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Abstract Strikingly increased expression of notch-1 has been demonstrated in several human malignancies and
pre-neoplastic lesions. However, the functional consequences of notch-1 overexpression in transformed cells remain
unclear. We investigated whether endogenously expressed notch-1 controls cell fate determination in mouse erythro-
leukemia (MEL) cells during pharmacologically induced differentiation. We found that notch-1 expression is modulated
during MEL cell differentiation. Premature downregulation of notch-1 during differentiation, by antisense
S-oligonucleotides or by enforced expression of antisense notch-1 mRNA, causes MEL cells to abort the differentiation
program and undergo apoptosis. Downregulation of notch-1 expression in the absence of differentiation inducer
increases the likelihood of spontaneous apoptosis. We conclude that in MEL cells, endogenous notch-1 expression
controls the apoptotic threshold during differentiation and growth. In these cells, notch-1 allows differentiation by
preventing apoptosis of pre-committed cells. This novel function of notch-1 may play a role in regulating apoptosis
susceptibility in notch-1 expressing tumor cells. J. Cell. Biochem. 73:164–175, 1999. r 1999 Wiley-Liss, Inc.
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Genes of the notch family encode transmem-
brane receptors that are involved in cell fate
decisions during development and postnatal life
[Artavanis-Tsakonas et al., 1995; Blaumueller
et al., 1997; Weinmaster, 1997; Greenwald,
1998]. Multiple, evolutionarily related notch
genes have been described in mammals. Ma-
ture notch receptors are heterodimers derived
from the cleavage of notch pre-proteins into an
extracellular subunit (NEC) containing multiple
EGF-like repeats and a transmembrane sub-
unit including the intracellular region (NTM)
[Blaumueller et al., 1997]. Notch activation re-
sults from the binding of ligands expressed by
neighboring cells. Signaling from activated

notch involves several pathways and accessory
molecules, and remains incompletely under-
stood [Greenwald, 1998; Weinmaster, 1997; Ar-
tavanis-Tsakonas et al., 1995; Jarriault et al.,
1995; Shawber et al., 1996; Kopan et al., 1996].
Ligand-induced cleavage of the intracellular
portion followed by nuclear access and interac-
tion with transcription factors of the CSL fam-
ily [CBF-1, Su(H), LAG-1] has been demon-
strated in Drosophila [Struhl et al., 1998] and
mammalian cells [Schroeter et al., 1998]. Ex-
pression of constitutively activated forms of
notch receptors, lacking the all or most of the
NEC subunit, inhibits terminal differentiation
in vitro in murine models of myogenesis and
granulocytopoiesis [Kopan et al., 1994; Milner
et al., 1996]. In chicken retina explants, a con-
stitutively activated notch-1 inhibits differentia-
tion of retinal progenitors to ganglion cells,
while notch-1 antisense oligonucleotides in-
crease differentiation towards a neuronal phe-
notype [Austin et al., 1995]. Overall, these stud-
ies suggest that in many systems notch
activation inhibits or delays differentiation. In
some experimental models, such as CD4/CD8
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and a/b vs. g/d lineage decisions in thymocytes
[Robey et al., 1996; Washburn et al., 1997] and
in vitro adipocyte differentiation of 3T3-L1 cells
[Garces et al., 1997], expression of notch-1 ap-
pears to be necessary for proper interpretation
of differentiation stimuli.

Several lines of evidence suggest that alter-
ations of notch-1 signaling or expression contrib-
ute to oncogenesis. Deletions of the extracellu-
lar portion of human notch-1 are associated
with about 10% of the cases of T cell acute
lymphoblastic leukemia [Ellisen et al., 1991].
Truncated forms of notch-1 cause T cell lympho-
mas when introduced into mouse bone marrow
stem cells [Pear et al., 1996] and can transform
rat kidney cells in cooperation with the adenovi-
ral oncogene E1A [Capobianco et al., 1997].
Additionally, strikingly increased expression of
notch-1 has been documented in a number of
human tumors including cervical, colon and
lung carcinomas, and pre-neoplastic lesions of
the uterine cervix [Zagouras et al., 1995; Daniel
et al., 1997]. The possible function(s) of overex-
pressed notch-1 in transformed cells is un-
known, nor is it known whether notch-1 can
control cell fate decisions in such cells.

Many transformed cells retain the capacity to
undergo terminal differentiation when treated
with pharmacological agents belonging to one
of several classes of differentiation-inducing
drugs. Among these, hybrid polar compounds
can induce differentiation in transformed cells
derived from many tissues of all embryonic
lineages [Marks et al., 1996]. The prototype
of this class, hexamethylene bisacetamide
(HMBA) has been extensively characterized in
vitro [Marks et al., 1996] and has been clini-
cally tested in patients with hematopoietic ma-
lignancies [Andreef et al., 1992]. The mecha-
nism of action of HMBA has been studied
extensively in murine erythroleukemia (MEL)
cell lines. MEL cells are retrovirus-transformed
hematopoietic precursors which are induced by
hybrid polar agents to differentiate along the
erythroid lineage [Marks et al., 1994; Marks et
al., 1996]. Exposure to HMBA during the G1

phase of the cell cycle causes the following G1 to
be prolonged. Thereafter, cell cycle rates return
to normal, and at each cycle a fraction of the
cells (,15%) are stochastically committed to
terminal differentiation [Marks et al., 1994;
Marks et al., 1996]. HMBA-induced biochemi-
cal changes that may be involved in prolonging
G1 include increased p21 levels, decreased activ-

ity of cdk4, and increased levels of dephosphory-
lated pRB [Kiyokawa et al., 1993; Marks et al.,
1994; Kiyokawa et al., 1994; Zhuo et al., 1995;
Marks et al., 1996]. The expression of c-myc
and c-myb is also downregulated [Marks et al.,
1996]. This G1 lag is necessary, but not suffi-
cient for commitment to terminal differentia-
tion in response to HMBA [Kiyokawa et al.,
1993]. Additional, still unidentified, biochemi-
cal events which occur during subsequent cycles
are required to trigger terminal differentiation.

We investigated whether endogenously ex-
pressed notch-1 participates in cell fate deci-
sions during HMBA-induced differentiation in
MEL cells. Using various antisense strategies,
we demonstrate that in these cells notch-1 is a
necessary component of the decision switch
among apoptosis, proliferation, and differentia-
tion. In MEL cells, notch-1 prevents apoptosis,
thus allowing the cells to progress through their
differentiation program. This previously unde-
scribed effect of notch-1 may further our under-
standing of the role of this receptor in modulat-
ing cell fate decisions and of the biological
significance of notch-1 overexpression in neo-
plastic cells. Furthermore, these findings may
indicate possible clinical uses of notch-1 anti-
sense strategies.

MATERIALS AND METHODS
Cell Culture

Murine erythroleukemia Friend cells (MEL)
from American Tissue Culture Collection, (TIB-
55), were maintained in RPMI supplemented
with 10% (v/v) heat inactivated fetal bovine
serum (HyClone Laboratories, Inc., Logan, UT)
and 1025 M b-mercaptoethanol (b-ME). To in-
duce differentiation, logarithmically growing
cells were plated at 1 3 105 cells/ml in medium
containing 5 mM HMBA for 120 h. Cells were
passaged to initial density at 72 h. Cells were
assayed for the presence of hemoglobin [Orkin
et al., 1975] by the addition of 1/10 volume of
freshly prepared benzidine reagent (0.4% benzi-
dine base, 2% hydrogen peroxide in 12% acetic
acid). Benzidine positive cells were counted in
modified Neubauer hemocytometers. Each sam-
ple was counted by two independent operators,
blinded to the cell treatment, and readings were
averaged.

RT-PCR

Total RNA was extracted from cells using
Trizol reagent (Life Technologies, Bethesda,
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MD). RT-PCR was performed using the Thermo-
stable rTth Reverse Transcriptase RNA PCR
kit (Perkin-Elmer, Oak Brook, IL) according to
the manufacturer’s instructions. Reactions were
amplified in a Perkin-Elmer 2400 DNA thermal
cycler for 40 cycles of denaturation at 94°C for 1
min, annealing, and extension at 65°C for 2
min. Amplification of mouse primers specific for
notch-1, AATGGTCGAGGACCAGATGG (sense),
and TTCAGGAGCACAACAGCAGC (antisense)
generated a product of 431 bp. Primers specific
for GAPDH, TCACCACCATGGAGAAGG (sense),
and CAAAGTTGTCATGGATGACC (antisense)
generated a 200 bp product. Negative and posi-
tive PCR controls were included in every experi-
ment.

Notch-1 Antibody

A rabbit antiserum was raised against hu-
man notch-1 EGF repeats 11 and 12, a region
that is highly conserved across species [Garces
et al., 1997]. The antibody was shown to react
with human and mouse notch-1 and Drosophila
notch. In Western blots, this antiserum, but not
the preimmune serum, recognized three immu-
noreactive bands: the notch-1 preprotein (,207
kDa), the extracellular cleavage product (180
kDa) corresponding to NEC [Blaumueller et al.,
1997] and present at the cell surface (C. Fuchs
and L. Miele, unpublished data), and a 190–200
kDa band, that is probably a precursor to NEC.
These correlate with the expected notch-1 bands
reported in the literature [Blaumueller et al.,
1997].

Western Blotting

Cell pellets were solubilized in hot 23 SDS
sample buffer containing 10% b-ME and ana-
lyzed by 4% SDS/PAGE. Proteins were electrob-
lotted to Immobilon P (Millipore Corp., Bed-
ford, MA) in 10 mM CAPS with 10% methanol
at 0.75 A for 5 h. Protein bands were detected
using a chemiluminescence Western blotting
kit (Boehringer-Mannheim Biochemicals, India-
napolis, IN) according to the manufacturer’s
instructions. Antibodies to mouse hemoglobin
and b-actin were from ICN (Irvine, CA) and
Sigma (St. Louis, MO), respectively. Relative
band intensities were determined by the Eagle-
view software (Stratagene, La Jolla, CA).

Antisense Oligonucleotides

Phosphorothioate oligonucleotides (S-oligos)
were synthesized by the Core Facility at CBER.

Sequences for the S-oligos were as follows:
1) EGF repeat region: sense GCTGTCTCAAC-
GGTGGTACATGC, antisense GCATGTACCAC-
CGTTGAGACAGC; 2) Lin/notch region: sense
CCT-GGAAGAACTGCACGCAGTCT, antisense
AGACTGCGTGCAGTTCTTCCAGG, scrambled
GGACCTTCTTGACGTGCGTCAGA; 3) Ankyrin
region: sense CAGCTTGCACAACCAGACAG-
ACC, antisense GGTCTGTCTGGTTGTGCAA-
GCTG, scrambled TGCACGGTTCTGGTTGC-
GTGTGA. S-oligos corresponding to these
regions of chick notch-1 have been used previ-
ously [Austin et al., 1995]. For S-oligo treat-
ment, cells were induced to differentiate as
described above, with the following modifica-
tions. Cells were plated in 96-well plates and
S-oligos were added with the medium to a final
concentration of 25 µM. Preliminary dose rang-
ing experiments established this as the optimal
concentration under our experimental condi-
tions (data not shown). Medium and S-oligos
were replaced on day 3. At least three indepen-
dent batches of S-oligos were used in these
experiments. A scrambled control S-oligo, to
rule out artifactual effects due to base composi-
tion, was also included in some experiments
and had similar effects to sense S-oligos. Com-
parison to the available sequences in Genbank
indicated that sequences of the notch-1 anti-
sense S-oligos are specific to notch-1.

Preparation of Notch-1 Antisense Plasmid

The pNotch-AS plasmid was generated by
PCR amplification using cDNA fragments cod-
ing for mouse notch-1 (generous gift of Vijaya
Manohar, CBER). Nucleotides 164–11164 were
amplified using Pfu DNA polymerase (Strata-
gene) and cloned in antisense orientation into
the XhoI and NheI sites of pcDNA 3.1 (Invitro-
gen, La Jolla, CA). The primers used, including
embedded restriction sites, were TTACTCGAG-
GCAGCTGGCGAGCAGGCATG (sense) and
TTAGC-TAGCCGGACATTCGCAGTAGAAGG
(antisense). The nucleotide sequence and orien-
tation of the insert were confirmed by dideoxy
sequencing using a Sequenase kit (Amersham,
Arlington Heights, IL).

Transfection of MEL Cells

Logarithmically growing MEL cells (107) were
pelleted, resuspended in 200 µl RPMI with 10%
FCS and 20 µg of pNotch-AS plasmid or
pcDNA3.1 vector plus 2 µg of pBABE to confer
puromycin resistance [Morgenstern et al., 1990].
Cells were electroporated using a Bio-Rad gene
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pulser (Richmond, CA) at 250 V and 960 µF.
Cells were selected in the presence of 0.5 µg/ml
puromycin (Sigma) and 700 µg/ml G418 (Life
Technologies, Bethesda, MD) to increase the
selective pressure for stable transfectants. Indi-
vidual clones were isolated by limiting dilution.

Cell Growth Analysis of Notch-1
Transfected Clones

Cells were plated at 1 3 105 cells/ml (no
HMBA) or 2 3 105 cells/ml (HMBA) in the same
medium as parental MEL supplemented with
700 µg/ml G418. Cells were passaged at 72 h as
described above. Cells were counted every 24 h
for 120 h by hemocytometer.

Annexin V Binding Assay

Cells undergoing early apoptosis were identi-
fied by binding ofAnnexin-V to membrane phos-
phatidylserine and assayed using FITC-con-
jugated Annexin-V (Pharmingen) according to
the manufacturer’s instructions. Briefly, 1 3
106 cells were washed twice in PBS, and resus-
pended at 1 3 106 cells/ml in binding buffer
(Pharmingen, San Diego, CA). Propidium io-
dide (PI, final concentration 5 µg/ml) and An-
nexin-V (5 µl) were added to 1 3 105 cells,
incubated for 15 min in the dark at room tem-
perature, and analyzed by flow cytometry using
a Becton Dickinson FACScan instrument with
CellQuest software.

Cell Cycle and Apoptosis Analysis by PI Staining

For cell cycle analysis, cells were synchro-
nized by density arrest [Ryan et al., 1993], then
plated at 1 3 105 cells/ml in medium containing
5 mM HMBA. For transfected clones, 700 µg/ml
G418 was added to the medium. At 16 h, cells
were harvested, fixed in 1% paraformaldehyde
for 15 min, and then 70% ethanol overnight.
Cells were resuspended, at constant cell den-
sity, in PI solution (50 µg/ml PI, 0.1% Triton-X-
100, 200 µg/ml RNAase A) for 1 h at room
temperature with mixing. DNA content was
determined using a Becton-Dickinson FACScan
flow cytometer. In cell cycle analyses, apoptotic
and dead cells were gated out and only the
viable population was analyzed. In apoptosis
experiments with S-oligos, unsynchronized cells
were plated in 96-well plates with HMBA, with
or without S-oligos (25 µM). DNA contents were
analyzed as described above at 120 h. Cells in
the sub-G1 peak were scored as apoptotic [Sher-
wood et al., 1995].

Statistical Analyses

Multiple treatments in S-oligo experiments
were compared by one-wayANOVAwith Bonfer-
roni correction for multiple comparisons. Un-
paired, two-tailed t-tests (a 5 0.05) were used
for all other comparisons.

RESULTS
Notch-1 mRNA and Protein Levels are Modulated

Differently in MEL Cells During Growth and
HMBA-Induced Differentiation

To determine whether notch-1 expression is
regulated during HMBA-induced MEL cell dif-
ferentiation, notch-1 mRNA levels were ana-
lyzed in MEL cells plated at equal density and
maintained in culture for 4, 8, 24, or 120 h in
the absence or presence of HMBA.Arepresenta-
tive time course of notch-1 mRNA levels, deter-
mined by RT-PCR analysis, is shown in Figure
1A. Notch-1 mRNA was observed in MEL cells
induced with HMBA for 4 h; but decreased to
undetectable levels in the continued presence
of HMBA. In contrast, notch-1 mRNAwas unde-
tectable in control cells at 4 and 8 h, while
significant levels were observed at 24 and 120 h.
GAPDH mRNA was present in both uninduced
and induced MEL cells throughout the 120 h.

Notch-1 steady state protein levels were de-
termined by Western blot using an antibody
recognizing an extracellular epitope of notch-1
[Garces et al., 1997] (Fig. 1B). Three immunore-
active bands were detected: the notch-1 prepro-
tein (,207 kDa), the extracellular cleavage
product (180 kDa) corresponding to mature NEC

[Blaumueller et al., 1997] and a 190–200 kDa
band, probably a precursor to NEC. Notch-1
protein levels reflected the notch-1 mRNA pat-
tern of expression. In the presence of HMBA,
notch-1 protein was reproducibly evident in the
early stages of induction, but became essen-
tially undetectable at 120 h. Significant
amounts of hemoglobin were detected at this
time, indicating that erythroid differentiation
was taking place and that the decline in notch-1
levels was not the consequence of a generalized
drop in protein synthesis. In uninduced MEL
cells, notch-1 protein was present at low levels
at 4 h; these levels increased by 24 h and were
maintained throughout the 120 h. In 24–20 h
time course experiments, notch-1 protein was
markedly decreased in HMBA-treated cells at
72 h (,4% of control), and became undetectable
at 120 h. b-actin was slightly lower in all HMBA-
treated cells throughout the time course, and
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showed a modest decline at 120 h in HMBA-
treated cells, presumably due to the structural
and cytoskeletal changes associated with termi-
nal differentiation [Marks et al., 1996]. These
data suggest that HMBA treatment causes an
early upregulation in notch-1 levels, followed
by a rapid, progressive decline. Differentiation
is accompanied by disappearance of notch-1, a
dramatic increase in globin and a modest de-
crease in b-actin. These patterns of notch-1
mRNA and protein expression were observed
reproducibly in at least four different experi-
ments.

During the 120 h of culture with HMBA (Fig.
1C), differentiated cells increased steadily from
48 h onwards, generally reaching 35–45%, at
120 h. A slight drop in the number of differenti-
ated cells was observed in some experiments at
120 h, possibly reflecting a balance between
death of previously differentiated cells and dif-
ferentiation of new cells. We did not continue
cultures beyond 120 h, since at this time notch-1
was reproducibly undetectable. Expression of
notch-1 was not restored by passaging HMBA-
treated cells in HMBA-free medium at 120 h
(not shown). This suggests that commitment to

Fig. 1. HMBA modulates the expression of notch-1 mRNA and
protein in MEL cells. A: Notch-1 mRNA levels were analyzed in
MEL cells plated at equal density and maintained in culture for
4, 8, 24, or 120 h in the absence (C) or presence (H) of HMBA.
Total RNA was isolated and analyzed by RT-PCR to determine
steady-state levels of notch-1 and GAPDH mRNA. PCR negative
and positive controls were included in every experiment. E,
16-day mouse embryo cDNA; N, no DNA; M, mouse cell line
70Z/3. B: Western blot analysis of notch-1, globin and b-actin
protein levels. Top panel: MEL cells were maintained for 4, 24,
or 120 h, in the absence (C) or presence (H) of HMBA. Three
immunoreactive bands (designated by arrows) are recognized
by the notch-1 antibody: the notch-1 pre-protein (, 207 kDa), a
putative NEC precursor band (190–200 kDa) and the extracellu-

lar subunit NEC (180 kDa). Globin (Hb) protein (second panel)
was abundantly expressed in HMBA induced MEL at 120 h
indicating that differentiation was in progress. A 24–120 h time
course experiment (third panel) showed that notch-1 level was
markedly reduced (, 4% of control) in HMBA-treated cells (H)
compared to control (C) at 72 hours and essentially undetect-
able at 120 h. b-actin was somewhat lower in HMBA-treated
cells throughout the time course (between 35 and 50%), and
showed some decline at 120 h (approximately 50% compared
to 24 h; bottom panel). C: A representative time course of
accumulation of benzidine-positive cells in MEL cells induced
with HMBA. At the indicated times, MEL cells were removed
and stained with benzidine to assess differentiation.
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terminal differentiation is accompanied by irre-
versible loss of notch-1 expression.

Notch-1 Antisense S-Oligos Inhibit
HMBA-Induced MEL Cell Differentiation

and Increase Cell Death

To determine if notch-1 plays a role in HMBA-
induced differentiation of MEL cells, notch-1
antisense S-oligos were used to deregulate ex-
pression of the protein. Three sets of 23-mer
S-oligos (sense and antisense) were synthe-
sized corresponding to the EGF repeat, the
Lin-12 and the ankyrin regions of mouse
notch-1. S-oligos and HMBA were added to the
medium at time 0, and cells were maintained in

culture for 120 h. The percentage of benzidine-
positive cells at 120 h was reproducibly de-
creased by approximately half in the presence
of antisense compared to sense notch-1 S-oligos
(Fig. 2A). Significant inhibition (P , 0.02) com-
pared to sense controls was seen with each of
the three notch-1 antisense S-oligos. When an-
tisense S-oligos were added at 72 h, differentia-
tion was not inhibited (not shown).

To determine whether the decrease in differ-
entiation was accompanied by an increase in
apoptosis, the late apoptotic fraction (sub-G1

peak) was determined by flow cytometry in
cells treated with Lin-12 sense, antisense, and
scrambled S-oligos in the presence of HMBA

Fig. 2. Effects of notch-1 S-oligos on differentiation and apop-
tosis in HMBA-induced MEL cells. A: Three sets of S-oligos
(sense and antisense) were synthesized corresponding to the
EGF repeat (EGF), the Lin-12 (LIN) or the ankyrin (ANK) region.
Either sense or antisense S-oligos (25 µM) were added to MEL
cells together with HMBA and maintained in culture for 120 h.
Differentiation was scored at 120 h. B: MEL cells maintained in
the presence of HMBA alone (H) and sense (SEN), antisense (AS)
or scrambled (SCR) LIN-12 notch-1 S-oligos for 120 h, were

fixed and stained with PI. The fractions of apoptotic (sub-G1

DNA content) and viable cells were determined by flow cytom-
etry. C: MEL cells treated with HMBA plus sense (SEN), antisense
(AS) or scrambled (SCR) LIN-12 notch-1 S-oligos for 48 h were
analyzed by Western blotting for notch-1 and b-actin. In three
separate experiments, two of which are shown here, the AS
S-oligo reduced notch-1 levels at least 50% compared to either
SEN or SCR. No specific decrease in b-actin levels was observed
with the AS oligo compared to either SEN or SCR.
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(Fig. 2B). While all S-oligos increased the apop-
totic fraction compared to HMBA alone, the
antisense S-oligo had a significantly larger ef-
fect than either sense or scrambled controls
(P , 0.001). A parallel decrease in viability
(cells within the G1, G2/S, and M regions) was
observed.

The Lin-12 antisense S-oligo, but not sense or
scrambled controls, decreased expression of
notch-1 protein by at least 50% at 48 h in three
experiments (Fig. 2C). No difference in b-actin
levels was observed in cells treated with sense,
antisense, and scrambled Lin-12 S-oligos.

Taken together, these results strongly sug-
gest that notch-1 is necessary for HMBA induced
differentiation in MEL cells and that decreases
in notch-1 expression induced by a specific anti-
sense effect result in decreased differentiation
and increased apoptosis in these cells.

Downregulation of Notch-1 Expression in Stably
Transfected Notch-1 Antisense MEL Clones

Inhibits Differentiation and Growth
in the Presence of HMBA

Further analyses with S-oligos were limited
by their non-specific toxicity and the need to
conduct experiments in small scale. Addition-
ally, the effects of HMBA on cell permeability
[Marks et al., 1996] made a comparison of S-
oligos effects in the presence and absence of
HMBA virtually uninterpretable. Therefore, we
generated several MEL clones stably trans-
fected with an 1100 bp antisense notch-1 con-
struct (n1-AS) or with vector alone. The anti-
sense construct encompasses the 9 N-terminal
EGF repeats of the notch-1 preprotein. This
region is less conserved among notch family
members than the rest of the extracellular sub-
unit, and does not include the sequences tar-
geted by the antisense S-oligos. In all the n1-AS
clones used for further experiments, the basal
levels of notch-1 protein, but not those of b-ac-
tin, were reduced by at least 50% in logarithmi-
cally growing cells compared to vector-trans-
fected clones (Fig. 3A).

Notch-1 expression time course experiments
were performed with four notch-1 AS clones
and three vector-transfected clones. Represen-
tative Western blots from two clones are shown
in Figure 3A. Notch-1 protein levels in vector-
transfected clones reflected the pattern seen in
parental MEL. The decline in notch-1 levels in
HMBA was somewhat slower, with protein still
detectable at 72 h and almost undetectable at
120 h, possibly due to slower overall growth in
the presence of G418. In n1-AS clones, the

decrease in notch-1 induced by HMBA was ac-
celerated. Levels of notch-1 protein in n1-AS
clones were lower at 24 h compared to vector-
transfected controls and became essentially un-
detectable by 72 h. In the absence of HMBA,
vector-transfected clones exhibited a compa-
rable pattern of notch-1 expression to parental
MEL cells under similar conditions (Fig. 3A). In
n1-AS clones, notch-1 protein was detectable at
lower levels than in vector-transfected clones at
24 h and was barely detectable at 72 and 120 h.

Differentiation time course experiments were
performed with four independent n1-AS clones
and three vector-transfected clones. HMBA-
induced differentiation was strongly inhibited
in n1-AS clones compared to vector transfected
clones (Fig. 3B). Significant differences (P ,
0.05) were observed from 48 h onwards, and
became very pronounced at 72 h. The percent-
age of benzidine-positive cells in the AS clones
reached approximately 6% and did not increase
further. In contrast, in vector-transfected clones
benzidine-positive cells increased linearly reach-
ing approximately 30% at 120 h.

In MEL cells, proliferation and differentia-
tion are tightly related. Thus, we analyzed the
growth kinetics of transfected MEL clones in
the presence or absence of HMBA (Fig. 3C,D).
In these experiments, total cell numbers were
determined, without viability corrections. In
the presence of HMBA, vector transfected clones
showed slow but continued growth after 24 h,
which paralleled their differentiation kinetics,
as observed in parental MEL cells [Fibach et
al., 1977]. In contrast, n1-AS clones showed no
significant growth after 48 h (P , 0.05 com-
pared to vector from 48 h onwards). In the
absence of HMBA both vector and n1-AS-
transfected clones grew more rapidly (average
doubling time was approximately 3.5 times
shorter than vector-transfected clones in
HMBA), and there was no significant difference
between the growth rates of n1-AS and vector-
transfected clones (Fig. 3D). This indicates that
the differences observed in the presence of
HMBA are not due to an inherently slower
proliferation rate of n1-AS clones.

Downregulation of Notch-1 Expression in Stably
Transfected Notch-1 Antisense MEL Clones

Increases Apoptosis in the Presence
or Absence of HMBA

Experiments using S-oligos suggested that
treatment of MEL cells in the presence of HMBA
with antisense as opposed to sense notch-1 S-
oligos brought about an increase in apoptosis
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(see Fig. 2B). N1-AS clones showed a strong
inhibition of both growth and differentiation
from 48 h onwards. Thus, we investigated
whether the observed effect of N1-AS may be
due to cells switching from a growth and differ-
entiation program to an apoptosis program. To
test this hypothesis, apoptosis and viability in
transfected clones were analyzed by flow cytom-
etry with annexin V and PI. Early apoptotic
cells, (annexin V positive, PI negative), were
quantitated every 24 h for 120 h in the presence
or absence of HMBA. In the presence of HMBA,
the fraction of early apoptotic cells in both

vector and n1-AS transfected clones increased
gradually after 24 h. However, the apoptotic
fraction was significantly higher (P , 0.05) in
n1-AS clones from 48 h onwards (Fig. 4A), reach-
ing approximately 70% at 120 h. The apoptotic
fraction increased dramatically from 24 to 48 h
in the n1-AS clones compared to vector-trans-
fected cells. This was accompanied by a striking
decrease in viability (PI negative, annexin nega-
tive cells) in all n1-AS clones (Fig. 4B). Viability
decreased steadily in all clones after 48 h in the
presence of HMBAin all clones. However, n1-AS
clones showed an earlier and much larger drop

Fig. 3. Notch-1 expression, differentiation, and growth kinet-
ics of n1-AS and vector-transfected MEL clones. A: Equal amounts
of protein (50 µg) isolated from cell extracts of n1-AS and vector
transfected MEL clones were analyzed by Western blot. Results
for representative n1-AS (AS5) and vector (V5) clones are shown
for notch-1 (top panel) and b-actin (second panel). Expression of
the notch-1 protein in n1-AS cells was reduced by at least 50%
compared to vector-transfected control. No difference in b-actin
levels was observed. The third and fourth panels show a West-
ern blot analysis of notch-1 in V5 (VECTOR) and AS5 (ANTI-
SENSE) clones maintained for 24, 72, or 120 h in the presence
or absence of HMBA. The notch-1 extracellular band NEC is

shown. B: Time course of accumulation of benzidine positive
cells in MEL transfected clones. Cell lines were maintained in
the presence of HMBA for 120 h. At the indicated times, cells
were removed, stained with benzidine, and scored for differen-
tiation. Growth kinetics of n1-AS and vector transfected clones
with or without HMBA are shown in C and D. Transfected cells
were plated in the presence (C) or absence (D) of HMBA and
maintained in culture for 120 h. Cells were counted every 24 h
by hemocytometer. In each experiment, four n1-AS clones
(ANTISENSE) and three vector-transfected clones (VECTOR)
were analyzed.
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in viability than vector-transfected clones (P at
least , 0.05 for all time points from 48 h on-
wards). At 48 h, more than 80% of the cells in all
n1-AS clones were either entering apoptosis
(Fig. 4A) or dead (Fig. 4B), with an average
viability of 17%. At the same time, vector-
transfected clones showed no appreciable
change in viability and only a minor increase in
apoptosis compared to time 0. At 120 h, the
average viability of n1-AS clones was less than
7%, with one clone declining to essentially 0,
compared to approximately 30% in vector-
transfected clones. These data indicate that the
arrest in cell growth and differentiation ob-
served from 48 h onwards is most likely the
result of an increased number of cells entering
an apoptotic program in n1-AS clones.

Spontaneous apoptosis rates in the absence
of HMBA showed a pattern roughly parallel to
cell density, increasing up to 72 h. At this time,
when cells were passaged into fresh medium at
initial density (Fig. 4C), apoptosis rates dropped.
This pattern may be due to growth factor, nutri-
ent, or oxygen deprivation in densely growing
cultures. The early apoptotic fraction in n1-AS
clones was significantly higher than in vector-
transfected cells (P at least , 0.02 after 24 h)
throughout the time course, reaching approxi-
mately 40% at 72 h, immediately before cells
were passaged. Higher apoptotic fractions in
AS clones were paralleled by significantly lower
viability (P at least , 0.05, Fig. 4D).

These results suggest that decreases in
notch-1 expression in MEL cells are associated

Fig. 4. Apoptosis and viability in n1-AS and vector-transfected
clones with or without HMBA. Cell lines were maintained in the
presence (A,B) or absence (C,D) of HMBA for 120 h. At the
indicated times, cells were removed, treated with FITC-
conjugated Annexin V and PI and analyzed by flow cytometry.
104 cells per point were analyzed for each clone. Annexin

V-positive, PI-negative cells were scored as undergoing apopto-
sis. Viable cells were identified as the Annexin V-negative,
PI-negative population. Results are expressed as the mean 6

SEM of the n1-AS transfected clones (n 5 4) or the vector clones
(n 5 3) and are representative of three similar experiments
conducted with all clones.
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with increased levels of apoptosis, regardless of
the presence of HMBA. However, in the ab-
sence of HMBA, passaging into fresh medium
at 72 h appeared to rescue early apoptotic n1-AS
cells, since the overall growth curves were not
significantly different.

The Early G1 Lag Induced by HMBA is Not
Affected in Notch-1 Antisense MEL Clones

Treatment of MEL cells with HMBA induces
a G1 lag in the cell cycle immediately subse-
quent to the first G1 in the presence of the
inducer [Marks et al., 1996; Marks et al., 1994;
Kiyokawa et al., 1993; Zhuo et al., 1995]. This
prolonged G1 is necessary for later commitment
to differentiation [Kiyokawa et al., 1993]. There-
fore, we analyzed cell cycle distribution in n1-AS
and vector-transfected MEL clones. In these
experiments, cells were synchronized in G0/G1

by density arrest and released from synchroni-
zation in HMBA-supplemented medium. DNA
content in viable cells was determined at 16 h,
the optimal time to detect a G1 lag in our
system. No significant differences in cell cycle
distribution were observed between n1-AS and
vector-transfected clones. G1 fractions were
52.4 6 0.8% for n1-AS cells vs. 53.2 6 1.4% for
vector-transfected cells. G2/S (26.5 6 1.3 vs.
24.4 6 0.8) and M fractions (21.8 6 1.9 vs.
22.9 6 2.1) were also not significantly different.
Similar results were observed in MEL cells
treated with S-oligos (not shown). This indi-
cates that the effect of notch-1 on MEL cells
apoptosis is not mediated by inhibition or en-
hancement of the HMBA-induced G1 lag.

DISCUSSION

We investigated the role of endogenous
notch-1 expression in cell fate determination in
MEL cells, and identified a novel function of
notch-1: protection from apoptotic cell death. In
MEL cells treated with HMBA, notch-1 appears
to allow the completion of the differentiation
program by preventing premature apoptosis.
Notch-1 also appears to protect MEL cells from
spontaneously occurring apoptosis when cell
density increases. This anti-apoptotic effect of
notch-1 may provide a survival advantage to
transformed cells overexpressing notch-1. Dur-
ing pharmacologically induced differentiation,
notch-1 appears to be upregulated early after
HMBA exposure, while commitment to termi-
nal differentiation is associated with irrevers-
ible disappearance of notch-1. When notch-1
levels were prematurely downregulated during
HMBA treatment, by two different antisense

strategies targeting four different regions in
the notch-1 gene, increased apoptosis and de-
creased differentiation ensued. Spontaneous
apoptosis rates in the absence of differentiation
inducers were also higher in n1-AS cells. This
suggests that the level of notch-1 expression
controls apoptosis susceptibility in MEL cells.

We used antisense approaches to study the
role of full length, endogenously expressed
notch-1 in this model rather than enforced ex-
pression of truncated, constitutively activated
forms of notch-1. Such constructs are useful in
addressing mechanistic questions. However,
truncated forms of notch-1 are known to have
biological activities not displayed by the intact
protein [Capobianco et al., 1997]. These pro-
teins often localize to the nucleus [Capobianco
et al., 1997] in amounts far larger than needed
to mediate notch signaling [Schroeter et al.,
1998; Struhl et al., 1998] and can interact with
other ankyrin repeat-containing molecules
[Guan et al., 1996] which may not normally
participate in notch signaling. Thus, a novel
biological effect observed by overexpressing con-
stitutively active notch-1 in a cell line which
already expresses full length notch-1 may not
necessarily be indicative of the function of the
intact protein.

We hypothesize that notch-1 controls the
apoptosis threshold in cycling MEL cells. Dur-
ing HMBA-induced differentiation, notch-1 pre-
vents premature apoptosis of precommitted
cells, thus allowing them to continue replicat-
ing and reach critical levels of intracellular
mediator(s) that result in recruitment to com-
mitment [Marks et al., 1996]. Whether notch-1
has a direct effect on differentiation in MEL
cells cannot be determined from these studies.
Committed cells appear to irreversibly lose
notch-1 expression. It is tempting to speculate
that notch-1 downregulation may signal com-
mitment to terminal differentiation in MEL
cells. If this signal is received prematurely or
inappropriately, when a differentiation pro-
gram cannot be completed, the cells may un-
dergo apoptosis, a common fate of many termi-
nally differentiated cells. Interestingly, in
multiple myeloma cells, which represent a
highly differentiated B cell phenotype, HMBA
induces apoptosis [Siegel et al., 1998].

It is possible that apoptosis occurring during
HMBA treatment in n1-AS MEL cells may rep-
resent an abortive attempt to differentiate to-
wards a different phenotype. However, n1-AS
cells also have higher rates of spontaneous apop-
tosis and significantly lower viability than con-
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trols as early as 24 h after culture in HMBA-
free medium. This suggests that in MEL cells
notch-1 may modulate common step(s) in the
decision switch between apoptosis, differentia-
tion, and growth rather than a signaling path-
way activated during HMBA-induced differen-
tiation. As both p53 alleles are mutant in MEL
cells [Ben-David et al., 1991], apoptosis in n1-AS
MEL clones is likely to occur by p53 indepen-
dent pathways. Our data rule out prolongation
or inhibition of the G1 lag as possible mecha-
nisms for the effects of notch-1 antisense. Which
notch-1 ligand, if any, mediates the anti-apop-
totic effect of notch-1 in MEL cells remains
unclear. We were unable to detect expression of
Delta-like gene 1 [Bettenhausen et al., 1995] in
MEL cells by RT-PCR (not shown). However,
this does not rule out other, as yet uncharacter-
ized, murine ligands.

The mechanisms of notch-1’s anti-apoptotic
activity in MEL cells are currently under inves-
tigation. Potential targets of notch signaling
which are involved in apoptosis control include
NF-kB/rel family proteins and the ras-JNK
pathway. Notch-1 has been recently shown to
regulate the NF-kB2 promoter through CBF-1
[Oswald et al., 1998]. Additionally, there is indi-
rect evidence that JNK-mediated activation of
E47 is regulated by notch through a CBF-1
independent mechanism [Ordentlich et al.,
1998]. A possible additional target is Bcl-2,
which is downregulated by HMBA in other cells
[Siegel et al., 1998]. Our findings raise the
question whether the anti-apoptotic effect of
notch-1 is part of its physiological role, at least
in some instances, or is a function of notch-1
overexpression occurring in transformed cells.
Several human tumors [Zagouras et al., 1995;
Daniel et al., 1997] and tumor cell lines [Aster
et al., 1994] (C. Fuchs and L. Miele, unpub-
lished data) express large amounts of appar-
ently full-length notch-1 protein. Our results
indicate that in MEL cells, decreased expres-
sion of notch-1 is associated with increased
sensitivity to apoptosis. In non-transformed
cells of various lineages [Austin et al., 1995;
Garces et al., 1997] notch-1 antisense strate-
gies affect differentiation but have not been
shown to cause apoptosis. While it is possible
that the anti-apoptotic effect of notch-1 may be
cell-type specific, it is tempting to speculate
that overexpression of notch-1 may have a sur-
vival value for some transformed cells. In natu-
rally occurring tumors, resistance to apoptosis
generally increases due to mutations which ac-
cumulate during tumor progression and after

treatment. Overexpression of notch-1 may be
one of the mechanisms by which tumor cells
gain increased resistance to apoptosis. If so,
downregulating notch-1 expression may have
potential therapeutic uses in tumors overex-
pressing notch-1. Since apoptosis promoted by
antisense notch-1 does not appear to require
p53, such strategies may be used in p53-null
tumors. These include over 50% of human ma-
lignancies [Hollstein et al., 1991]. The possible
use of antisense notch-1 oligonucleotides or gene
therapy strategies with differentiation induc-
ers or other antineoplastic treatments to en-
hance the rate of apoptosis in human malignan-
cies deserves further investigation.
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