (Fig. 5). Despite this
reduction, cell death is still higher than control NT2 cells under
both basal and RA treatment conditions. Nevertheless, this result
demonstrated that inhibition of cell death by overexpression of
bcl-2 led to both a rescue of neuronal differentiation and decreased
cell death in the anti-PS1 cell lines.

DISCUSSION
In this study, we used the approach of stable transfection of
antisense constructs to examine the biological roles of PS1 and
PS2 in cultured cells. Using the experimental paradigm of NT2
cells, we showed that PS1 participates in neuronal differentiation
and cell death. During neuronal differentiation induced by RA in
NT2 cells, expression of PS1 increased in a pattern that recapit-
ulates what has been observed in vivo (Lee et al., 1996; Ber-
ezovska et al., 1997). Moreover, inhibition of PS1 expression by
stable transfection of an antisense construct resulted in a failure
of the cells to differentiate into neurons after RA induction.
Instead, only large flat epithelial-appearing cells were evident
after RA treatment. Unexpectedly, increased apoptotic cell death
over untransfected control cells was observed at basal conditions,
but this increased markedly during RA treatment. Because of this
finding, the cells were further transfected with bcl-2, an anti-
apoptotic oncogene. Concomitant with a decrease in cell death,
overexpression of bcl-2 reversed the inability of mutant anti-PS1
clones to differentiate into neurons. Therefore, our results
showed that loss of PS1 but not PS2 expression is associated with
both a loss of neuronal differentiation and increased cell death in
this experimental paradigm.

Our study was not designed to resolve or delineate the apparent
dual roles of PS1 in differentiation and apoptosis. On the one
hand, it is possible that increased apoptosis in anti-PS1 cells, in
and of itself, is sufficient to result in a failure of neuronal differ-
entiation. That is to say, there are simply insufficient numbers of
neuronal progenitor cells remaining in the cultures to differenti-
ate into neurons after the fourfold increase in cell death after RA
treatment. The rescue by Bcl-2 overexpression would favor this
interpretation. On the other hand, this supposition would not
adequately explain the abrupt increase in PS1 expression associ-
ated with neuronal differentiation induced by RA. Moreover,
despite increased apoptosis in the anti-PS1 cells, large epitheloid
cells persisted in these cultures for up to 8 weeks without appar-
ent cell division. These cells resemble one of the two cell types
normally seen in control NT2 cells after RA treatment. In addi-
tion, these epitheloid cells have been shown to represent postmi-
totic mesenchymal cells induced by overexpression of RA recep-
tors (Moasser et al., 1995). Consequently, the results also suggest
that PS1 plays a role in choosing cell fate, specifically with regard
to neuronal differentiation. This interpretation is consistent with
the putative interaction of notch/lin-12 and with the recent find-
ings described in transgenic mice deficient in PS1 expression
(Wong et al., 1997; Shen et al., 1997). In addition to gross
deformities of the axial skeleton, neurogenesis appears to be
impaired in the targeted PS1 null mutants (Shen et al., 1997). It has
also been documented in other studies that proteolytic processing
of PS1 is developmentally regulated, findings that have been inter-
preted to suggest that PS1 plays a direct role in neuronal differen-
tiation (Capell et al., 1997; Hartmann et al., 1997). Together, it
might be argued that activation of the apoptotic pathway in the

anti-PS1 cells may, in part, be secondary to the inability of the cells
to differentiate into neurons after RA treatment.

To date, overexpression of wild-type PS1 has not been reported
to be associated with apoptosis. Only overexpression of mutant
PS1 has resulted in increased cell death in response to Ab-
induced toxicity and growth factor withdrawal but not at unstimu-
lated basal conditions (Guo et al., 1997). Rather than increasing
presenilin expression, the strategy of inhibiting expression by
antisense approach was used in our studies to determine the
biological functions of PS1. It was by reducing the levels of PS1
protein at a time when PS1 expression normally increased during
differentiation that our findings became evident. In contrast, the
reported studies overexpressed PS1 in cells in which endogenous
levels of the protein are likely to be low. Therefore, testing PS1
function at the point when expression is normally increased may
have been critical in our observations.

In contrast to PS1, inhibition of PS2 expression in NT2 cells did
not result in a similar failure of NT2 cells to differentiate into
neurons. It is possible that this observation was attributable to a
quantitative rather than qualitative phenomenon. That is to say,
the levels of PS2 protein suppression from transfection of the
antisense construct were inadequate to achieve the biological
effect. However, a number of observations argue that this is not
likely to be the case. First, the levels of PS2 in the antisense
experiments were as low as those achieved in anti-PS1 cells.
Second, twice the number of antisense PS2 clones compared with
anti-PS1 clones were analyzed without finding a similar mutant
phenotype. Third, the result is entirely consistent with the series
of experiments showing a proapoptotic effect of full-length PS2 in
both T cells and PC12 cells (Guo et al., 1996; Vito et al., 1996a,b;
Wolozin et al., 1996). In these studies, overexpression of wild-
type and mutant PS2 resulted in increased apoptosis induced by
a variety of stimuli, but expression of an antisense PS2 construct
conferred protection against apoptosis from the same stimuli
(Wolozin et al., 1996). Finally, in striking contrast to PS1, it was
recently reported that there were no developmental abnormalities
or any obvious phenotype in transgenic animals deficient in PS2
(Boeve et al., 1998). Therefore, we hypothesize that PS2 does not
play a significant role in neuronal differentiation and that inhib-
iting PS2 expression, as has been pointed out, results in properties
of antiapoptosis and protection from otherwise toxic stimuli.

The results of this study highlighted the contrasting effects of
the loss of PS1 and PS2 in NT2 cells during neuronal differentia-
tion in vitro. First, impairment of only PS1 and not PS2 expression
with an antisense construct affected normal differentiation of NT2
cells induced by RA treatment. Second, our results reinforce the
concept that PS1 and PS2 may have different effects on apoptosis.
In other words, only PS2 and not PS1 may function as a proapop-
totic gene. Related to this hypothesis is that all our attempts to
compensate for the loss of PS1 function in anti-PS1 cells with PS2
overexpression have been unsuccessful and that PS2 expression
was not increased in anti-PS1 cell lines (data not shown). However,
in view of the ability of both PS1 and PS2 to substitute for sel-12
function in C. elegans (Levitan et al., 1996; Baumeister et al., 1997),
this postulate may be too simplistic at this time.

Together, our results suggest that presenilins may have multiple
physiological roles involving neuronal differentiation and cell
death. Furthermore, the homologous gene products PS1 and PS2
at times appear to function similarly but may, at times, function
independently. Interestingly, the property of multiple indepen-
dent functions has been described in members of the bcl-2 gene
family (Reed, 1997). Whether the biological functions of PS1 and
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PS2 require coordinate activity, such as heterodimerization as
has been suggested by others (Vito et al., 1996b), remains an
interesting mechanism to resolve. Finally, it will be important to
determine whether these physiological properties of presenilins or
perturbations of these properties, such as in cell death or in
affecting Ab production (Scheuner et al., 1996), contribute to the
pathogenesis of Alzheimer’s disease.
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