
Abstract. In lung cancers the Notch signaling may function
as an oncogene or a tumor suppressor depending on the tumor
cell types. In this study we examined the expression of Notch
receptors in the human lung adenocarcinoma cell lines A549
and SPC-A-1. We over-expressed the active form of Notch1
(NIC) in A549 cells by constitutive transfection to evaluate
the effects of the Notch signaling on lung adenocarcinoma
cells. Our results showed that over-expression of NIC in
A549 cells inhibited the growth of A549 cells through induction
of cell cycle arrest. Moreover, over-expression of NIC inhibited
the colony-forming activity of A549 cells when cultured in
methylcellulose medium, and their ability to form tumors in
nude mice. These data suggest that the Notch signaling may
function as a tumor inhibitor in human lung adenocarcinoma
cells.

Introduction

The Notch signaling pathway plays a pivotal role in cell fate
determination during development, and is highly conserved
during evolution from worm through man (1). Notch is a
hetero-dimeric transmembrane receptor composed of an extra-
cellular domain responsible for ligand recognition, a trans-

membrane domain, and an intra-cellular domain involved in
protein-protein interaction and transcriptional regulation.
When the Notch receptor is triggered by the ligand, the DSL
(Delta-Serrate-Lag2) family members expressed on neigh-
boring cells, two successive proteolytic cleavages take place
in the transmembrane domain of the receptor, which leads to
the release of the Notch intra-cellular domain (NIC). The
released NIC translocates into the nucleus and associates
with the transcription factor RBP-J through its N-terminal
RAM (RBP-J association molecule) motif, and converts RBP-J
from a transcription repressor to a transcription activator. The
NIC-RBP-J complex further recruits other co-activators, and
activates the expression of downstream genes associated with
cell differentiation (2). Thus, constitutive expression of NIC in
targeted cells results in a similar phenotype as the ‘activated’
Notch. In addition to the ligands, receptors, and intra-nuclear
adaptor, a large array of molecules has been shown to parti-
cipate in the modulation of the Notch signaling in different
developmental stages and tissues (1,2).

Abnormal Notch signaling has been documented in many
cancers (3-6). The first case showing the Notch involvement
in human malignancies is the identification of a rare chromo-
somal translocation event, t(7;9)(q34;q34.3), as a causative
factor in the development of T-cell acute lymphoblastic
leukemia and lymphoma (T-ALL) (7). This translocation
juxtaposes the intra-cellular domain of Notch1 adjacent to
the T-cell receptor ß locus, resulting in the expression of NIC
of the Notch1 protein that is hence named as translocation-
associated Notch1 (TAN1). In addition to T-ALL, oncogenic
activity of Notch has been reported in many other types of
cancers, including acute myeloid leukemia (AML) (8), breast
cancers (9), as well as human cancers of the cervix, colon,
pancreas, skin and brain (reviewed in refs. 4,5). On the other
hand, activated Notch signaling may also function as a tumor
suppressor (10,11). In prostate cancer cells, over-expression
of the active form of Notch1 inhibited the proliferation of tumor
cells (12). Constitutive activation of Notch1 also inhibited the
growth of human hepatocarcinoma cells through induction of
cell cycle arrest and apoptosis (13). Furthermore, in Notch-
deficient mice, Notch1 had been shown to function as a tumor
suppressor in mouse skin through inhibition of the ß-catenin
signaling (14). The molecular mechanisms underlying the
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oncogenic and anti-oncogenic activities of Notch have not been
fully understood, and are under extensive investigation.

The relationship between the Notch signaling and lung
cancers has been elusive (15,16). Evidence has shown that in
lung cancers Notch may behave as either an oncogene or a
tumor suppressor depending on the tumor cell types. In small
cell lung cancer (SCLC) cells, Notch receptors are rarely
expressed, and over-expression of NIC leads to a profound
growth arrest associated with G1 cell cycle block in the SCLC
cell lines DMS53 and NCI-H209 (17). In contrast, in non-
small cell lung cancers (NSCLC) including adenocarcinoma,
squamous cell carcinoma, large cell undifferientiated carcinoma
and bronchoalveolar cell carcinoma, expression of the Notch
receptors are common and the expression of the Notch down-
stream gene Hes1 is usually elevated with a concomitant
decrease of hASH1/ASCL1, suggesting an activated Notch
signaling in these cells (18-21). However, functional conse-
quences of Notch activation in lung cancer remain unclear.

In order to further investigate the function of the Notch
signaling pathway in different types of lung cancers, we studied
the Notch signaling in the lung adenocarcinoma cell lines
A549 and SPC-A-1. We show that Notch1-3 but not Notch4
are expressed in these cell lines. Over-expression of NIC
significantly inhibited the growth of A549 cells in vitro by
induction of cell cycle arrest, and attenuated its colony-
forming activity in vitro as well as tumor-forming activity
in vivo. These results suggest that Notch signaling may
inhibit growth and tumor formation ability of human lung
adenocarcinoma cells.

Materials and methods

Cell culture and transfection. The human lung adenocarcinoma
cell lines A549 and SPC-A-1 were cultured in Dulbecco's
modified Eagle's medium (DMEM) supplemented with 10%
fetal calf serum (FCS) and 2 mM L-glutamine (Gibco/BRL).
pEFBOS-Myc-NIC and pEFBOS-neo vectors (22) were
transfected into A549 cells using Lipofectamine™ 2000
(Invitrogen Life Technologies, Carlsbad, CA) according to
the manufacturer's protocol. Stable cell lines (A549-NIC and
A549-BOS) were selected in the presence of 450 μg/ml of
G-418, and were maintained in DMEM containing 10% FCS
and 300 μg/ ml of G-418.

MTT assay. Cells were seeded in 96-well plates (4x103 cells
per well) and cultured in 200 μl of the medium. On days 1-6 of
the culture, half amount of the medium (100 μl) was aspired
and an equal volume of fresh medium containing 20% MTT
(5 mg/ml) was added. Cells were incubated further at 37˚C
for 4 h, and then 150 μl of dimethyl sulfoxide (DMSO, Sigma)
was added to each well, and mixed by shaking at room
temperature for 10 min. The absorbance was measured at
490 nm. Each experiment was repeated for at least three times,
and data were analyzed with the Student's t-test.

Cell cycle analysis. Cells (1x106) were collected and washed
with PBS, then fixed by incubating in 75% alcohol for 30 min
at 4˚C. After washing with cold PBS three times, cells were
resuspended in 1 ml of PBS containing 40 μg propidium iodide
(PI, Sigma) and 100 μg RNase A (Sigma), and incubated at

37˚C for 30 min. Samples were analyzed for DNA contents
using a FACScalibur™ (BD Immunocytometry Systems, San
Jose, CA). Each experiment was repeated for at least three
times.

Colony-forming assay. Cells (5x104/ml) were mixed with 1 ml
MethoCult methylcellulose-based medium (StemCell Techno-
logies, Vancouver, British Columbia, Canada), and were plated
in 6-well plates according to the manufacturer's instructions.
Cells were cultured at 37˚C for 7 days, and colonies (with >50
cells) were counted under an inverted microscope.

In vivo inoculation of tumor cells. Cells (5x106) were injected
subcutaneously (s.c.) into female nude mice (n=6). Six weeks
later, mice were sacrificed and tumor formation was examined.
Mice were housed in a pathogen-free facility, and all animal
experiments were carried out according to guidelines of the
Animal Experiment Administration Committee of the Fourth
Military Medical University.

Reverse transcription (RT)-polymerase chain reaction (PCR).
Total-RNA was prepared from cultured cells using the TRIzol
reagent (Gibco/BRL, Gaithersberg, MD) according to the
manufacturer's instructions. cDNA was synthesized using a
kit from Gibco/BRL with oligo-dT as a primer. PCR was run
for 25 cycles with cDNA from 0.1 μg total-RNA as a template.
The primers used for the amplification of human Notch1-4
cDNA and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) fragments are listed in Table I. The amplified
fragments were analyzed by electrophoresis with 1% agarose
gel.

Western blot analysis. Cells were lysed in the phospho-lysis
buffer (50 mM Tris-Cl, pH 7.5, 150 mM NaCl, 1 mM MgCl2,
0.5% NP40, 1 mg/ml BSA, 0.1 mM PMSF). Cell extracts
were collected by centrifugation. Samples were analyzed by
SDS-12% polyacrylamide gel electrophoresis, followed by
Western blotting using the mouse anti-Myc antibody (Sigma)
and the goat anti-mouse IgG antibody conjugated with horse-
radish peroxidase (HRP). The membrane was developed
using the chemiluminescent reagents (SuperSignal West Femto
Maximum Sensitivity Substrate, Pierce).

Results

The human lung adenocarcinoma cell lines express Notch1-3
but not Notch4. To test the expression of the Notch receptors
in the human lung adenocarcinoma cell lines A549 and SPC-
A-1, we carried out an RT-PCR analysis with primers specifi-
cally targeting the four Notch receptors. As shown in Fig. 1A,
Notch1-3, but not Notch4, were expressed in both of the cell
lines. Taken GAPDH as an internal control, A549 appeared
to express lower level of the Notch receptors compared with
SPC-A-1. We examined the in vitro growth of A549 and
SPC-A-1 cells, and the result showed that A549 cells grew
more rapidly compared with SPC-A-1 cells (Fig. 1B),
suggesting that Notch may also play a tumor-inhibiting role
in human adenocarcinoma cells.

Over-expression of NIC inhibits growth of the A549 cells
in vitro. In order to further investigate whether the Notch
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signaling would function in lung adenocarcinoma cells, we
established A549 cells stably transfected with plasmids
expressing the Myc-tagged NIC (A549-NIC), with cells
transfected with empty vector (A549-BOS) as a control.
Expression of Myc-NIC in A549-NIC was confirmed by
Western blot using the mouse anti-Myc antibody (Fig. 2A).
The growth of the A549-NIC cells was compared with the
A549-BOS cells and the parental A549 cells. As shown in
Fig. 2B, the growth of the A549-NIC cells was significantly
slower than that of the A549-BOS and the parental A549
cells. We analyzed the cell cycle progression of the A549-
NIC and A549-BOS cells. As shown in Fig. 2C, the A549-
NIC cells exhibited higher proportion of cells in the G1 phase
compared with that of the control A549-BOS cells,
suggesting that over-expression of NIC inhibited cell cycle
progression of the A549 cells.

Over-expression of NIC inhibits tumor growth of A549 in nude
mice. We further examined the effect of NIC over-expression
on the ability of the A549 cells to form tumors. We first
performed an in vitro colony-forming assay to compare the
colony-forming ability of A549 cells over-expressing NIC with
control cells, and found that the colony-forming ability of
A549-NIC was significantly lower than that of A549-BOS and
the parental A549 cells (P<0.01). However, there were not
significant difference between A549-BOS and parental A549
cells (P>0.05) (Fig. 3). These data indicated that over-
expression of the constitutively active Notch1 could
substantially inhibit the colony-forming activity of human
lung adenocarcinoma cells in vitro.

Next we examined the tumorigenicity of the A549-NIC
cells and the A549-BOS cells in nude mice. Four of six mice
injected with the A549-NIC cells formed tumors, while all
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Table I. Primers for RT-PCR.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Genes Primers Size of targets (bp)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Notch1 Sense: 5'-CAGCCTCACCTGGTGCAGAC-3' 518

Antisense: 5'-GGCGATCTGGGACTGCATG-3'

Notch2 Sense: 5'-AGCTCAGACCATTCTCCCAGC-3' 301
Antisense: 5'-GTTGTGTGGTGGCTCAGACATG-3'

Notch3 Sense: 5'-CTCATCCGAAACCGCTCTACAG-3' 401
Antisense: 5'-AGCAAGCGCACGATGTCCT-3'

Notch4 Sense: 5'-CCAGAGGCCCGTCACAAAG-3' 508
Antisense: 5'-GCATTTCTTGGAGGGCTGG-3'

GAPDH Sense: 5'-GGTATCGTGGAAGGACTCATGAC-3' 327
Antisense: 5'-AGTGTAGCCCAGGATGCCCT-3'

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Figure 1. Expression of the Notch receptors in A549 and SPC-A-1 cells. (A) RT-PCR, with GAPDH as an internal control. (B) Growth curves of A549 and
SPC-A-1 cells, as determined by the MTT assay.
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six mice injected with the A549-BOS cells formed tumors.
The size of tumors in mice injected with the A549-NIC cells
were significantly smaller than that in mice injected with the
A549-BOS cells (Fig. 4A), and tumor weight in mice injected
with the A549-NIC cells were also significantly lower than
that in mice injected with the A549-BOS cells (P<0.01)
(Fig. 4B). These results indicated that over-expression of the

active Notch1 may suppress the growth of lung adenocacinoma
cells in vivo.

Discussion

During the lung development, the Notch signaling pathway
regulates differentiation of a common airway epithelial
precursor with a potential for either neuroendocrine or non-
neuroendocrine differentiation (15,16). It has been shown
that the Notch pathway in lung cancers may also exhibit
binary properties. In SCLC, Notch appears to have a growth
suppressing function (17). In NSCLC, on the other hand,
Notch may have a growth promoting function (18-21).
However, in the present study, we have shown an alternative
effect of the active form of Notch1 in lined cells (A549) of
the human adenocarcinoma, a type of NSCLC. Our results of
the in vitro transfection experiments have shown that over-
expression of the activated Notch1 in the A549 lung
adenocarcinoma cell line induces growth inhibition and cell
cycle arrested in the G1 phase. Moreover, over-expression of
NIC inhibited the in vitro colony-forming activity and the
in vivo tumor-forming ability of the A549 lung adeno-
carcinoma cells. These results suggest that in NSCLC cells,
activated Notch may function as either an oncogenic factor or
a tumor suppressor factor, possibly depending on the cell
type and the disease-stage of the cancer (10).

It is known that in a number of tumors, such as T-ALL (7)
and mouse mammary tumors (9), Notch signaling plays an

ZHENG et al:  Notch SIGNALING INHIBITS GROWTH850

Figure 2. Constitutively active Notch1 inhibits the growth of the lung adenocarcinoma A549 cells in vitro. (A) Expression of Myc-NIC (indicated by an
arrow) in the A549-NIC, A549-BOS, as well as parental A549 cells was detected by Western blot with the anti-Myc antibody. (B) Growth of A549-NIC cells
was compared with that of the A549-BOS and parental A549 cells. (C) Cell cycle analysis. A549-NIC and A549-BOS cells were permeated and stained with
PI, and cell cycle progression was analyzed by FACS. Data represent three independent experiments.

Figure 3. Colony-forming assay. A549-NIC, A549-BOS and parental A549
cells were cultured in MethoCult methycellulose-based medium, and
colonies with >50 cells were counted 7 days later. The experiment was
repeated three times, and data shown are means ± SD.
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oncogenic role by inhibition of apoptosis and induction of
proliferation (4,5). However, recent studies have shown that,
depending on the cell context, the Notch signaling may also
function oppositely in tumorigenesis. For example, consti-
tutive Notch signaling by over-expression of NIC in B-cells
has been shown to inhibit proliferation and/or induce apoptosis
(23,24). It has also been shown that ligand-induced Notch
activation may have a similar effect (25). In human cervical
cancers, expression level of Notch1 protein is dependent on
disease-stage, and over-expression of activated Notch1 results
in strong growth inhibition of HPV-positive cervical carcinoma
cells (26). In SCLC, expression of activated Notch 1 or Notch2
up-regulates the expression of p21Cip1 and p27Kip1, leading to
cell cycle arrest (17). In this study, we show that in lung adeno-
carcinoma cells, Notch activation may also play a tumor sup-
pressive role, although previous evidence has highlighted an
oncogenic effect of Notch signaling in this type of NSCLC.
Additional studies are needed to determine the molecular
mechanisms underlying the Notch-induced growth suppression
of lung adenocarcinoma cells.
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