
Abstract. Background: We previously reported novel
quinuclidinone analogs that showed both additive and
synergistic cytotoxicity in lung cancer cells. We aimed at
understanding the mechanism of these analogs and also their
cytotoxic effect on normal cells. The effects of these analogs
were studied in response to gamma radiation in H1299
human large cell lung carcinoma cells that are null for p53,
normal lung epithelial cell line (NL-20) and H1299 cells
stably transfected with p53. Materials and Methods: The
effects of the analogs were investigated by MTT assay,
clonogenic survival assay, sphingomylinase activity, 
Cox-2 activity, ELISA-based apoptotic assay, terminal
deoxynucleotidyl transferase dUTP nick end labeling assay,
immunofluoresence staining, flow cytometry, real-time reverse
transcription polymerase chain reaction and Western blot
analysis. Results: Our data indicated that 8a and 8b reduced
cell proliferation and induced apoptosis in H1299 cells more
than H1299-wt p53 cells and NL-20 cells, they also
radiosensitize H1299 cells to gamma radiation more than NL-
20 cells. 8a and 8b decreased cells in G2 phase in H1299
cells more than NL-20 cells, which is confirmed by increased
expression of cyclin B in H1299 cells, with no significant
increase in H1299-wtp53. 8a increased sphingomylinase
activity and ceramide level in H1299 more than the rest of
cells, it also reduced expression level and activity of COX-2
while it increased caspase-3 activity and induced PARP-1
cleavage. Both derivatives increased expression of p53 in
H1299-wt p53 level, while they did not show significant
increase in NL-20 cells. Interestingly, these analogs induced
apoptosis in H1299 and p53 stably transfected H1299 cells,
but they had less effect on normal lung epithelial cells (NL-

20). Conclusion: All these results confirm that our
quinuclidinone derivatives provoke cytotoxicity in lung cancer
cells more than normal cells, which is a feature not present in
most chemotherapeutic drugs.

Most cytotoxic agents used to treat cancer act by inducing
apoptosis (1, 2). However, a critical flaw in developing and
utilizing anticancer drugs is that most also kill normal cells.
Hence, it is important to identify compounds that are more
potent towards cancer cells than to the normal counterparts.
In this work, we report two interesting analogs that have
cytotoxic effects on lung cancer cell lines and have less
cytotoxic effects on normal lung epithelial cells. 

Previously, our lab reported novel quinuclidinone analogs
that induce cytotoxicity in a human non-small lung
carcinoma cell line (H1299) null for p53 (3). However, the
mechanisms by which these analogs induce cytotoxicity were
poorly understood. Here we examine the nature of the
growth inhibition in H1299 cells, H1299-wt p53 cells, NL-20
cells and the key players involved. The tumor suppressor
gene, p53, is a key component of a cellular emergency
response system which induces cell growth arrest or
apoptosis (4). Inactivation and mutations of p53 in cancer
may be responsible for accelerated cell growth and resistance
to therapeutic drugs (5, 6). We previously identified
methylxanthine derivatives that differentially radiosensitize
lung cancer cells depending upon p53 status (7). The
signaling cascade induced by p53 is likely to be complex and
may differ depending on the type of tissue examined (9-11). 

Apoptosis is a regulated biochemical process that balances
cell survival and death, maintaining normal tissue
homeostasis (12). In the molecular event of apoptosis, it has
been thought that mainly kinases and caspases are central in
mediating and transducing signals, but emerging reports
showed that lipid molecules also play a crucial role. Different
kinds of lipids reside in cell membranes, and they could be
released and transduce a signal from extracellular stimuli (13-
15). In fact, during apoptosis the concomitant ceramide
formation from sphingomyelin hydrolysis brings about
changes in membrane topology, which is the hallmark of
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apoptosis (16). Ceramide is well established as a bioactive
molecule, implicated in processes such as the cellular
response to stress, cell growth and apoptosis. Additionally,
sphingomyelin hydrolysis by sphingomyelinases (SMases)
has emerged as a key pathway of stress-induced ceramide
generation (17, 18). Recent studies have highlighted the
relevance of cyclooxygenase 2 (COX-2) in human
carcinogenesis. Increased levels of COX-2 have been reported
in numerous tumors, including head and neck squamous cell
cancer, as well as colorectal, breast, lung, skin stomach, liver,
and other types (19-23). Selective inhibition of COX-2 is
considered a novel therapy in both the chemoprevention and
treatment of solid tumors. Experimental animal data indicate
that COX-2 gene may be associated with carcinogenesis of
several types of human malignancies (24, 25).

Caspases are cysteine proteases, which are either
described as initiator caspases 2, 8, 9, 10 and 12 or as
effector caspases 3, 6 and 7. Caspase-8 and -9 are the two
main initiator caspases that are activated through the death
receptor and the mitochondrial pathway, respectively.
Caspase-3 activation marks the key process of nuclear
apoptosis, where it cleaves important apoptotic inducers,
such as DNA fragmentation factor 45 (DFF45), poly-(ADP-
ribose) polymerase (PARP), acinus and lamin (26, 27). 

We have previously synthesized novel quinonucleodinone
analogs and reported preliminary evidence of their cytotoxic
effect in lung cancer cell lines (Figure 1). Our novel
derivatives (8a and 8b) induced apoptosis in lung cancer cells
null for p53 more than normal lung epithelial cells (NL-20)
and p53 stably transfected H1299 by radiosensitizing H1299
cells to gamma radiation, reducing cells in G2/M phase,
increasing caspase-3 activity and reducing COX-2 activity.
8a increased sphingomylinase activity and ceramide levels in
p53 null cells, while 8b increased its activity in transfected
cells. p53 was overexpressed by both analogs in both normal
lung epithelial cells and p53-stably transfected cells, while
BAX expression increased in p53 null cells than p53 stably
transfected cells. The difference in activity between normal
and non-small cell lung carcinoma (NSCLC) cells may be
responsible for their diverse effects. Investigational studies
on more cancer cell lines and in vivo studies are in progress
in order to give more information about the mechanism of
action of these unique analogs.

Materials and Methods
Cell culture and drug treatment. H1299 cells that have a deletion of
the p53 gene were derived from a human large cell lung carcinoma
(provided by Jack Roth, M.D. Anderson Cancer Center, Texas,
USA). Cells were maintained in Dulbecco’s modified essential
media (DMEM) (Gibco, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 μg/ml
streptomycin at 37˚C in a 5% CO2 atmosphere (Gibco). NL-20, a
normal lung epithelial cell line (ATCC, Manassas, VA, USA), was

maintained in DMEM/F-12 media (Gibco) supplemented with 10%
FBS, 100 U/mL penicillin, 100 μg/mL streptomycin, insulin (1.2
g/L), transferrin (0.001 mg/mL), epidermal growth factor (EGF) (20
ng/μL) and hydrocortisone (500 ng/mL) at 37˚C in a 5% CO2
atmosphere. H1299 cells were stably transfected with wild-type p53
and maintained in supplemented DMEM described above. Cells
were transfected using Lipofectamine (Invitrogen, CA, USA) and
stable transformants were selected with G418 (300 mg/L). All
selected quinuclidinone analogs were prepared at a concentration of
100 μM and dissolved in suitable media.

Methyl tetrazolium (MTT) bromide mitochondrial activity assay.
Cell viability was measured by the MTT bromide mitochondrial
activity assay (ATCC). Briefly, 4000-5000 cells/well in 100 μL of
medium were seeded in a 96-well plate for 24 h prior to drug
treatment. The media was then changed to media with analogs (100
μM) and cells were treated with gamma radiation (4 Gy). After 24
hours, 10 μL of 5 mg/mL MTT reagent was added to each well cells
were and incubated for 4 h. After incubation, 100 μL of detergent
reagent was added to each well to dissolve the formazan crystals.
The absorbance was determined at a wavelength of 570 nm. Cells
treated only with irradiation were used as controls. Each assay was
performed in triplicate and standard deviation determined.

Clonogenic survival assay. Cell survival following gamma radiation
was measured by clonogenic assays in monolayer in 10 cM plates.
Cells were plated in triplicate and were grown for 2 days to
approximately 70% confluency. Quinuclidinone analogs were
dissolved in culture media at a final concentration of 100 μM and
added to the plated cells 30 min prior to irradiation. Cells were
irradiated with different doses of gamma radiation, ranging from 2.5-
10 Gy, from a 137Cs source (J. L. Shepherd and Associates, CA,
USA). After 24 h, the media containing the analogs was removed
and replaced with fresh media without the derivatives. The cells were
grown for 14 days to monitor colony formation. Colonies of at least
50 cells were scored as clonogenic survivors. The surviving fraction
was determined by the proportions of seeded cells that formed
colonies after drug and radiation treatment relative to the control
cells, which were irradiated with gamma radiation without prior drug
treatment. Each data point was derived from the results of 3
independent experiments and expressed as mean±standard deviation.

Enzyme-linked immunosorbent apoptosis assay (ELISA). Cells were
seeded at a density of 2×104/ well in a 96- well plate and incubated
for 24 hours. Media was changed to media containing the different
analogs (100 μM) 30 min before irradiation. Cells were then incubated
for 24 hours. ELISA was performed using Cell Death Detection
ELISAPLUS kit (Roche-Applied Science, IN, USA) that measures
histone release from fragmented DNA in apoptosing cells. Briefly,
cells were lysed with 200-μL lysis buffer for 30 min at room
temperature. The lysate was centrifuged at 200 ×g for 10 min. 150 μL
of supernatant was collected, of which 20 μL was incubated with anti-
histone biotin and anti-DNA peroxidase at room temperature for 2 h.
After washing with incubation buffer three times, 100 μL of substrate
solution (2,2’azino-di(3-ethylbenzthiazolin-sulphuric acid) was added
to each well and incubated for 15-20 min at room temperature. The
absorbance was measured using an ELISA reader (Spectra Max Plus;
Molecular Devices, Carlsbad, CA, USA) at 405 nm. The control group
were cells treated with either UV or gamma radiation. Each assay was
carried out in triplicate and standard deviation determined.
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TUNEL and DAPI staining. For in situ detection of apoptotic cells,
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay was performed using DeadEnd™ fluorimetric
tunnel system (Promega, Madison, WI, USA). Cells were cultured
on 4-chamber slides (VWR, Radnor, PA, USA) at a density of
2×104 cells/ chamber. After treatment with 100 μM of the
derivatives, cells were washed with phosphate-buffered saline (PBS)
and fixed by incubation in 4% paraformaldehyde (PFA) for 20 min
at 4˚C. The fixed cells were then incubated with digoxigenin-
conjugated dUTP in terminal deoxynucleotide transferase
recombinant (rTdT)-catalyzed reaction and nucleotide mixture for
60 min at 37˚C in a humidified atmosphere and then immersed in
stop/wash buffer for 15 min at room temperature. Cells were then
washed with PBS to remove unincorporated fluorescein-12-dUTP.
After washing with PBS, cells were incubated in 1 μg/ml DAPI
(4’,6-diamidino-2-phenylindole) solution for 15 min in dark (data
not shown). Cells were observed with fluorescence microscopy (RT
slider Spot, Diagnostic Instruments, Inc) and photographed at ×100
magnification.

Flow cytometric analysis. Cells were seeded at a density of 3-5×105/
10 cm plate and incubated for 24 h before radiation. Media was
changed to media containing the different analogs (100 μM), 30 min
before irradiation. Cells were exposed to 4 Gy gamma radiation. 
24 h after drug and radiation treatment, cells were harvested by
trypsinization. The cells were washed with PBS and fixed with ice-
cold 70% ethanol while vortexing. Finally, the cells were washed
and resuspended in PBS containing 5 μg/mL RNase A (Sigma, St.
Louis, MO, USA) and 50 μg/mL propidium iodide (Sigma) for
analysis. Cell cycle analysis was performed using FACScan Flow
Cytometer (Becton Dickson, Bohemia, NY, USA) according to the
manufacturer’s protocol. Windows multiple document interfaces
(WinMDI, Bohemia, NY, USA) software was used to calculate the
cell-cycle phase distribution from the resultant DNA histogram, and
expressed as a percentage of cells in the G0/G1 and G2/M phases.
The apoptotic cells were determined on the DNA histogram as a
subdiploid peak.

Sphingomylinase assay. Sphingomylinase activity was determined in
vitro by Amplex Red sphingomylinase assay (Molecular probes,
Carlsbad, CA, USA) in a 96-well microplate reader according to

manufacturer’s protocol. Briefly, 4,000-5,000 cells/well in 100 μL of
medium were seeded in a 96-well plate for 24 h prior to drug
treatment. The media was then changed to media with analogs (100
μM). Samples were diluted with reaction buffer and pipetted into a
96-well microplate. 100 μL of 100 μM (Amplex Red reagent;
Molecular Probes, Carlsbad, CA, USA) containing 2 U/ml horse-
radish peroxidase (HPR), 0.2 U/ml choline oxidase, 8 U/ml alkaline
phosphatase and 0.5 mM sphingomyline working solution was added
to each sample and incubated for 30 min, protected from light.
Fluorescence was measured in a fluorescence microplate reader
(Spectra Max Plus;) using exciation range of 530-560 and emission
detection at 590 nm.

Ceramide measurement. Ceramide was quantified by the
diacylglycerol (DAG) kinase assay. Briefly, cells were extracted with
methanol:chloroform:1 N HCl (100:100:1, v/v/v). The lipids in the
organic phase were dried under vacuum, resuspended in 100 μl of
reaction mixture containing [γ-32P]ATP, and incubated at room
temperature for 1 h. The reactions were terminated by extraction of
lipids with 1 ml of methanol-chloroform-1 N HCl, 170 μl of buffered
saline solution, and 30 μl of 0.1 M ethylenediaminetetra-acetic acid
(EDTA). The lower organic phase was dried under vacuum, and the
lipids were resolved by thin-layer chromatography on silica gel 60
plates (Whatman, Piscataway, NJ, USA) using a solvent of
chloroform-methanol-acetic acid (76:18:6, v/v/v). 32P-labeled
ceramide-1-phosphate was detected by a phosphoscreen and
analyzed by a phosphorimager machine (Lab X, Midland, ON,
Canada). All treatments for ceramide analysis were done in
duplicate; each experiment was repeated three times.

COX-2 assay. COX-2 activity was determined according to
manufacturer’s control (Assay Designs, Ann Arbor, MI, USA).
Briefly, 107 cells were lysed by sonicating cells in TNE (Tris-NaCl-
EDTA buffer conatining10 mM Tris, pH 8, 0.15 M NaCl, 1% 
NP-40, 1 mM EDTA). The supernatant was collected and after 5
min centrifugation at 15,000 rpm and assayed immediately. A
standard curve was constructed using different concentrations of
human COX-2 according to manufacturer’s protocol, from which
the concentrations of samples were determined. One hundred
microliters of primary antibody was added to each sample and
incubated at 4˚C for 30 min. Then the wells were washed 2-3 min.
One hundred microliters of substrate was added and incubated in
dark for 30 min and reaction was stopped by adding 100 μL 1 N
sulfuric acid. Optical dentistry was determined at 450 nm against
blank (Spectra Max Plus; Molecular Devices).

Caspase-3 activity. Caspase-3 activity was assayed according to
manufacturer’s protocol (Assay Designs). Briefly, 5×106 cells were
lysed in 100 μL lysis buffer containing 10 mM HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid), pH 7.4, 2 mM EDTA,
0.1% 3-[(3- cholamidopropyl)dimethylammonio]-1-propanesulfonate
(CHAPS), 5 mM, 350 μg/ml phenylmethylsulfonyl fluoride (PMSF)
and 5 mM dithiothreitol (DTT). Cell were homogenized by three
cycles of freezing and thawing and then centrifuged to remove the
cellular debris. Each sample was then incubated in buffer containing
10 mM HEPES, pH 7.4, 2 mM EDTA, 0.1% CHAPS, 5 mM EDTA
supplemented with Ac-DEVD-AFC (acetyl-Asp-Glu-Val-Asp-7-
amino-4-trifluoromethylcoumarin) for 1 hour at room temperature
and then reaction was stopped with 1 N HCl. OD405 was measured
using a spectrophotometer (Spectra Max Plus; Molecular Devices).
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Figure 1. Structure of selected quinuclidinone analogs.



Transfection of p53. H1299 cells were transfected with pCMV-p53
(human) plasmid using Lipofectamine (Gibco) as recommended
according to manufacturer’s protocol. Briefly, solution A and
solution B (Lipofectin reagents; Invitrogen) were mixed and
incubated for 20 minutes. The Lipofectin–DNA solution was
added to cells, plated at 1×105/10 cM plates and incubated for 6
hours at 37˚C in a CO2 incubator. The media was aspirated and
changed to normal media. G418 (300) mg/L (Gibco) was added to
the culture to select from transfected cells. After 3 weeks, single
independent cell clones were isolated and each clone was plated
independently. 

Western blot analysis. The expression of p53, COX-2, cyclin B and
PARP-1 was tested by Western blotting analysis using p53 stably
transfected cells and normal lung epithelial cells. The samples were
normalized and the loading dye (50 mM Tris-Cl pH 6.8, 100 mM
β-mercaptoethanol, 2% SDS, 0.1% bromophenol blue, 10%
glycerol) was added. The samples were heated at 95˚C for 5 min
and the proteins separated on sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were
then transferred to polyvinylidene difluoride (PVDF) transfer
membrane (Millipore Corporation, MA, USA) using a semi-dry
transfer apparatus (OWL; Biocompare, San Francisco, CA, USA).
The membrane was blocked with 5% non-fat milk in PBS
containing 0.25% tween-20 (Sigma-Aldrich, MO, USA) (PBS-T) at
room temperature (RT) for 1 h and then incubated with the
appropriate primary antibodies (Bp-53 monoclonal mouse antibody;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a 1:500
dilution in 5% milk PBS-T overnight at 4˚C. The membrane was
washed quickly three times and then two 5 min wash and incubated
with the appropriate secondary antibody conjugated to HRP (goat
anti mouse antibody, Santa Cruz Biotechnology) at a 1:20,000
dilution in 5% milk PBS-T for 1 h at RT. The membrane was
washed in PBS-T, three quick washes and three 15 min washes to
remove unbound antibodies and proteins were detected by
autoradiography using the ECL Advanced Western Blotting
Detection Kit (Amersham Biosciences, NJ, USA). 

Real-time quantitative RT-PCR. H1299 cells and p53 stably transfected
cells were cultured in 5% CS and 1% penicillin streptomycin-
containing DMEM to 60% confluency and then the cells were
switched to new culture media supplemented with 100 μM of
derivatives. After 48 h, RNA was extracted using RNeasy total RNA
extraction kit (Qiagen, Inc., Valencia, CA, USA) according to the
manufacturer’s protocol. The quality of RNA was verified using 12%
formaldehyde agarose gel electrophoresis and the concentration of the
total RNA extracted was measured using spectrophotometer at 260 nm.
3 μg of the total extracted RNA was subjected to RT-PCR and cDNA
was synthesized using the Biorad iScript™ Select cDNA Synthesis kit
(Biorad, Hercules, CA, USA) containing random and oligo DT primer
mix. The cDNA produced was used to specifically quantify the
transcript of interest using RT² PCR. The primers for the house-
keeping gene GAPDH were forward, 5’-AGCCACATCGCTC
AGACAC; reverse, GCCCAATACGACCAAA TCC. BAX forward
primer: GCAGGGAGGA TGGCTGGG GAG and BAX reverse
primer: TCCAGACAAGCAAGCAGCGCTTCA GC. The SyBr green
dye intercalates with the double-stranded cDNA being formed during
PCR, allowing an easy quantification of cDNA to indirectly quantify
the original RNA transcripts present. Thermal cycling conditions were
designed as follows: RNA retro-transcription at 48˚C for 30 min

followed by an initial denaturation at 95˚C for 10 min and 40 cycles of
95˚C for 15 s and 60˚C for 1 min. The relative quantification of gene
expression was performed using the comparative CT method (Ct).
Each evaluation was performed in triplicate in three independent
experiments. 

Statistical analysis. All data were analyzed by Student t-test and
expressed as mean±standard deviation. A p-value of less than 0.05
was considered statistically significant. All of the experiments were
carried out in triplicate.

Results

Effect of quinuclidinone analogs on cell viability. Our initial
screening used MTT assay using 100 μM concentration of
quinuclidinone analogs in H1299 cells, NL-20 cells and p53
stably transfected H1299 cells (Figure 2 A, B and C). In
H1299 cells, both the benzylidine analog (8a) and acetonide
derivative (8b) a showed significant decrease in cell viability
compared with all the other analogs. Their effect was more
efficient and synergistic when combined with gamma radiation
(Figure 2A). In p53-stably transfected cells the pattern of cell
viability was changed, as with many analogs, including the
lead compound 4, showing a more efficient decrease in cell
viability (Figure 2B). However, 8a and 8b still are the most
potent analogs. Interestingly, in NL-20 cells, 8a and 8b had
less cytotoxic effect on cell viability, while other analogs (8c,
8d, 8e) were more potent and cytotoxic to normal (Figure 2C).
Cytotoxicity was determined in the presence of 100 μM
cisplatin as a control chemotherapeutic drug (Figure 2D).

Apoptotic response by quinuclidinone analogs. Apoptosis
was examined in H1299, NL-20 and p53 stably transfected
H1299 cells after treating them with 100 μM of the selected
analogs by ELISA, in order to detect histone release. In both
H1299 cells and p53 stably transfected cells, 8a and 8b
increased induction of apoptosis compared to all other
analogs. However, their effect was slightly lower in
tranfected cells. Interestingly, in NL-20 cells, 8a and 8b were
the analogs least able to induce apoptosis, whereas 6c, 8c,
8d and 8e greatly increased apoptosis (Figure 3A). 

TUNEL assay. TUNEL assays were performed in order to
ascertain induction of apoptosis by 8a and 8b H1299 and
p53-stably transfected cells. In H1299 cells, the assay
revealed the presence of nuclear condensation and TUNEL-
positive cells after treating cells with 100 μM of 8a and 8b
(Figure 3B). Fewer TUNEL-positive cells were found after
treating p53 stably transfected H1299 cells with the same
derivatives (Figure 3B). 

Effect of quinuclidinone analogs on cell survival after
radiation. Cell survival was measured by clonogenic assays
after drug treatment and gamma radiations. 8a and 8b
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Figure 3. Induction of apoptosis in H1299 cells, NL-20 cells and H1299-wt transfected cells with 100 μM analogs and 24 h duration interval. Each
data point is the mean of three independent experiments and expressed as mean±SD. Induction of apoptosis is represented by absorbance at 405 nm.
Characterization of induced cell death in H1299 (A) cells and p53 stably transfected cells (B). Cells were treated with DAPI and stained via TUNEL
assay. Cells were treated with 100 μM of 8a and b and compared to control (non-treated cells). DAPI was used to stain the nuclei. FITC:
Fluorescein-12 dUTP labeled DNA.



decreased cell proliferation synergistically in the presence of
different doses of gamma radiation (2.5-10 Gy) in H1299
cells, p53 -stably transfected cells and normal lung epithelial
cells (Figure 4A, B, C) in a dose-dependent manner. The
effects of 100 μM analogs were compared to the control
group that consisted of cells treated only with irradiation.
Although 8a and 8b are non-significantly different, they are
significantly different from the control group. 8a and 8b
greatly decreased clonogenic survival in H1299 more than
corresponding p53 stably transfected cells (Figure 4A, B). 8a
and 8b had less effect on clonogenic survival in NL-20 cells

than lung cancer cell lines (Figure 4C). In all tested cell
lines, the percentage of clonogenic survival at higher doses
of gamma radiation (7.5 and 10 Gy) was greatly reduced to
less than 10%.

Impact of quinuclidinone analogs on cell cycle checkpoints
using flow cytometry. Flow cytometry was used to examine
the effects of the derivatives on cell cycle checkpoints as
well as cell proliferation or apoptosis. The percentage of
cells in G1, S, G2, and apoptosis were determined after
treating cells with different analogs (100 μM) (Figure 5A, B,
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Figure 4. Effect of different doses of gamma radiation on clonogenic survival in H1299 cells (A), NL-20 cells (B) and  H1299-wt p53 transfected cells
(C) with (100 μM) of different quinuclidinone derivatives. Each data point is an average of three independent experiments and expressed as
mean±SD.



and C). H1299 cells that were irradiated and harvested 24 h
post irradiation showed an increase in the percentage of G1
cells compared to G2 (49% versus 27%, respectively)
(p<0.05), which indicates that cells were arrested in G1
phase. However, both 8a and 8b significantly reduced the
number of cells arrested in G1 (3% and 4%, respectively)
compared to irradiated cells (49%), (p<0.05) and they also

significantly reduced the number of cells in G1 (7% and 18%
respectively) compared to the irradiated group (27%)
((p<0.05). They also significantly increased the percentage
of apoptosis after radiation in H1299 cells to 89% and 74%
respectively (p<0.05) compared to the irradiated group
(18%) (Figure 5A). In p53 stably transfected cells, 8a and 8b
slightly decreased the number of cells in G1 phase, increased
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Figure 5. Impact of quinuclidinone derivatives on cell cycle phases in H1299 (A) cells and H1299-wtp53 transfected cells  (B) and , NL-20 cells (C)
at 4 Gy of gamma radiation and 24 h duration interval. Each data point is the mean of three independent experiments and expressed as the mean±SD.
Expression of cyclin B was determined by Western blot analysis using β-actin as control (D).



the number of cells in G2 phase to 25% and 31% compared
to the irradiated control group 22%, and induced apoptosis
to 28% and 23% compared to the irradiated group, 19%

(Figure 5B). In NL-20 cells, 8a and 8ab were the analogs
least able to induce apoptosis (36% and 31%, respectively).
They abrogated the G2/M checkpoint and directed cells to
apoptosis without significant effect on the G1 checkpoint
(Figure 5C). The expression level of cyclin B was
significantly increased upon 8a treatment in H1299 cells,
while there was significant change in H1299-wt p53 cells
(Figure 5 D).

Sphingoylinase assay. SMases represent central elements of
the so-called sphingomyelin/ceramide signaling pathway,
which play an important role in the induction of apoptosis.
We tested SMases activity for all the analogs (100 μM) in
H1299 cells, p53- stably transfected H1299 cells, and normal
lung epithelial cells (Figure 6A). In H1299, only 8a
significantly increased SMases activity, to almost double the
activity of all the other analogs, including the control group.
In p53 stably transfected cells, only 8b and 8c increased
SMases activity compared to all the other analogs. In NL-20
cells, none of the derivatives had an effect on SMases
activity. 8a was capable of inducing significant increases in
ceramide levels in exposed cells compared with non-treated
cells (Figure 6 B).

COX-2 activity. COX-2 is an inducible enzyme expressed in
response to cytokines, growth factors, and it is also
overexpressed in non-small cell lung carcinoma (NSCLC).
Our data showed that COX-2 is overexpressed in H1299 cells
compared to p53 stably and Nl-20 cells. There was a
significant reduction of COX-2 activity in H1299 cells by 8b
followed by 8a (Figure 7A). Similar results were found in
p53 stably transfected cells and less reduction of COX-2
activity by 8a and 8b was found in Nl-20 cells. These results
indicate that our derivatives might serve as potential COX-2
inhibitors. Both 8a and 8b reduced COX-2 expression level
in H1299 cells by Western blot analysis (Figure 7B). 

Caspase-3 activity and PARP-1 cleavage. As caspase-3
appears to be the predominant caspase involved in p53-
induced cell death, we determined the effect of the most
potent analogs on caspase-3 activity. There was a slight
increase in caspase-3 activity after irradiating cells with 4
Gy gamma radiation, while there was a significant increase
in its activity after treating cells with 8a and 8b in
combination with gamma radiation compared to the control
and the irradiated only group. In p53 stably transfected
cells, there was a slight and non-significant increase in
caspase-3 activity, although there was an increase in its
activity after irradiation only (Figure 7C). The increase in
caspase-3 activity in H1299 cells was further confirmed by
determining PARP-1 cleavage. The results seen in Figure
7D indicate that 8a increased expression of PARP-1 (80
kDa ) in H1299 cells.
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Figure 6. Impact of 8a and 8b on sphingomylinase activity in H1299 cells,
p53 stably transfected cells and NL-20 cells in the presence and absence of
gamma radiation (A). Each data point is the average of three independent
experiments and expressed as the mean±SD. All experiments were carried
out with 100 μM of each derivative. Ceramide was quantified by the
diacylglycerol (DAG) kinase assay (B) and expressed as the mean±SD and
Detection of ceramide by IHC was performed with anti-ceramide MAb (C).



p53 protein expression. H1299 cells were stably transfected
with p53 and expression of p53 was determined (Figure 8A
and Figure 8B). In both NL-20 and p53 stably transfected
cells, p53 was overexpressed after treating cells with 100 μM
8a and 8b compared to the irradiated group. However, there
was significant expression of p53 in p53 stably transfected
cells compared to NL-20 cells.

BAX expression and immunohistochemical staining. BAX, a
primary target of p53, induces cell death through disruption of
mitochondrial permeability and subsequent release of cytochrome
c. We wanted to see if BAX is a downstream target of p53 in a
p53-dependent or a p53 independent apoptotic pathway. The data
showed that 8a and 8b increased BAX protein level in
comparison to the control group alone, in H1299 cells more than
H1299-wt p53 (Figure 9A). Immunohistochemistry of Bax in
H12299 and H1299-wt p53 cells is illustrated in Figure 9B.

Discussion

Lung cancer has been identified as the most lethal form of
cancer and is classified into two main types, small cell lung
carcinoma (SCLC) and NSCLC, based on the invading cell

morphology. NSCLCs are more to be resistant to
chemotherapy (28, 29). Therefore, demands for efficient
therapy are needed to control growth and multiplication of
this type of cancer.  

One of the most important challenges in the development
and the design of new anticancer agents is the understanding
of the molecular differences between tumor and normal cells,
which can help to target new anticancer agents to eliminate
cancer cells with a reduced cytotoxic effect on normal cells.
Our data showed two interesting analogs that were cytotoxic
towards lung cancer cell lines but have less cytotoxic effect
towards normal cells. Many drugs have been used for the
treatment of lung cancer cells by inducing apoptosis through
pathways that are p53-dependent and independent (3, 7, 30).
p53, a tumor suppressor protein, is an essential mediator in
the cellular response to DNA damage by causing G1/G2 cell
cycle arrest and/or apoptosis (31). However, apoptosis
susceptibility does not always correlate with p53 expression
and in many cases it is tissue- and cell-type specific (9-11).
Compounds that could increase p53 activity would be very
beneficial to cancer therapy. On the other hand, over 50% of
human tumors have mutations in p53, therefore agents that
do not rely on p53 activity are also appealing. In this work,
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Figure 7. Impact of quinuclidinone derivatives COX-2 activity, Caspase -3 and Parp1 cleavage. was determined in H1299 cells, p53 stably transfected
cells and NL-20 cells in the presence of 100 μM 8a and 8b. Effect of quinuclidinone derivatives on COX-2 activity (A, B), caspase-3 activity (as
indicated by (DEVD-pNA) cleavage) (C) and PARP-1 cleavage (D) in H1299 cells, p53 stably transfected cells and NL-20 cells in the presence of
100 μM 8a and 8b. Each data point is an average of three independent experiments and expressed as the mean±SD. 



two interesting analogs, 8a and 8b, induced apoptosis in p53-
independent mechanisms in H1299 cells and they also
induced apoptosis to a lesser extent in H1299 cells stably
transfected with p53. They have the least effect on NL-20
cells. The pharmacological bypassing of G2 checkpoints is a
powerful strategy for increasing the response to
chemotherapy and radiotherapy (32, 33). Hence, combined
treatment with cytotoxic agents is designed to circumvent the
radiation-induced G2 checkpoint, while at the same time
maintaining the benefits of an intact G1 checkpoint in normal
cells (34, 35). The cell cycle checkpoints G1 and G2 were
abrogated by quinuclidinone analogs in H1299 cells due to
the absence of p53 function. In Nl-20 cells and p53 stably
transfected cells, p53 has more control on cell cycle
checkpoints and fewer cells were directed to apoptosis. In
this work, we report that 8a and 8b induced apoptosis via a
decrease in the percentage of cells in the G2/M phase. It also

increased the sensitivity of H1299 cells to radiation, as
indicated by clonogenic survival assay, and a greater
induction of apoptosis, as indicated by flow cytometric
analysis data. Cyclin B1 has been classified as a G2 cyclin
because the accumulation of this protein begins at the S
phase. It is essentially restricted to the G2-M transition,
reaches a maximal level at mitosis, and then is rapidly
degraded at metaphase-anaphase transition. The protein
complex of cyclin B1 and cyclin-dependent protein kinase 1
induces phosphorylation of key substrates that mediate cell
cycle transition during the G2-M phase (36). Our data
indicated that 8a, which is a potent analog, increased cyclin
B level in H1299 cells, while it did not have any significant
effect in H1299-wt p53 cells. 
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Figure 8. Western blot analysis. p53 expression was compared in stably
transfected H1299 cells and NL-20 cells (B) in the presence of 100 μM
8a and 8b in combination with 4 Gy compared to irradiated group only
and control groups. ß-Actin was used as an internal control to monitor
equal protein sample loading. Figure 9. mRNA was extracted and was reverse transcribed to cDNA for

real-time PCR analysis of mRNA level (A). Each data point is an
average of three independent experiments and expressed as the
mean±SD. Immunohistochemistry of BAX in the presence and absence
of 8a and 8b in H1299 and H1299-wt p53 (B).



Many different pathways may lead to the same
chemotherapeutic-induced apoptosis, therefore, it becomes
pertinent to identify the key players involved in the apoptotic
process induced by quinuclidinone derivatives. Some death
receptors, such as TNF-α, Fas and TRAIL, can activate
SMase, causing the hydrolysis of sphingomyelin to
diacylglyerol and ceramide. Ceramide is an important second
messenger that carries the signal of apoptosis forward (37-
39). The role of SMase activation and the subsequent release
of ceramide was observed in some of the initial studies of
doxorubin, cisplatin and gemitabine, but was activated in
normal and cancer cells at similar levels (17, 18). Intriguingly,
SMase activity in 8a-treated cells was more significantly
affected in cancer cells more than normal cells. Caspase-3
plays a crucial role in DNA damage-induced apoptosis
because it is frequently activated during apoptosis which is
induced by various death stimuli, including anticancer drugs
(26, 27). In the present study, we show that caspase-3 is
required for IR- and 8a and 8b-induced apoptosis of H1299
cells with PARP-1 cleavage and p53 -stably transfected cells
though there was non-significant increase in caspase-3
activity in NL-20 cells. We found that SMase was stimulated
in H1299 cells by the quinuclidinone analog 8b, with a
concomitant increase in caspase-3 activity, as a key factor in
the execution phase of apoptosis. Quinuclidinones 8b and 8c
increased in NL-20 cells but did not induce apoptosis as in
H1299 cells, perhaps due to a non-significant increase in
caspase-3 activity.

COX-2 is overexpressed in many types of tumors,
including lung cancer and of NSCLC in particular (40). It
has been documented that there is a reduced risk of NSCLC
with an increase use of aspirin, as it is a typical COX-2
inhibitor. There are many COX-2 inhibitors that have
potential inhibitory effects on NSCLC (41-43). Moreover,
Celecoxib had a cancer preventive effect and it reduced
tumor growth in a number of tumor types such as NSCLC
(44). Our novel derivatives showed a significant reduction of
COX-2 activity in NSCLC with deletion of p53. 

p53 is an attractive target for treatment with gamma
radiation and other anticancer agents because of its important
role in inducing apoptosis (9). However there are contradictory
reports about the role of p53 in chemosensitivity and
radiosensitivity. Many studies reveal the role of wild-type p53
in chemosensitivity, such as in breast carcinoma, colorectal
carcinoma and soft tissue sarcoma, with chemotherapeutic
agents such as doxorubcin, 5-FU and topotecan (10, 11). On
the other hand, other groups report that inactivation of p53
enhanced sensitivity to multiple anticancer drugs (5, 6). Thus,
the role of p53 and the use of various anticancer drugs, in
combination with radiation, may well be tissue- and tumor-type
specific. Both quinuclidinone analogs 8a and 8b increased
expression of p53 in NL-20 cells and p53 stably transfected
cells. BAX, a member of the BCL-2 family, plays key role in

mediating the apoptotic response. After DNA damaging
signals, cytosolic BAX translocates to the mitochondria and
homodimerizes, and then is thought to cause the release of
cytochrome c which initiates the program of cell death (45).
Our results showed that 8a and 8b significantly increases BAX
expression in p53 null cells more than p53 stably transfected
cells, indicating that BAX-induced apoptosis might receive
signaling independent of p53. Here, we report potential novel
anticancer drugs which induce cellular death of cancer cells
versus normal cells, initiating a path for target based drug
development. Investigational studies with more cancer cell lines
and in vivo studies are in progress on these novel analogs.
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