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Cantharidin induces apoptosis of H460 human lung cancer
cells through mitochondria-dependent pathways
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Abstract. Lung cancer is one of the leading causes of death
in cancer-related diseases. Cantharidin (CTD) is one of
the components of natural mylabris (Mylabris phalerata
Pallas). Numerous studies have shown that CTD induced
cytotoxic effects on cancer cells. However, there is no report
to demonstrate that CTD induced apoptosis in human lung
cancer cells. Herein, we investigated the effect of CTD on
the cell death via the induction of apoptosis in H460 human
lung cancer cells. Flow cytometry assay was used for exam-
ining the percentage of cell viability, sub-G1 phase of the
cell cycle, reactive oxygen species (ROS) and Ca** produc-
tions and the levels of mitochondrial membrane potential
(A®,). Annexin V/PI staining and DNA gel electrophoresis
were also used for examining cell apoptosis. Western blot
analysis was used to examine the changes of apoptosis
associated protein expression and confocal microscopy for
examining the translocation apoptosis associated protein.
Results indicated that CTD significantly induced cell
morphological changes and decreased the percentage of
viable H460 cells. CTD induced apoptosis based on the
occurrence of sub-Gl phase and DNA fragmentation. We
found that CTD increased gene expression (mRNA) of
caspase-3 and -8. Moreover, CTD increased ROS and Ca?
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production and decreased the levels of AW,,. Western blot
analysis results showed that CTD increased the expression
of cleavage caspase-3 and -8, cytochrome ¢, Bax and AIF
but inhibited the levels of Bcl-xL. CTD promoted ER stress
associated protein expression such as GRP78,IREla, IREI,
ATF6a and caspase-4 and it also promoted the expression of
calpain 2 and XBP-1, but inhibited calpain 1 that is associ-
ated with apoptosis pathways. Based on those observations,
we suggest that CTD may be used as a novel anticancer
agent for the treatment of lung cancer in the future.

Introduction

Lung cancer is the major cause of death in cancer-related
disease in the developed world. It was estimated that about
1.2 million new cases are diagnosed each year worldwide,
and of those patients with lung cancer, over 1 million die
annually (1). In Taiwan, it is the leading type of cancer
causing death; the reports in 2010 from the Department of
Health (Taiwan) indicated that 36.8 individuals per 100,000
die annually from lung cancer in Taiwan. The treatment
of patients with lung cancer includes surgical resection,
chemotherapy, radiation or the combinations of chemo-
therapy and radiation (2,3). However, the outcome remains
unsatisfactory.

The dried body of mylabris (Mylabris phalerata Pallas)
was reported to treat malign sores and to relieve blood stasis
in the Chinese population (2,3). CTD, a terpenoid, is one
of the compounds from mylabris, and has been shown to
induce apoptosis in murine erythroleukemia cells (4), human
hepatocellular carcinoma cells (5), human multiple myeloma
cells (6), human pancreatic cancer cell lines (7,8), human
bladder carcinoma cell line (9,10), breast cancer cells (11)
and human colon cancer cells (12). It was reported that CTD
is a potent and selective inhibitor of protein phosphatase 2A
(PP2A) (8). In human bladder carcinoma cell line, CTD
induced secondary necrosis and COX-2 overexpression (8)
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and in rat, CTD induces cystitis through c-Fos and COX-2
overexpression (13).

Recently, in patients with molluscum contagiosum,
they were treated with CTD and experienced minimal side
effects and provided important prospective safety data (14).
Moreover, in primary hepatoma, CTD and its analogs have
shown therapeutic effects in clinical trials, while these effects
include cases at the advanced stage without the suppression of
the bone marrow (15). Although numerous studies have shown
that CTD can induce cytotoxic effects in many cancer cell
lines, however, there is now reports to show that CTD affects
human lung cancer cells, thus, in the present study, we inves-
tigated the cytotoxic effects of CTD on human lung cancer
H460 cells and we found that CTD induced cell death through
the induction of apoptosis in vitro.

Materials and methods

Chemicals and reagents. CTD, dimethyl sulfoxide (DMSO),
4',6-diamidino-2-phenylindole (DAPI), propidium iodide (PI)
and Trypsin-EDTA were obtained from Sigma Chemical Co.
(St. Louis, MO, USA). Minimum essential medium (MEM),
fetal bovine serum (FBS), L-glutamine and penicillin-strep-
tomycin were purchased from Gibco®/Invitrogen Life
Technologies (Carlsbad, CA, USA). Primary antibody
against caspase-3, cleaved caspase-4, cleaved caspase-8, AIF,
Bax, Bcl-xL, cytochrome ¢, GRP78, IREla, IRE1P, ATF6a,
calpain 1, calpain 2, XBP-1 and peroxidase conjugated
secondary antibodies were purchased from Cell Signaling
Technology, Inc. (Beverly, MA, USA). The enhanced chemi-
luminescence (ECL) detection system was obtained from
Amersham Life Sciences, Inc. (Arlington Heights, IL, USA).

Cell culture. The human lung cancer cell line (H460 cells) was
purchased from the Food Industry Research and Development
Institute (Hsinchu, Taiwan). Cells were cultured in RPMI-1640
supplemented with 10% heat inactivated FBS, 100 U/ml
penicillin, 100 xg/ml streptomycin, and 2 mM L-glutamine
in a 75-cm? tissue culture flasks at 37°C under 5% CO, in
humidified air.

Cell morphology and viability, cell cycle distribution and
sub-G1 assays. H460 cells (2x10° cells/well) were cultured
in 12-well plates for 24 h then treated with CTD at various
concentrations (0, 5, 7.5, 10, 15, 30 uM) or 0.5% DMSO as
a vehicle control for 24 and 48 h. For cell morphological
examinations, cells in the wells were examined and photo-
graphed under contrast phase microscopy. For total viable
cell measurements, cells in each well were harvested,
counted and stained with PI (5 #g/ml) and then were analyzed
by using flow cytometry (FACSCalibur, BD Biosciences,
San Jose, CA, USA) assay as previously described (15). For
cell cycle distribution and sub-G1 phase determinations, all
harvested cells from each well were washed with phosphate
buffer solution (PBS), incubated with RNase A (50 ug/ml)
for 30 min, and were stained with PI (50 yg/ml) for 5 min,
and analyzed for cell cycle distribution including sub-G1
phase by using flow cytometry system (Becton-Dickinson,
San Jose, CA, USA). The percentages of cells in different
phases of the cell cycle were analyzed by using the ModFit
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LT 3.0 program (Verity Software House, ME, USA), as
previously described (16).

Annexin V-FITC/PI staining for cell apoptosis. Annexin V-
FITC/PI staining method was used to confirm cell
apoptosis which were observed in sub-Gl1 of cell cycle
assay. Briefly, H460 cells (2x10° cells/well) were treated
with CTD for 0, 1, 3 and 6 h. Cells were harvested and
washed with PBS, re-suspended in binding buffer (10 mM
HEPES/NaOH pH 7.4, 140 mM NaCl, 25 mM CacCl,), and
stained with FITC-conjugated Annexin V (Pharmingen,
Becton-Dickinson Co., San Diego, CA, USA) for 15 min
in the dark, at room temperature and washed with binding
buffer. All samples were measured for the Annexin V-FITC/
PI fluorescence intensity by flow cytometry as described (17).

DNA fragmentation examination. H460 cells (3x103
cells/well) were placed in 6-well plates for 24 h and were
treated with CTD of various concentrations (0, 5, 10, 15 yM)
for 24 h. DNA samples were isolated by using DNA isolation
kit. The isolated DNA (2 pg) was investigated by using DNA
gel electrophoresis which was carried out in 0.5% agarose
gel in Tris/acetate buffer at 15 V for 2 h as described previ-
ously (17). After electrophoresis, ethidium bromide was used
to stain the DNA in the gel, and the gel was further examined
and photographed by fluorescence microscopy as previously
described (18).

Reactive oxygen species (ROS), intracellular Ca** and
mitochondrial membrane potential (AW,,) assays. ROS, Ca**
and AW, measurements were performed by flow cytometry.
Briefly, H460 cells (2x10° cells/well) were treated with 10 uM
of CTD for 0, 1, 3, 6, 12 or 24 h. All cells from each treatment
and time point were isolated by centrifugation and then were
re-suspended in 500 ul of DCFH-DA (10 M) for 30 min for
further ROS (H,0,) measurement, re-suspended in 500 ul of
Fluo-3/AM (2.5 ug/ml) for 30 min for further intracellular
Ca?* concentrations measurement and re-suspended in 500 ul
of DiOCy (4 ymol/l) for 30 min to further the levels of AW,
measurement. All samples were analyzed by flow cytometry
as described (17).

Real-time PCR assay for mRNA levels of caspase-3 and -8.
The mRNA expression of caspase-3 and -8 were performed by
real-time PCR. Briefly, H460 cells (2x10° cells/well) were
treated with 10 uM of CTD for 0, 12 and 24 h. Then cells were
harvested and total RNA was extracted from each treatment
using the Qiagen RNeasy mini kit (Qiagen, Inc., Valencia, CA)
as described previously (19). High Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Foster City, CA) was
used to reverse-transcribe all RNA samples at 42°C for 30 min
according to the standard protocol of the supplier. The
following conditions were used for quantitative PCR: 2 min at
50°C, 10 min at 95°C, and 40 cycles of 15 sec at 95°C, 1 min at
60°C using 1 ul of the cDNA reverse-transcribed as described
above,2X SYBR-Green PCR Master mix (Applied Biosystems)
and 200 nM forward and reverse primers: caspase-3 forward,
CAGTGGAGGCCGACTTCTTG and reverse, TGGCACAAA
GCGACTGGAT; caspase-8 forward, GGATGGCCACTGTG
AATAACTG and reverse, TCGAGGACATCGCTCTCTCA;
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GAPDH forward, ACACCCACTCCTCCACCTTT and reverse,
TAGCCAAATTCGTTGTCATACC. All assays were performed
by Applied Biosystems 7300 real-time PCR system in tripli-
cates and expression fold-changes were derived using the
comparative CT method (20,21).

Western blot analysis. H460 cells (1x10° cells/dish) were
placed in 10-cm dish for 24 h then were incubated with
10 uM CTD for 0, 6, 12, 24 and 48 h. After treatment under
each experimental condition, total cell lysates were dena-
tured with ice-cold lysis buffer [10 mM Tris-HCI (pH 7.4),
150 mM NaCl, 1 mM EGTA, 0.3 mM PMSF, 0.2 mM
sodium orthovanadate, 0.1% SDS, 1 mM EDTA, 1% NP-40,
10 mg/ml leupeptin, and 10 mg/ml aprotinin] and then
were centrifuged at 13,000 x g for 10 min at 4°C (16,17). A
Bio-Rad protein assay kit (Hercules, CA, USA) was used
for measuring the total protein of each sample. The clari-
fied protein lysates (30 ug) were electrophoretically resolved
on denaturing SDS-polyacrylamide gel (12%) followed by
transfer onto nitrocellulose membranes, and then blotted with
the relevant primary antibodies (anti-caspase-3, caspase-4,
caspase-8, AIF, Bax, Bcl-xL, cytochrome ¢, GRP78, IREla,
IRE1P, ATF6q, calpain 1, calpain 2, XBP-1) overnight at 4°C
followed by peroxidase-conjugated secondary antibody for
1 h at room temperature (25°C). Finally, proteins were visual-
ized by ECL detection (Amersham Biosciences ECL™) and
exposed to X-ray film and bands obtained were quantified
using NIH Image analyzer (NIH, Bethesda, MD) (17,18).

Confocal laser scanning microscopy assay. H460 cells
(3x10° cells/well) were placed on 6-well chamber slides and
incubated with 10 uM CTD for 24 h. The cells were fixed
in 4% formaldehyde in PBS for 15 min followed by using
0.3% Triton X-100 in PBS for 1 h and by using 2% BSA for
blocking non-specific binding sites. Then cells were stained
by primary antibodies such as anti-cytochrome c, anti-AIF
and anti-Endo G (all in green fluorescence) overnight. Then
cells were washed twice with PBS and were stained with
secondary antibody (FITC-conjugated goat anti-mouse IgG)
followed PI (red fluorescence) staining for nuclein examina-
tion as described previously. Slides with cells were mounted,
examined and photo-micrographed under a Leica TCS SP2
Confocal Spectral Microscope as described previously
(17,18). Localization of protein in nuclei is demonstrated by
the development of orange color due to red and green over-
lapped pixels.

Statistical analysis. All data were performed and expressed as
mean + SD from triplicate experiments. Statistically signifi-
cant differences between the CTD-treated and -untreated
(control) groups were analyzed by Student's t-test, with values
of "p<0.05 considered statistically significant.

Results

CTD induces cell morphological changes and decreases the
cell viability of H460 cells. H460 cells were treated with 0,
5, 7.5, 10, 15 and 30 uM of CTD for 24 and 48 h before
the cells were examined and photographed for examining
the cell morphological changes and were harvested for
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the percentage of viable cells and the results are shown
in Fig. 1. Fig. 1A and B indicate that CTD induced cell
morphological changes and led to cell death and debris.
CTD led to enhancement of dead cells following 5-30 uM
as indicated by white arrows. Furthermore, Fig. 1C shows
a significant dose-dependent reduction of living cells with
CTD treatment in H460 cells and these effects are dose-
dependent.

CTD induces sub-Gl phase and apoptosis of H460 cells.
H460 cells were treated with 0, 5, 7.5, 10, 15 and 30 uM of
CTD for 24 and 48 h before the cells were examined for
sub-Gl phase in cell cycle assay and the results are shown
in Fig. 2. Data from Fig. 2A-C indicated that CTD induced
sub-Gl1 phase development, thus CTD induced apoptosis
and these effects are dose-dependent. To determine whether
apoptosis mediated the growth inhibition observed in H460
cells treated with CTD, we performed an Annexin V-FITC/
PI double-staining experiment and results are shown in
Fig. 2D and E, a considerable increase in apoptotic cells was
observed for H460 cells treated with CTD and these effects
are time-dependent.

CTD induces DNA fragmentation in H460 cells. In order
to delineate the mechanism of cell apoptosis mediated by
CTD, we performed a DNA fragmentation assay, since DNA
fragmentation is the characteristic for apoptosis. H460 cells
were treated with 0, 5, 10 and 15 uM of CTD for 24 h and
DNA was then isolated and analyzed by DNA agarose gel
electrophoresis and the results are shown in Fig. 3. Fig. 3
indicates a typical ladder pattern of internucleosomal frag-
mentation was observed in cells after 24 h of CTD treatment.
Low-molecular-weight DNA from these cells was resolved in
2.0% agarose gels (Fig. 3). These results suggest that CTD is
a potent inducer of apoptosis in H460 cells.

CTD induces reactive oxygen species (ROS) and Ca**
production and decreases the levels of mitochondrial
membrane potential (AW,,) in H460 cells. To further examine
the effects of CTD and whether it induced cell death in H460
cells through the production of Ca** or dysfunction of mito-
chondrial, the results from flow cytometric assay are shown
in Fig. 4. Fig. 4A demonstrates that CTD decreased ROS
from 1-12 h treatment. However, Fig. 4B indicates that CTD
promoted the production of Ca** and these effects are time-
dependent. Fig. 4C indicated that CTD decreased the levels
of AW, and these effects are time-dependent. Fig. 4B shows
that CTD promoted the Ca?* release from 1 h up to 24 h treat-
ment, however, the highest levels of Ca?* release is in 6 h
treatment. Both results indicated that CTD induced apoptosis
of H460 cells is associated with dysfunction of mitochondria.

CTD promotes the mRNA expressions of caspase-3 and -8 in
HA460 cells. To further examine CTD promoting caspase-3 and
-8 activities in H460 cells, and whether or not it was through
the expression of mRNA of caspase-3 and -8, the cells were
treated with CTD for 12 and 24 h and then isolated for total
RNA followed by real-time PCR assay and the results are
shown in Fig. 5. Data indicated that CTD promoted the gene
expression of mRNA in caspase-3 and -8.
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Figure 1. CTD induced cell morphological changes and decreased the percentage of viable H460 cells. H460 cells were treated with 0, 5, 7.5, 10, 15 and 30 uM
of CTD for (A and C) 24 and (B and D) 48 h before the cells were examined and photographed for examining the cell morphological changes and were harvested
for the percentage of viable cell determinations and analyzed by flow cytometry as described in Materials and methods. “p<0.05, significant difference between

CTD-treated groups and the control as analyzed by Student's t test.

CTD affects apoptosis-associated protein expression in H460
cells. For further examination on whether CTD induced apop-
tosis in H460 cells through the effects of apoptosis-associated
protein, H460 cells were treated with 10 uM of CTD for 0,
6, 12, 24 and 48 h and then total proteins were quantitated
and apoptosis-associated proteins were examined by western

blot analysis and the results are shown in Fig. 6, indicated
that CTD significantly promoted the expression of cleaved
caspase-3 and -8, cytochrome ¢, Bax and AIF but inhibited the
levels of Bcl-xL (Fig. 6A). Furthermore, CTD promoted ER
stress- associated protein expression such as GRP78, IREla,
IREI1P, ATF6a and caspase-4 (Fig. 6B). CTD promoted the
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Figure 2. CTD induced sub-G1 phase and apoptosis of H460 cells. H460 cells were treated with 0, 5, 7.5, 10, 15 and 30 uM of CTD for 24 and 48 h before the cells
were examined for sub-Gl1 phase of cell cycle (A, 24 h; B, 48 h; C, percentage of apoptotic cells) and also were stained by using (D) Annexin V-FITC/PI staining
and (E) percentage of apoptotic cells and analyzed by flow cytometry as described in Materials and methods. “p<0.03, significant difference between CTD-treated

groups and the control as analyzed by Student's t-test.
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Figure 3. CTD induces DNA fragmentation in H460 cells. H460 cells were
treated with 0,5, 10 and 15 M of CTD for 24 h before the cells were isolated
for DNA and examined by DNA gel electrophoresis as described in Materials
and methods.

expression of calpain 2 and XBP-1, but inhibited calpain 1
(Fig. 6C) that are associated with apoptosis pathways. These
results indicated that CTD induced apoptosis in H460 cells
through both caspase-dependent and -independent, ER stress
and mitochondria-dependent pathways.

CTD affects the translocation of apoptotic-associated proteins
in H460 cells. In order to confirm that CTD affects the translo-
cation of cytochrome ¢, AIF and Endo G involved in apoptosis
in H460 cells, cells were exposed to 10 uM of CTD for 24 h
were then stained by anti-cytochrome ¢, AIF and Endo G and
then were stained with secondary antibody and examined
and photographed by confocal laser microscopy. The results
are shown in Fig. 7, which indicated that CTD promoted the
cytochrome c¢ (Fig. 7A), AIF (Fig. 7B) and Endo G (Fig. 7C)
release from mitochondria in H460 cells when compared to
CTD untreated (control) groups.

Discussion

Substantial evidence shows that stimulating or inducing tumor
cell apoptosis has been recognized to be a new possibility for
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Figure 5. CTD promotes the mRNA expression of caspase-3 and -8 in H460
cells. Cells were treated with CTD for 12 and 24 h and then isolated with
total RNA followed by real-time PCR assay as described in Materials and
methods. Data indicated that CTD promoted the gene expression of mRNA
in caspase-3 and -8. “p<0.05, significant difference between CTD-treated
groups and the control as analyzed by Student's t-test.

tumor treatment. Although numerous studies have shown that
CTD induced cell death and induction of apoptosis in many
human cancer cells (5-12), there are no reports to show that
CTD affected human lung cancer cells. Thus, herein, we inves-
tigated the effects of CTD on cell death of H460 human lung
cancer cells in vitro and the results indicated that CTD induced
cell morphological changes (Fig. 1A) and decreased the
percentage of viable cells (Fig. 1B) via the induction of sub-G1
phase (apoptosis) (Fig. 2), which was examined and measured
by flow cytometric assay. We also used DNA gel electropho-
resis and Annexin V-FITC/PI staining for confirming H460
cell apoptosis which was induced by CTD. It is well docu-
mented that DNA fragmentation is one of the hallmarks of cell
apoptosis (22,23), and in this study, we also isolated DNA from
H460 cells with or without exposure to CTD, then DNA gel
electrophoresis was performed and the result show increased
doses led to increased DNA fragmentation (Fig. 3) which
indicated that CTD induced apoptosis in H460 cells. We also
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Figure 7. CTD affect the translocation of apoptosis-associated proteins in
H460 cells. H460 cells were treated with 10 zM of CTD for 24 h and cells
were stained by (A) anti-cytochrome ¢, (B) AIF and (C) Endo G and then were
stained with secondary antibody FITC-conjugated goat anti-mouse IgG (green
fluorescence) and were examined and photographed by a Leica TCS SP2 con-
focal laser microscopic systems as described in Materials and methods.

used Annexin V-FITC/PI staining for examining the cells and
the results clearly demonstrated that CTD induced apoptosis
in H460 cells (Fig. 2) and these effects are dose-dependent.
Annexin V-FITC/PI staining is well accepted and widely used
for measuring cell apoptosis (24,25).

To investigate the molecular mechanism including the
signal pathway, we found that CTD promoted Ca** production
and decreased the levels of AW, (Fig. 4B and C), and it also
increased the mRNA expression of caspase-3 and -8 (Fig. 5). It
is well known that apoptotic cell death can be regulated by either
the extrinsic or the intrinsic apoptotic pathway (26-28). The
extrinsic pathway is triggered by an agent connected with CD95
(also named Fas or Apol) then involving caspase-8 activation
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Figure 8. The possible signaling pathways for CTD-induced apoptosis in H460 cells.

leading to the activation of the downstream effector caspase-3
causing cell apoptosis (29). The intrinsic pathway involved in
the dysfunction of mitochondria then led to the cytochrome ¢
release, causing caspase-3 activation leading to apoptosis
(30,31) or caused AIF and Endo G release from mitochondria
directly inducing apoptosis (32,33). Based on these observa-
tions, we may suggest that CTD-induced cell apoptosis of H460
cells may be through the activation of caspase-3 and -8, and this
is in agreement with our earlier report that CTD induced colon
cancer cell apoptosis through caspase-dependent pathways
(12). On the other hand it may also be through dysfunction of
mitochondria base on the levels of AW, decrease and AIF and
Endo G, which were increased as confirmed by western blot
analysis (Fig. 6) and confocal laser microscopy examination
(Fig. 7). This is in agreement with our earlier report that CTD
induced bladder cancer cell apoptosis through mitochondria-
dependent pathways (10). Numerous studies and evidence have
demonstrated that agent-induced cancer cell apoptotic cell
death are involved in caspase-dependent and -independent or
mitochondria-dependent and -independent pathways (34,35).
Herein, we may also suggest that CTD-induced apoptosis of
H460 cells may be through caspase- and mitochondria-depen-
dent pathways and also apoptosis through cross-talk between
the extrinsic and the intrinsic pathways.

Based on the results from western blot analysis (Fig. 6),
CTD increased the protein expression of Bax which is a pro-
apoptotic protein and decreased the protein expression of
Bcl-xL, which is an anti-apoptotic protein. It is reported that
the ratio of Bax/Bcl-xL is associated with the changes of levels
of mitochondria membrane potential AY,, (36,37). Results in
Fig. 4C also show that CTD decreased the levels of AW, as
is obtained from flow cytometry assay. Based on the results
(Fig. 7) from confocal microscopy examination, that CTD

also promoted the release of cytochrome ¢, AIF and Endo G
in H460 cells. These observations suggest that CTD induced
apoptosis of H460 cells via mitochondria-dependent pathway.
It was reported that CTD is an inhibitor of protein phospha-
tase 2A (PP2A) (8) and CTD also inhibits heat shock factor 1
(HSF1) transcriptional activity (38). Thus, for further investi-
gation to identify the direct molecular targets of CTD other
than PP2A, we will further explain its working mechanism.

In summary, in the present study, we suggest the possible
significant molecular signal pathways for CTD inducing apop-
tosis in H460 cells as shown in Fig. 8. CTD may go through the
death receptor (Fas receptor), activating caspase-8 following
the activation of caspase-3 leading to apoptosis, or to increase
the ratio of Bax/Bcl-xL leading to dysfunction of mitochondria
(decrease the levels of AW, causing cytochrome c, AIF and
Endo G release then leading to apoptosis.
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