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and elevated the level of P53 and Fas in A549 lung cancer cells

Qiuxia He, > Xingshang Zhu,*¢ Mei Shi,** Baoxiang Zhao,>*
Jing Zhao,™® Shangli Zhang™® and Junying Miao™“*
dnstitute of Developmental Biology, School of Life Science, Shandong University, Jinan 250100, China

®Institute of Organic Chemistry, School of Chemistry and Chemical Engineering, Shandong University, Jinan 250100, China
°The key Laboratory of Experimental Teratology Ministry of Education, Jinan, Shandong 250012, China

Received 6 January 2007; revised 2 March 2007; accepted 3 March 2007
Available online 28 March 2007

Abstract—Previously, we found that nine kinds of new morpholin-3-one derivatives could inhibit the growth of A549 lung cancer
cells in a dose-dependent manner, but how they performed their function remained unknown. In this paper, we studied the effects of
the three more effective morpholin-3-one derivatives {4-(4-chlorophenyl)-6-((4-nitrophenoxy) methyl) morpholin-3-one (1); 6-(4-
chlorophenoxy)-4-(4-methoxyphenyl) morpholin-3-one (2); and 6-((4-nitrophenoxy) methyl)-4-phenylmorpholin-3-one (3)} on the
cell cycle distribution, apoptosis, and the level of P53 and Fas that are two kinds of important proteins in the regulation of
AS549 cell growth and apoptosis. According to the results of cell viability, we selected 40 pg/ml of morpholin-3-one derivatives as
the most appropriate concentration for the following study. The results showed that the morpholin-3-one derivatives partly blocked
the cells at G1 phase, induced apoptosis, and elevated the level of P53 and Fas proteins significantly. The effect of the morpholin-3-
one derivates was associated with translocation of P53 and clustering of Fas. Our data suggested that the morpholin-3-one derivates
might be promising tools for elucidating the molecular mechanism of lung cancer cell apoptosis and they will be very potential can-

didates for developing anti-cancer drugs.
© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Cancer disease is one of the serious clinical problems
and poses significant social and economic impacts on
the healthcare system.!' Lung cancer is the leading
cause of cancer death in the world, causing more than
one million deaths each year.*> Current therapeutic
interventions have little impact on the epidemic propor-
tions of the disease, and the case fatality rate remains at
85-90%.° Current challenges in lung cancer treatment
include the search of the best promising new agents
which can be integrated into current methods of treat-
ment and the clarification of the mechanism by which
lung cancer cells undergo growth, proliferation, differen-
tiation, metastasis and apoptosis.’
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It has been noted that chemical genetics, using small
molecules to induce changes of cell phenotype, has made
a significant impact in diverse areas of cell biology.® It
provides a powerful tool for screening specific small
molecules that target specific proteins indispensable to
the survival or proliferation of cancer cells.®® The
majority of these biologically active small molecules
are effective, specific inhibitors of some known intracel-
lular signaling pathways. Moreover, the identification of
small molecules with specific biological properties, but
unknown intracellular targets, can also reveal significant
insights into various biological questions.'’

Morpholin-3-one derivatives have attracted consider-
able interest owing to their biological and pharmaco-
logical activity. For example, morpholinone-based P1/
P2 derivatives have been discovered to provide a new
and promising scaffold toward potent mimetics of the
HIV-1 protease inhibitor, Amprenavir.!'! The benzo-
morpholinone was found to be PPARy agonist agent,
that has application to treating type II diabetes,'? and
6-hydroxymorpholin-3-one derivatives were identified
as cornea permeable calpain inhibitor.!* Although a
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large number of compounds with much more potent
effects have been reported, there is no report about
apoptosis-inducing effects of morpholinone derivatives
on lung cancer cells. In connection with the apoptosis-
inducing program of our laboratory, we are interested
in extending our small molecules library to meet the
requirement of our research. Recently, we synthesized
a series of new 4-aryl-6-aryloxymethylmorpholin-3-one
derivatives in which the commercially available
compounds were used as starting material and they
suppressed A549 lung cancer cell growth.'* But, the
mechanism by which the morpholin-3-one derivatives
performed their functions remained unknown (Fig. 1).

Apoptosis, a universal genetic program of cell death in
higher eukaryotes, is a basic process involved in cellular
development and differentiation.'> Apoptosis may be
essential for the prevention of cancer cell proliferation,
and its deregulation is widely believed to be involved
in pathogenesis of many human diseases, including can-
cer.'® P53 can directly activate the transcription of genes
known to promote apoptosis.'”-!® P53 is the most exten-
sively studied tumor suppressor and acts in response to
diverse forms of cellular stress to mediate a variety of
anti-proliferative processes (review in Ref. 19). The
Fas antigen is a cell surface protein that can mediate
apoptosis and that belongs to the tumor necrosis factor
receptor family.?’ Fas is a key protein in apoptosis of
cells and tissues.>! Fas/APO-1 is expressed in human
airway epithelial cells and has a critical role in the
pathophysiology of various pulmonary disorders.??
Upregulation of Fas/APO-1 expression has been demon-
strated to induce apoptosis in hydrogen peroxide-treated
A549 cells.?? However, the role of Fas in controlling
apoptosis of the lung cancer is controversial. Some of
the anti-cancer agents have been observed that their
induction of apoptosis in lung cancer cells is not medi-
ated by Fas.?? The aim of this study was to investigate
whether the morpholin-3-one derivatives (1, 2, and 3)
can induce apoptosis and regulate the level of P53 and
Fas in A549 lung cancer cells.

Here, we report that the morpholin-3-one derivatives
could induce apoptosis and elevate the level of P53
and Fas in the lung cancer cells. Among the three deriv-
atives, the most effective one is compound 3. The find-
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Figure 1. Chemical structures of morpholin-3-one derivatives.

ings provided evidence for elucidating the molecular
mechanism of lung cancer cell apoptosis.

2. Results

2.1. Inhibitory effect of the morpholin-3-one derivatives on
the proliferation of A549 lung cancer cells

We first tested the anti-proliferative effect of morpholin-
3-one derivatives (compounds 1, 2, and 3) on A549 cell
growth by the MTT assay. As shown in Figure 2, the
proliferative inhibitory effect of morpholin-3-one
derivatives were in a dose-dependent manner. ICsy of
them was 38.02, 22.91, and 16.60 ug/ml, respectively.
According to the results of cell viability, we selected
40 pg/ml of morpholin-3-one derivatives as the most
appropriate concentration for the following study.

2.2. Effect of the morpholin-3-one derivatives on cell cycle
distribution

The results that morpholin-3-one derivatives inhibited
the proliferation of A549 cell led us to further
study the effects of them on cell cycle distribution.
After the cells were treated with 40 pg/ml of com-
pound 1 for 48 h, the percentage of the cells in S
phase obviously decreased to 14.82% and that in Gl
and G2/M phases increased to 63.25% and 21.93%
in comparison with the control group (G0-Gl1
53.34%; S 29.07%; G2-M 16.59%). The results indi-
cated that compound 1 partly arrested cell cycle at
Gl and G2/M phases (Fig. 3). After the cells were
incubated with 40 pg/ml of compounds 2 and 3 for
48 h, the percentage of the cells in S and G2/M phases
obviously decreased to 10.99% and 18.64%, and that
in Gl phase obviously increased to 79.44% and
73.3% in comparison with the control group (G0-G1
53.34%; S 29.07%; G2-M 16.59%). The results indi-
cated that compounds 2 and 3 made the cells partly
arrest at G1 phase (Fig. 3).
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Figure 2. Effect of morpholin-3-one derivatives on cell viability of
A549 lung cancer cells. We cultured A549 cells in the medium and
treated with or without morpholin-3-one derivatives (10, 20, 40,
80 pg/ml) for 48 h, respectively. The viability of cells was determined
by MTT assay as described in Section 4. *p <0.05, **p <0.01 vs.
DMSO. Mean values were derived from three independent
experiments.
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Figure 3. Morpholin-3-one derivatives arrested the cell cycle at G1 phase. A549 cells were cultured in the medium in the presence or in the absence of
morpholin-3-one derivatives (40 pg/ml) for 48 h. Cell cycle distribution assay was performed by using flow cytometry as described in Section 4. Data

presented are representatives of three independent experiments.

2.3. Effect of the morpholin-3-one derivatives on the
morphology and DNA fragmentation of A549 cells

Loss of cell cycle controls may initiate the apoptotic
program. Therefore, we investigated the effects of the
morpholin-3-one derivatives on A549 cell apoptosis.
First we observed the morphological changes of the cells
treated with the derivatives under a phase contrast
microscope. The results showed that the morphological
changes associated with apoptosis occurred. Many
apoptotic bodies were formed in the treated cells, espe-
cially in the cells treated with compound 3 (Fig. 4). To
further demonstrate the cell death was due to apoptosis,
we examined the DNA fragmentation of the treated cells
by acridine orange assay. Treated with three morpholin-
3-one derivatives at 40 pg/ml for 48 h, the cells presented
chromatin condensation and DNA fragmentation
(Fig. 5). We found compound 3 was the most effective
apoptosis inducer (Fig. 5d). The results showed that
the morpholin-3-one derivatives inhibited A549 cells’
proliferation by inducing apoptosis.

2.4. Morpholin-3-one derivatives elevated the level of P53
and Fas

P53 and Fas are two kinds of very important proteins in
controlling cell growth and apoptosis, so, we investi-
gated the effects of the derivatives on the level of these
proteins. As shown in Figure 6a, when the cells were
treated with 40 pg/ml of the morpholin-3-one derivatives
for 48 h, the relative level of P53 protein increased sig-
nificantly from 13.82 to 23.98, 22.41, and 33.73
(p <0.05 and p < 0.01) and P53 was accumulated in nu-
cleus in comparison with the control group. As shown in
Figure 6b, the relative level of Fas was remarkably ele-
vated from 6.96 to 21.53, 23.45, and 40.97 in the cells

treated with 40 pg/ml of the morpholin-3-one derivatives
for 48 h (p <0.01). At the same time, Fas protein distri-
bution on cell membrane was altered. In the control
group, Fas was diffusely distributed on the cell surface.
However, in the morpholin-3-one derivatives-treated
cells, Fas was assembled into patches, and some patches
were found to migrate toward one pole of the cell and
showed cap-like forms, especially in compound 3-trea-
ted group. The results indicated that the morpholin-3-
one derivatives might trigger A549 cell apoptosis
through elevating P53 and Fas level and changing their
distribution.

3. Discussion

There are some reports about the multiactivity of mor-
pholin-3-one derivatives.'!"'3> However, the effect of
them on lung cancer cell apoptosis is not known. In
our previous study, nine kinds of new morpholin-3-
one derivatives were synthesized and their effects on
the growth of A549 lung cancer cells were examined to
find new small molecules which could inhibit the cell
growth.'* We found that compounds 1, 2, and 3 were
the more effective small molecules in suppressing A549
lung cancer cell growth.'# In this study, we further inves-
tigated the possible mechanism by which morpholin-3-
one derivatives performed their actions in A549 cells.
The results showed that the morpholin-3-one derivatives
induced apoptosis and elevated the level of P53 and Fas
in A549 lung cancer cells.

The P53 tumor suppressor protein is a sequence-specific
DNA-binding transcription factor that induces cell cycle
arrest or apoptosis in response to genotoxic stress.”* It
has been also reported that P53 induces apoptosis and
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Figure 4. Effect of morpholin-3-one derivatives on A549 cell morphology. (a) The cells cultured in the medium without morpholin-3-one derivatives.
(b, ¢, and d) The cells treated with 40 pg/ml of compounds 1, 2, and 3 for 48 h, respectively. The photos were obtained by using a phase contrast

microscope.

cell cycle arrest in HeLa, INBL, CaSki, C33A, and ViBo
cell lines to respond to neocarzinostatin.?> Our results
showed that morpholin-3-one derivatives not only ele-
vated the level of P53 but also changed its localization.
P53 was shown to be actively transported through the
nuclear membrane in both directions. Nuclear localiza-
tion is essential for its growth-suppressing activity.?®
The results indicated that these compounds induced
apoptosis probably through increasing the level of P53
and accumulating the protein in nucleus. The result
was partly consistent with our previous report in which
we showed that safrole oxide could induce A549 cell
apoptosis probably by up-regulating the expression of
P53 protein, but safrole oxide did not change the local-
ization of P53.2” Here, we reported compound 3 was
more effective than safrole oxide in triggering apoptosis
of A549 cells because the ICsy of compound 3 was only
16.60 pg/ml.

Fas (also called Apo-1 or CD95), a death domain, has a
central role in the physiological regulation of pro-
grammed cell death.?® Previous report shows that syn-
thetic retinoid CD437 promotes Fas expression and
induces apoptosis in three human lung cancer cell lines
with wt p53.2° Our data showed that morpholin-3-one
derivatives not only elevated the level of Fas but also in-
duced Fas patching in A549 lung cancer cell with wt
p53. Cremesti et al. showed that in Jurkat cells Fas cap-
ping rapidly followed patching, ultimately, the cells
underwent apoptosis.3® Clustering of Fas induces the
formation of death-inducing signaling complex (DISC).

The formation of DISC results in autoproteolytic pro-
cessing of the initiator caspases and the effector caspas-
es.’! Thus, our data suggested that morpholin-3-one
derivatives induced apoptosis likely through Fas in
A549 cells.

In summary, the results showed that the morpholin-3-one
derivatives (40 pg/ml for 48 h) could induce apoptosis,
arrest the cell cycle partly at G1 phase, elevate the level
of P53 and Fas, and change the distribution of the two
kinds of proteins in A549 lung cancer cells. The data sug-
gested that the morpholin-3-one derivatives might be
used as apoptosis inducers to find new molecule target
for the cure of lung cancer and they will be very potential
candidates for developing anti-cancer drugs.

4. Materials and methods
4.1. Reagents and chemicals

Acridine orange (AO) was purchased from Shandong
Chemical Industries (Jinan, China). Anti-P53 and anti-
Fas monoclone antibodies were purchased from Sigma
Chemical Co. (St. Louis, MO). Secondary antibodies
(FITC-IgG) were obtained from Santa Cruz Biotechnol-
ogy. RPMI 1640 was obtained from Gibco BRL (Grand
Island, NY, USA) and Bovine calf serum was supplied
by Beijing DingGuo Biotechnology Co., China. DMSO
was bought from Shanghai Sangon Biological Engineer-
ing Technology and Services Company.
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Figure 5. Morpholin-3-one derivatives induced DNA fragmentation in A549 cells. (a) The nuclei of the cells cultured in the medium without
morpholin-3-one derivatives. (b, ¢, and d) The nuclei of the cells treated with 40 pg/ml of compounds 1, 2, and 3 for 48 h, respectively. Data presented

are representatives of three independent experiments.

4.2. General synthetic procedure of morpholin-3-one
derivatives (1, 2, and 3)

Compounds 1, 2, and 3 were synthesized by adopting
new strategy.' In short, the total process was divided
into two main steps where universally available aromatic
amines and epoxides were used as starting materials to
afford B-amino alcohols. And then, 2-chloroacetyl chlo-
ride reacted with B-amino alcohols to produce the
desired N-aryl-6-aryloxymethyl-morpholin-3-one deriv-
atives. The reaction of aminoalcohol with 2-chloroacetyl
chloride in the presence of potassium carbonate at 0 °C
afforded the corresponding hydroxyamide in good yield
(72-87%). The reaction of hydroxyamide with sodium
hydride in THF at —25 °C gave the corresponding alkox-
ide, to result in a spontaneous intramolecular ring clo-
sure to form morpholin-3-one in moderate to high
yield (76-92%). The structures of all the newly synthe-
sized compounds were assigned by IR, NMR, and mass
spectral data.

4.3. Cell culture

A549 lung cancer cells were cultured in RPMI 1640
medium at 37 °C with 5% CO,, and 95% air, supple-
mented with 10% (v/v) bovine calf serum and 80 U/ml
penicillin/streptomycin. The cells were seeded onto 96-
well plates or other appropriate dishes containing the
medium at the density of 6250 /cm>.

4.4. Cell viability assay

Cells were seeded onto 96-well plates and treated with
compounds 1, 2, and 3 at 20, 40, and 80 pg/ml for
48 h, respectively. Cell viability was determined by
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium) assay according to Price et al.’> The light
absorption was measured at 570 nm using Spectra
MAX 190 microplate spectrophotometer (GMI Co.,
USA).

4.5. Cell cycle distribution assay

The cells incubated with compounds 1, 2, and 3
(40 pg/ml) for 48 h were processed according to Sugiy-
ama et al.>> DNA content of cells was analyzed using
a FACSCalibur flow cytometry (Becton Dickinson,
USA). Cell cycle distribution was calculated by Mod-
ifit-3 program.

4.6. DNA fragmentation assay

The cells were incubated with compounds 1, 2, and 3
(40 pg/ml) for 48 h, and stained with 5 ug/ml of acridine
orange (AO) at room temperature for 1 min. Then the
cells were observed and photographed using the confo-
cal scanning laser microscope (TCS-SP2, Leica,
Germany).
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Figure 6. Effect of morpholin-3-one derivatives on the level of P53 and Fas in A549 lung cancer cells. (a) A549 cells were cultured in the medium in
the presence or in the absence of morpholin-3-one derivatives (40 pg/ml) for 48 h. The level of P53 was determined using immunofluorescence assay
as described in Section 4. Data presented are representatives of three independent experiments. (b) The quantity of P53 level in the four groups
mentioned above. The value of the figure represented the relative fluorescent intensity per cell determined by laser scanning confocal microscopy.
**p < 0.01 compared to control. (c) A549 cells were treated with or without morpholin-3-one derivatives (40 pg/ml). After 48-h treatment, the level of
Fas was determined by using immunofluorescence assay as described in Section 4. Data presented are representatives of three independent
experiments. (d) The quantity of Fas level in the four groups mentioned above. The value of the figure represented the relative fluorescent intensity
per cell determined by laser scanning confocal microcopy. *p < 0.05, **p <0.01 compared to control.

4.7. Immunofluorescence assay

After the incubation of compounds 1, 2, and 3 (40
pg/ml) for 48 h, the Fas and P53 level were analyzed
according to Zhao et al.>* After adding the primary anti-
bodies (rabbit anti-human Fas and P53 primary anti-
body) and secondary antibodies (FITC-IgG) in turn,
samples were photographed using laser scanning confo-
cal microscope (Leica, Germany). The immunofluores-
cence technique allows semiquantitative evaluation of
protein expression.?> The value of relative fluorescent
intensity per cell equals to the total value of sample in
scan zoom divided by the total number of cells (at least
100 cells) in same zoom. This assay was repeated at least

three times. Here, a representative result from three sim-
ilar experiments is shown.

4.8. Statistical analyses

Data were presented as means + SE and analyzed by
SPSS software. Pictures were processed with Photoshop
software. Mean values were derived from three indepen-
dent experiments.
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