
Abstract. Background: Notch activation by ligand
stimulation regulates the growth of acute myeloid leukemia
(AML) cells. However, the molecular mechanisms underlying
this have not been fully elucidated. Materials and Methods:
Two AML cell lines, THP-1 and TMD7, and three Notch
ligands, Jagged1, Dll1 and Dll4, were used. The effects of the
ligands on cell growth, cleavage of Notch1, and the
expression of various genes were examined by cell culture,
immunoblotting, and quantitative RT-PCR, respectively.
Results: Ligand stimulation suppressed the growth of the
THP-1 cells but promoted that of the TMD7 cells.
Immunoblots showed two cleaved Notch1 bands, which
became intense with different peak time from the start of
stimulation. Ligand stimulation changed the expression levels
of various genes related to cell proliferation. Some genes
changed in opposite directions in the two cell lines. The three
ligands had similar effects on gene expression. Conclusion:
The time course for Notch1 cleavage following ligand
stimulation and the effects of stimulation on gene expression
are shown.

Notch signaling regulates self-renewal and differentiation of
stem cells. In bone marrow, Notch protein on hematopoietic
stem cells is activated by Notch ligands such as Jagged and
Delta-like (Dll) proteins on stromal cells. The binding of
Notch ligands to Notch protein causes cleavage of the
transmembrane subunit (NTM) at S2 and S3 sites, and
releases an intracellular fragment of Notch (ICN). ICN is
translocated to the nucleus where it induces expression of
HES1 (Hairy and enhancer of split 1) and other genes (1). 

Notch activation is also involved in the growth of
leukemia cells. More than half of acute T-cell lymphoblastic

leukemia (T-ALL) cases have mutations in the NOTCH1
gene. These mutations cause constitutive activation of Notch
and abnormal growth (2, 3). Down-stream of Notch
signaling, direct Notch1 mediated activation of c-MYC is
required to maintain leukemic growth (4, 5).

We have previously reported that Notch activation by
Notch ligand stimulation had various effects on the growth
of acute myeloid leukemia (AML) cells (6-8). However, the
precise molecular mechanisms underlying these effects of
ligand stimulation in AML cells are unknown. For example,
the time course for cleavage of ICN after ligand stimulation
has not been reported. The mRNA expression profile after
stimulation is not fully known. The differences in the effects
of five different ligands, Jagged1, Jagged2, Dll1, Dll3 and
Dll4 have not been elucidated.

In this study, the effects of three recombinant Notch
ligands, Jagged1, Dll1 and Dll4, on the cleavage of Notch1
protein and the expression of various genes in AML cells was
examined using immunoblotting and quantitative RT-PCR. It
is important to understand the molecular mechanisms
underlying Notch signaling because Notch represents a
potential molecular target for therapy against leukemias.

Materials and Methods

Cells and reagents. Two AML cell lines known to grow in response
to the Notch ligands, TMD7 (8) and THP-1 (supplied by the
Japanese Cancer Research Resources Bank, Tokyo, Japan) were
used. The recombinant Notch ligand proteins Jagged1, Dll1 and
Dll4 were synthesized by Dr. S. Sakano (Asahi Kasei Corporation,
Fuji, Japan) as described previously (9,10). Briefly, partial cDNAs
encoding the extracellular domain of the Notch ligands were fused
to a sequence of human IgG1-Fc. The fusion gene was inserted into
an expression vector and electroporated into Chinese hamster ovary
cells. The resulting chimeric proteins were purified from
conditioned media.

Proliferation assay. The effects of Notch ligands on cell growth
were examined by counting cell numbers in culture. Briefly, 1×104

cells were cultured in 0.1 ml of α-MEM containing 10%  FCS, in
96-well culture plates coated with 1.5 μg/well of recombinant
Jagged1, Dll1, Dll4, or human IgG-Fc (Athens Research, Athens,
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GA, USA) as a control. After 5 days, the cells were harvested and
cell numbers were counted by the trypan blue method. The mean
cell number per well from quadruplicate cultures are calculated.
Student’s t-test was used to determine statistical significance. 

Immunoblotting. To examine the time course for the cleavage of
Notch1 protein by ligand stimulation, immunoblotting was
performed using an anti-Notch1 antibody (Ab) raised against the
carboxy-terminus (Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and an anti-cleaved Notch1 (Val1744) Ab (Cell Signaling
Technology, Beverly, MA, USA) to selectively detect the ICN. After
being cultured in 24-well culture plates coated with 5 μg/well of
Notch ligands (Jagged1, Dll1, Dll4) or control IgG-Fc for 0.5, 3, 6,
24 or 48 hours, the cells were harvested and lysed. The lysates of
106 cells/lane were subjected to SDS-PAGE and immunoblotted
with the first and second antibodies. Immunoreactive bands were
detected using an ECL kit (GE Healthcare, Piscataway, NJ, USA),
using an anti-α-tubulin Ab as loading control. 

Quantitative RT-PCR. To identify the genes whose expression levels
were altered by ligand stimulation, cDNA microarray analysis was
performed using RNA extracted from cells stimulated by the ligands
and control cells (data not shown). To quantitatively examine
changes in the expression levels of the selected genes in the cells
stimulated with Notch ligands, real-time RT-PCR was performed.
The total RNA was extracted from cells cultured with the ligands
(Jagged1, Dll1, Dll4) or human IgG-Fc for 6 or 24 hours. First-
strand cDNA was synthesized and quantitative PCR was performed
using a LightCycler FastStart DNA Master SYBR Green I kit,
LightCycler primer sets, and LightCycler ST300 (Roche
Diagnostics, Mannheim, Germany). QuantiTect primer sets
(QIAGEN, Hilden, Germany) were used for c-MYC, p27Kip1

(CDKN1B; cyclin-dependent kinase inhibitor 1B) and p18INK4c

(CDKN2C). The expression level of each mRNA was normalized to
the β-actin mRNA level, which was measured concurrently. The
analysis was repeated more than twice to verify the reproducibility
of the results.

Results

Effects of Notch ligands on cell growth. The effects of the
Notch ligands on the growth of THP-1 and TMD7 cells are
shown in Figure 1. Stimulation with Jagged1, Dll1 or Dll4
suppressed the growth of the THP-1 cells. On the other hand,
growth of the TMD7 cells was promoted by Dll1 and Dll4
stimulation. The growth promotion induced by Jagged1 was
not statistically significant.

Notch1 protein after Notch ligand stimulation. Figure 2
shows the immunoblot analysis for the TMD7 cells. In the
immunoblots with the anti-Notch1 Ab, a full-length band
(300 kDa) and NTM band (120 kDa) were observed. The
densities of these two bands did not significantly change
during the time-course of Jagged1 stimulation (upper
panel). In the immunoblots with the anti-cleaved Notch1 Ab
(the second panel), two bands (100 kDa and 90 kDa) were
recognized as ICN bands. These ICN bands were detected
with high intensity after one hour stimulation. From one to
24 hours of Jagged1 stimulation, the 100 kDa band
increased in intensity. Then, from 24 to 48 hours, the 90
kDa band increased in intensity. The transition of the
intensities of the two ICN bands after Dll1 and Dll4
stimulation was similar to that after Jagged1 stimulation
(lower panels). The THP-1 cells stimulated with the Notch
ligands produced the same findings, namely, two bands that
emerged in the immunoblots with the anti-cleaved Notch1
Ab (data not shown).
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Figure 1. Effects of Notch ligands Jagged1, Dll1 and Dll4 on the growth
of THP-1 and TMD7 cells. The mean cell number per well from
quadruplicate cultures after 5 days is shown. *p<0.05, significantly
different from the control. Figure 2. Notch1 proteins in TMD7 cells stimulated with Notch ligands,

Jagged1, Dll1 or Dll4. Cell lysates (106 cells/lane) were subjected to
SDS-PAGE and immunoblotted with anti-Notch1 antibody (Ab), anti-
cleaved Notch1 Ab, and anti-α-tubulin Ab. FL, full-length; NTM, Notch
transmembrane fragment; ICN, intracellular fragment of Notch. 



Gene expression after Notch ligand stimulation. Changes in
the expression levels of various genes caused by ligand-
induced Notch activation were examined by quantitative RT-
PCR analyses (Figure 3). The expression of HES1, a well-
known target gene of the Notch signal, was increased by
stimulation with all three of the ligands in both cell lines.
The increase induced by Jagged1 stimulation was slight (1.7-
fold) at 24 hours in the TMD7 cells. On the whole, all three
of the ligands showed similar tendencies in terms of the
changes in gene expression they induced in each cell line.

Regarding the expression of genes related to cell
proliferation, ligand stimulation down-regulated c-MYC
expression at six hours and then Dll1 completely and Dll4
partially restored it by 24 hours in the THP-1 cells. The
expression of c-FOS was up-regulated in the THP-1 cells,
but was down-regulated in the TMD7 cells. Regarding the
expression of cell cycle-related genes in the THP-1 cells,
p53, p27Kip1 and p18INK4c were down-regulated at six hours
and the levels of p53 and p27Kip1 were restored in the Dll1
and Dll4 cultures by 24 hours. The expression of p21Cip1

was gradually up-regulated and the expression of Cyclin D1
was rapidly up-regulated. The changes in the expression
levels of these genes in the TMD7 cells were slight.
Regarding genes concerned with “stemness”, the expression
levels of OCT4 and SOX2 in the THP-1 cells were down-
regulated at six hours and then up-regulated at 24 hours.

Discussion

Notch activation by ligand stimulation resulted in diverse
effects on the short-term growth of AML cells, suppressing
the growth of THP-1 cells while promoting the growth of
TMD7 cells. To investigate the underlying molecular
mechanisms, the changes in gene expression following
ligand stimulation were examined. HES1 was up-regulated
in both cell lines. The changes in the expression levels of
some genes differed between the THP-1 and TMD7 cells.
For example, c-FOS was up-regulated in the THP-1 cells
while it was down-regulated in the TMD7 cells. The possible
mechanisms by which Notch activation suppresses the
growth of THP-1 cells include the down-regulation of c-
MYC and up-regulation of p21. However, the up-regulation
of Cyclin D1 and down-regulation of p53 are inconsistent
with growth suppression. The precise mechanisms remain to
be determined.

Two types of time-sequential changes in gene expression
levels were found (Figure 3). In one type, changes were
observed after six hours of stimulation, but were restored to
the control levels after 24 hours (for example, p53 expression
in the THP-1 cells). In the other type, the expression levels
gradually changed up to 24 hours of stimulation (for example,
c-FOS expression in both the THP-1 and TMD7 cells). It
remains to be clarified whether these changes were due to a
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Figure 3. Expression of mRNA in THP-1 and TMD7 cells stimulated with Notch ligands, Jagged1, Dll1 or Dll4. The expression level of each gene
after quantitative RT-PCR was normalized to the β-actin mRNA expression level and shown as fold change compared to the level in the control
(IgG-treated) cells.



direct effect of the ICN or indirect effects through the up-
regulation of direct target genes such as HES1.

Regarding the cell cycle, it has been reported that Notch
activation accelerated G1/S cell cycle transition (11-13),
possibly by up-regulating SKP2 (S-phase kinase-associated
protein 2), which degraded p27Kip1 and p21Cip1 (11). The
regulation of Cyclin D1, CDK2 and AKT expression by Notch
(12) and regulation of the expression of Cyclin D3, CDK2 and
CDK6 proteins by Notch have also been reported (13). The
present results partly differed from these reports. For example,
p21 expression was up-regulated by Notch activation in the
THP-1 cells in the present study. The cause of this discrepancy
remains to be determined. 

The transition and molecular size of the ICN after ligand
stimulation was also interesting. The immunoblots showed that
two ICN bands with different molecular weights became intense
with different peak time from the start of stimulation. As a
possible mechanism for the emergence of these two bands, we
surmised that the 90 kDa band was ICN and the 100 kDa band
was phosphorylated ICN, because it has been reported that
cleaved Notch2 fragments are phosphorylated after ligand
binding (14). To verify this, the same immunoblotting
experiments were performed using phosphatase-treated lysates.
However, the two bands did not unite at 90 kDa (data not
shown) and thus this hypothesis could not be proved. Another
possible mechanism is the existence of an additional cleavage
site in the NTM, such as the S4 site (15). However, this theory
cannot explain the existence of two ICN bands because the S4
site is located on the N-terminal side of the S3 site. Therefore,
the reasons why two bands emerged could not be elucidated.

Here, new findings regarding changes in the expression
levels of various genes and cleaved Notch1 protein after Notch
ligand stimulation are described. However, the precise
mechanisms underlying these changes and their significance
are still to be resolved. The Notch system is a promising
pathway to target for therapies against leukemia. Therefore, a
detailed understanding of the molecular mechanism associated
with Notch activation is needed.
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