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Hispolon is isolated from Phellinus igniarius and exhibits antitumor activity. Here, we explored the effects
of hispolon on the lung cancer A549 and H661 cells. Cells were incubated with various concentrations of
hispolon (0, 5, 10, 20, 40, 80 or 160 uM) for 12, 24, 48 or 72 h. Cell viability was examined by MTT assay.
Cell cycle and apoptosis assay were assessed by flow cytometry. Hispolon decreased cell viability in a
dose- and time-dependent manner. The cell cycle distribution showed that hispolon enhanced the
accumulations of the cells in GO/G1 phase. Mechanically, hispolon decreased the expression of G1-S tran-
sition-related proteins: Cyclin D1, cyclin E, CDK2, CDK4 and CDK®6, but increased the expression of CDK
Cell cycle arrest inhibitor p21“*! and p27¥'"™!. Moreover, hispolon induced cell apoptosis through activation of the
Apoptosis mitochondrial pathway, evidenced by the loss of mitochondrial membrane potential, the release of
p53 cytochrome c into cytosol, and the cleavage of caspase-9, caspase-3 and poly (ADP-ribose) polymerase
(PARP) in hispolon-treated cells. Additionally, hispolon enhanced the expression of p53, specific silencing
of which almost completely reversed hispolon-mediated antitumor activity. Moreover, hispolon treat-
ment was more effective on H661 cells than on A549 cells in inhibiting cell viability and inducing cell
apoptosis. Our results indicate that hispolon inhibits the cell viability, induces GO/G1 cell cycle arrest
and apoptosis in lung cancer cells and p53 plays a critical role in hispolon-mediated antitumor activity.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Lung cancer is a malignant tumor and accounts for approxi-
mately 28% of all cancer death [1,2]. Approximately 75% lung can-
cer is non-small cell lung cancer (NSCLC), which is with high
occurrence and a low five-year survival rate of ~15% [2]. Adenocar-
cinoma and squamous cell carcinoma are the two most common
histological subtypes of NSCLC [3,4]. Poor prognosis and chemo-
therapeutic resistance of NSCLC may be due to the modulation of
key cell signaling pathways [3,4]. Many previous studies have
focused on the molecular mechanisms underlying lung cancer ini-
tiation and progression [1-4]. Apoptosis defect is a hallmark of
cancer and is implicated in lung tumorigenesis and drug resistance
[1]. Thus, induction of cell apoptosis provides a strategy for cancer
treatment.

Hispolon (6-(3,4-dihydroxy-phenyl)-4-hydroxy-hexa-3,5-dien-
2-one; C1,H1204), a yellow pigment, is isolated from the Phellinus
igniarius [5]. Hispolon has hepatoprotective [6], anti-inflammatory
[7], antimetastatic [8], and antiproliferative effects [9]. The antitu-
mor activity of this phenol compound (hispolon) has attracted
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many attentions [8-12]. It has been shown that hispolon exhibits
anticancer effects through inhibition of cell growth, induction of
cell cycle arrest, and suppression of metastasis in various types
of cancer cells [8-12]. However, there were no reports about the
effects of hispolon on NSCLC cells. In the present study, we
explored the antitumor effects of hispolon on A549 and H661 cells,
two human non-small cell lung carcinoma cell lines.

2. Material and methods
2.1. Cell culture

LKB1-defective A549 cells and LKB1-wild type H661 cells were
purchased from the American Type Culture Collection (Rockville,
MD, USA). Cells were maintained in RPMI 1640 medium
supplemented with 10% fetal bovine serum (FBS), 1% (v/v) penicil-
lin-streptomycin (Invitrogen, Carlsbad, CA, USA).

2.2. Cell viability assays

1 x 10% cells were seeded in 96-well plates and allowed to
adhere for 12 h. The cultures were exposed to various concentra-
tions of hispolon (Enzo Life Sciences, Inc., Farmingdale, NY, USA;
0,5, 10,20, 40, 80 and 160 uM) or 0.1% dimethyl sulfoxide (DMSO),
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the vehicle control, for 12, 24, 48 and 72 h, followed by MTT
[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]
assay. Briefly, 0.5 mg/ml MTT (Sigma-Aldrich, St. Louis, MO, USA)
in 100 pl of RPMI1640 medium was added to the cultured cells
for 2 h. Cells were washed by phosphated buffered saline (PBS)
and lysed by 50 pl of DMSO. The concentrations of MTT were
examined colorimetrically. Absorbance was determined at 570 nm.

2.3. Cell cycle analysis

Serum starvation was conducted for 18 h to induce cell
quiescence of lung cancer cells. Cells were cultured in fresh com-
plete RMPI 1640 medium at the concentration of 5 x 10° cells/ml
and treated with various concentrations of hispolon (0, 5, 10, 20
and 40 uM) or 0.1% DMSO for 24 h. Cells were harvested by
trypsinization, washed by PBS, and fixed in 70% ethanol at
—20°C overnight. Fixed cells were washed by PBS, resuspended
in 1 ml of PBS containing 1 mg/ml RNase and 50 pig/ml of propidi-
um iodide (Sigma), and incubated for 30 min in the dark at room
temperature. The cell cycle distribution of living cells was mea-
sured with Cytomic FC 500 (Beckman Coulter, Pasadena, USA).

2.4. Apoptosis assay

Cells were treated with different concentrations of hispolon (0,
5, 10, 20 and 40 pM) or 0.1% DMSO for 24 h. Cells were collected
for apoptosis assay with Annexin V-FITC apoptosis detection kit
(BD Biosciences Clontech, CA). After centrifugation at 1000 rpm
for 5 min, the pellet was resuspended in 100 pl of 1x binding buf-
fer with 2.5 pl Annexin V and 5 pl PI (final concentration, 10 pg/
ml). The reaction complex was incubated for 15 min in the dark.
Samples were subjected to apoptosis assay by flow cytometry.

2.5. JC-1 assay

Cells were treated with different concentrations of hispolon (0,
5, 10, 20 and 40 uM) or 0.1% DMSO for 24 h. Cells were washed
with PBS, resuspended in 1 ml of PBS buffer at the concentration
of 1 x 10°cells/ml, and incubated with 5,5,6,6'-Tetrachloro-1,
1’,3,3'-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) (final
concentration, 2.5 mg/ml) (Life Technologies, Grand Island, NY,
USA) for 10 min at 37 °C. The stained cells were washed with PBS
and analyzed immediately with Cytomic FC 500 (Beckman Coul-
ter). Cellular with high positive red fluorescence was quantified.
Cells with collapsed mitochondrial membrane potential exhibit a
decrease in the red/green fluorescence intensity ratio.

2.6. Cell transfection

80 nM of p53 siRNA (GenBank number: NM_000546; sequence:
forward, 5-GACUCCAGUGGUAAUCUACTT-3’; reverse, 5'-GUAG-
AUUACCACUGGAGUCTT-3’) was used to transfected A549 or
H661 cells with Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA) according to the manufacturers’ instructions. After 24 h of
incubation, a fresh RMPI 1640 complete medium containing
40 pM of hispolon or 0.1% DMSO was added to the transfected cells
and incubated with cells for another 24 h. Non-targeted control
siRNA was used as a negative control.

2.7. Western blot analysis

A549 or H661 cells were treated with various concentrations of
hispolon (0, 5, 10, 20 and 40 pM) or 0.1% DMSO for 24 h. Cells were
harvested by trypsinization, washed by cold PBS. Total proteins
and cytoplasmic proteins were prepared by ReadyPrep Protein
Extraction Kit (Total Protein) and ReadyPrep Protein Extraction

Kit (cytoplasmic/nuclear) (Bio-Rad laboratories, Inc., USA). The
protein concentrations were detected by Bio-Rad Protein Assay
(Bio-Rad). Equal amounts of proteins (20 L1g) were electrophoresed
for 2 h on 10% sodium dodecyl sulfatepolyacrylamide gels and then
transferred to a PVDF membrane (Millipore, Bedford, MA, USA).
Membranes were blocked in PBS with 0.1% Tween 20 (PBST)
containing 5% non-fat dried milk power for 1 h. Immunoblots were
probed with antibodies specific to cyclin E (Cell Signaling Technol-
ogy, Beverly, MA, USA), cyclin D1 (Cell Signaling Technology),
cyclin-dependent kinase 4 (CDK4) (Cell Signaling Technology),
CDK2 (Cell Signaling Technology), CDK6 (Cell Signaling Technol-
ogy), p21°! (Cell Signaling Technology), p27¥*! (Cell Signaling
Technology), p53 (Cell Signaling Technology), cleaved caspase-9
(Cell Signaling Technology), cleaved caspase-3 (Cell Signaling
Technology), cleaved poly(ADP-ribose) polymerase (PARP) (Cell
Signaling Technology), and B-actin (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), followed by horseradish peroxidase
(HRP)-conjugated secondary antibody (Santa Cruz Biotechnology).
Signals were visualized by an enhanced chemiluminescence kit
(GE Healthcare, Piscataway, NJ, USA). B-Actin was used as an
internal control.

2.8. Statistical analysis

Data are expressed as mean * standard deviation (S.D.). Statisti-
cal analysis of the results was performed by one way analysis of
variance (ANOVA). P<0.05 was considered as statistically
different.

3. Results
3.1. Hispolon inhibits the growth of A549 and H661 cells

To determine the effect of hispolon on the cell viability of non-
small cell lung cancer cells, A549 or H661 cells were treated with
various concentrations of hispolon (0, 5, 10, 20, 40, 80 and
160 uM) for different time periods (12, 24, 48 and 72 h). Cells with
0.1% DMSO were served as a control. The MTT assay showed that
hispolon inhibited the growth of A549 or H661 cells in a time-
and dose-dependent manner (Fig. 1). Hispolon did not modify cell
viability compared to DMSO control group after 12 h treatment in
A549 cells (P> 0.05), but > 40 puM of hispolon profoundly inhib-
ited the proliferation of H661 cells (P < 0.05). At 24 h, 20 uM of
hispolon started to decrease the viability of A549 cells (P < 0.05,
n=3), but 10 uM of hispolon for H661 cells (P<0.01, n=3). At
48 h, all of the concentrations of hispolon (5-160 pM) markedly
suppressed the cell viability of H661 cells (P<0.01, n=3), but
not 5uM of hispolon for A549 cells (P> 0.05). The half maximal
inhibitory concentration (ICsg) of hispolon on A549 cells were
about 35.9+6.9, 28.8+3.1 and 8.1 +2.3 uM for 24, 48 and 72 h,
respectively (Fig. 1A). However, the ICsq of hispolon on H661 cells
were about 14.7 £6.9, 3.7 £0.5, 2.1 £ 0.2 uM (Fig. 1B). Our results
indicate that higher concentrations of hispolon and longer treat-
ment durations induce more cell death of A549 and H661 cells.
Moreover, H661 cells seem more sensitive to hispolon-induced
cytotoxicity than A549 cells.

3.2. Hispolon induces GO/G1 cell cycle arrest in A549 and H661 cells

To explore how hispolon inhibits the proliferation of A549 and
H661 cells, flow cytometry was performed to determine cell cycle
distribution. Serum starvation was conducted to induce cell
quiescence of lung cancer cells. After lung cancer cells were treated
with 0, 5, 10, 20 and 40 uM of hispolon for 24 h, the percentage of
A549 cells staying at the GO/G1 phase were 43.7 +3.8%,
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Fig. 1. The effects of hispolon on the cell viability of A549 and H661 cells. A549 (A) or H661 (B) cells were incubated with hispolon (0-160 uM) for 0, 12, 24, 48, and 72 h.
Hispolon inhibited the cell viability of A549 and H661 cells in dose- and time-dependent manners in A549 and H661 cells, as determined by MTT assay. Absorbance was
determined at 570 nm. Values are expressed as means * SD of three representative experiments. *P < 0.05, **P < 0.01 vs. corresponding control values.

46.6 +3.9%, 55.8+4.1%, 60.9+4.9 and 66.8 +5.1%, respectively
(Fig. 2A). >10 uM of hispolon significantly increased the percent-
age of A549 cells in the GO/G1 phase (P < 0.05 for 10 uM; P < 0.01
for 20 and 40 uM, relative to DMSO control group, n=3)
(Fig. 2A). The increase of GO/G1 phase cell population was accom-
panied by a concomitant decrease in the S and G2/M phase cell
populations (Fig. 2A). Similar effects of hispolon on H661 cells
were observed in Fig. 2B. Our results indicated that hispolon
induces cell cycle arrest at the GO/G1 phase.

To assess the molecular mechanism of hispolon-induced cell-
cycle arrest in the GO/G1 phase, we investigated the expression
levels of G1-S transition-related proteins in hispolon-treated
A549 and H661 cells (Fig. 2C and D). Dose-dependent decreases
of cyclin D1 and cyclin E were observed in both A549 and H661
cells with the treatment of hispolon, accompanied by a reduction
in the expression of CDK4, CDK2 and CDK6 (Fig. 2C and D).
However, the expressions of p21<"! and p27¥"! proteins, CDK
inhibitors [13], were dose-dependently increased in hispolon-
treated A549 and H661 cells (Fig. 2C and D).

3.3. Hispolon induces apoptosis in A549 and H661 cells

To analyze the effects of hispolon on the apoptosis of A549 and
H661 cells, Annexin V and PI double staining was performed on
hispolon-treated A549 and H661 cells. Annexin V*/PI~ cells were
considered as the apoptotic cells. Hispolon induced a dose-depen-
dent apoptosis of A549 and H661 cells. The apoptosis ratio was
ranged from 3.16 £ 1.1% (DMSO group) to 29.06 + 3.8% (40 uM of
hispolon) for A549 cells, and from 3.08 £ 1.3% (DMSO group) to
69.06 + 5.6% (40 UM of hispolon) for H661 cells (Fig. 3A and B).
H661 cells are more sensitive than A549 cells to hispolon-induced
apoptosis. To analyze the mechanism of hispolon-mediated
apoptosis, the JC-1 assay was used to examine the mitochondrial
membrane potential (AWm). Fig. 3C and D showed that A¥m
was dose-dependently disrupted by hispolon. Consistently, the
mitochondrial release of cytochrome c into the cytosol in hispo-
lon-treated cells was increased as compared to DMSO control cells

(Fig. 3E and F). Our results indicate that hispolon induces apoptosis
at the mitochondrial level. Furthermore, exposure to hispolon
enhanced the protein levels of cleaved caspase-3, caspase-9 (key
executioners of apoptosis) and cleaved PARP (Fig. 3G and H),
indicating that hispolon-mediated lung cancer cell apoptosis is
through the intrinsic pathway.

3.4. p53 plays an important role in hispolon-mediated antitumor
effects on A549 cells and H661 cells

p53 has been demonstrated to be involved in the regulation of
cell cycle and apoptosis by causing mitochondrial dysfunction
[14,15]. Western blot analyses revealed that hispolon dose-
dependently enhanced the expression of p53, suggesting that p53
is involved in hispolon-induced apoptosis of lung cancer cells
(Fig. 4A and B). A p53-targeting siRNA (psiRNA) was used to
knockdown the expression of endogenous p53 in lung cancer cells.
Compared to the control siRNA (csiRNA), psiRNA resulted in more
than 75% reduction in the expression of endogenous p53 (Fig. 4C
and D). Moreover, psiRNA did not affect the cell viability of lung
cancer cells without hispolon (P > 0.05, n = 3, Fig. 4C and D). Inter-
estingly, psiRNA almost completely reversed hispolon-mediated
suppression of cell viability (Fig. 4E and F), revealing that hispo-
lon-mediated proliferation inhibition effect is dependent on p53.
Similarly, psiRNA did not modify the GO/G1 phase population in
lung cancer cells without hispolon treatment (P> 0.05, n=3,
Fig. 4G and H), and significantly attenuated hispolon-induced GO/
G1 cell cycle arrest. Additionally, p53 silencing reduced hispolon-
induced lung cancer cell apoptosis (Fig. 41 and ]).

4. Discussion

Here, we found that hispolon exhibited anticancer effects on
in vitro cultured lung cancer cells. The underlying mechanisms
may be associated with decreased expression of G1-S transition-
related proteins, enhanced expression of CDK inhibitors p21¢™!
and P27%"! and the activation of mitochondrial-mediated
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Fig. 2. Hispolon induced cell cycle arrest in the GO/G1 phase in A549 and H661 cells. A549 or H661 cells were treated with different concentrations of hispolon (0-40 uM) for
24 h. Quantitative analysis of the cell cycle distribution of A549 (A) and H661 (B) cells. Expression of cyclin E, cyclin D1, CDK4, CDK2, CDK6, p21°'*!, and p27"'*" in A549 (C)
and H661 (D) cells. Each bar represents means + SD of three representative experiments. *P < 0.05, **P < 0.01 vs. corresponding control values.
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Fig. 3. Effects of hispolon on the apoptosis of A549 and H661 cells. A549 or H661
cells were treated with various concentrations of hispolon (0-40 uM) for 24 h. The
apoptosis ratio in A549 cells (A) and H661 cells (B) was analyzed by Annexin-V/PI
double staining assay. (C) and (D) Quantitative analysis of the mitochondrial
membrane potential with JC-1 assay. (E) and (F) Effects of hispolon on the
expression of apoptosis-related proteins in A549 and H661 cells by Western blot
analysis. Representative experiments were carried out at least three times. Data are
presented as mean * SD. *P < 0.05, **P < 0.01 vs. related control values.

apoptosis. Additionally, hispolon increased the expression of p53.
Specific silencing of p53 abrogated the anticancer effects of hispo-
lon, indicating that p53 plays an important role in hispolon-medi-
ated anti-cancer effects.

Hispolon has been shown antiproliferative effects in several
tumor cells [9,16-19]. Previously, hispolon has been found to inhi-
bit the proliferation of estrogen-sensitive ER (+) MCF-7 cells and
estrogen-negative ER (—) MDA-MB-231 cells [16], decrease the cell
viability of human hepatocellular carcinoma Hep3B cells [9], and
reduce the growth of human epidermoid KB cells [19]. Here, we
analyzed the effects of hispolon on NSCLC A549 and H661 cell pro-
liferation. We found that hispolon had cell cytotoxicity on A549
and H661 cells. Our results indicate that hispolon might be a novel
strategy for lung cancer treatment.

Several studies have demonstrated that hispolon blocks cell
cycle progression at the GO/G1 [12,20] or G2/M [21] phase, which
depends on the cell context. Similarly, hispolon inhibits cell cycle
progression and induces cell cycle arrest in GO/G1 phase in A549
and H661 cells. The cell cycle progression is driven by protein
kinase complexes composed of a cyclin and a CDK [22]. During
G1-phase progression, the complexes cyclin D-CDK4, cyclin D-
CDK®, and cyclin E-CDK2 are activated and move the cell cycle from
the G1 phase to the S phase [22]. In the present study, we found that
hispolon inhibited the expression of cyclin D1, cyclin E, CDK4,
CDK®6, and CDK2, indicating that hispolon induces GO/G1 cell cycle
arrest through reducing the expression of cyclin-CDK complexes.
CDK activity is modulated negatively by CDK inhibitors, including
p21°P! and p27XP! [15]. To further explore the mechanism of hisp-
olon-induced cell cycle arrest, the expression of p21'*! and p27¥!!
proteins was analyzed by Western blot analysis. Consistently, hisp-
olon increased the expression of p21<™! and p27"'*!, Our results
reveal that hispolon-mediated GO/G1 cell cycle arrest might be
associated with the downregulation of cyclin D1, cyclin E, CDK4,
CDK6, CDK2, and the upregulation of p21*! and p27X'"1,

Apoptosis is a programmed cellular process that occurs in phys-
iological and pathological conditions [23]. However, the pro-
grammed cell death is disrupted in cancer, which leads to the
overgrowth of malignant cells [24]. Induction of tumor cell apopto-
sis is the final goal of many cancer therapies [25]. Apoptosis is trig-
gered through two signaling pathways: death receptor-mediated
extrinsic and mitochondria-mediated intrinsic pathways [25]. The
intrinsic apoptotic pathway is characterized by the loss of mito-
chondrial membrane potential and the release of cytochrome c
from mitochondria into the cytoplasm, which lead to the activation
of caspase-9. The extrinsic apoptotic pathway is activated by death
receptors on the plasma membrane, such as tumor necrosis factor
receptor 1 (TNFR1) [25]. Both pathways finally lead to the activation
of the executioner caspase-3 and the cleavage of poly (-ADP-ribose)
polymerase PARP, a specific substrate for caspase-3 [25]. Here, we
found that hispolon enhanced the apoptosis ratio of A549 and
H661 cells, indicating a novel strategy for lung cancer treatment.
To investigate the pathway(s) involved in hispolon-induced apop-
tosis of A549 and H661 cells, JC-1 assay was performed to analyze
the mitochondria membrane potential. We found that hispolon
dose-dependently enhanced the loss of mitochondrial membrane
potential, suggesting that hispolon induces A549 and H661 cell
apoptosis through intrinsic apoptotic pathway. The collapse of
mitochondria membrane potential promotes the release of cyto-
chrome c into the cytoplasm [25]. Western blot analysis showed
that the expression of cytochrome c in the cytoplasm was enhanced
in hispolon-treated A549 and H661 cells. Furthermore, hispolon
increased the expression of cleaved caspase-9, caspase-3 and PARP.
These results suggested that hispolon induces A549 and H661 cell
apoptosis through intrinsic mitochondrial apoptotic pathway.
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Fig. 4. The involvement of p53 in hispolon-mediated effects on A549 and H661 cells. A549 or H661 cells were treated with hispolon (0-40 uM) for 24 h. Western blot analysis
was conducted to examine the expression of p53 in hispolon-treated A549 (A) and H661 (B) cells. (B-]) A549 or H661 cells were transfected with p53-specific siRNA and then
incubated with various concentrations of hispolon for 24 h. (C) and (D) the expression of p53 in A549 and H661 cells transfected with p53 siRNA. (E) and (F) MTT assay was
performed to analyze the effects of p53 silencing on hispolon-induced cytotoxicity on A549 and H661 cells. (G) and (H) The cell cycle distribution of A549 and H661 cells
transfected with p53 siRNA with or without hispolon treatment. (I) and (J) The apoptosis ratio of A549 and H661 cells transfected with p53 siRNA with or without hispolon
treatment. Representative experiments were carried out at least three times. Data are presented as mean + SD. **P < 0.01 vs. related control values.

In response to a variety of stresses, p53, a transcription fac-
tor, either induce apoptosis (cell death) or cell cycle arrest (cell
preservation) to inhibit tumor development [26]. We found that
hispolon enhanced the expression of p21, which is tightly con-
trolled by p53 [27]. The expression of p53 was analyzed in hisp-
olon-stimulated A549 and H661 cells. Consistent with the
upregulation of p21 by hispolon, the expression of p53 was also
elevated by hispolon, indicating the involvement of p53 in hisp-
olon-mediated effects on A549 and H661 cells. Specific silencing
of p53 by p53 siRNA significantly attenuated hispolon-induced
cell cycle arrest in A549 and H661 cells, indicating that hispo-
lon-mediated GO/G1 cell cycle arrest is p53-dependent. Further-
more, p53 has been suggested to trigger mitochondrial apoptosis
[28]. Interestingly, hispolon-mediated loss of mitochondrial
membrane potential was inhibited by silencing of p53,

suggesting that hispolon-induced apoptosis dependents on p53.
The important role of p53 in hispolon-mediated cell cycle arrest
and apoptosis might be used to explain why p53 knockdown
decreases the cytotoxicity of hispolon on A549 and H661 cells.
Thus, p53 plays a critical role in hispolon-mediated effects on
A549 and H661 cells.

In the present study, we found that H661 cells are more sensi-
tive to hispolon-induced cytotoxicity and apoptosis. H661 cells are
LKB1-wild type cells, while A549 cells are LKB1-defective cells.
LKB1 possesses a variety of potentially tumor-suppressive activi-
ties, such as suppression of mammalian target rapamycin, regula-
tion of cell polarity, inhibition of the cell cycle, and activation of
p53 [29]. It seems that LKB1 might be involved in hisplon-induced
cytotoxicity in lung cancer cells. Further investigation should be
performed to confirm this hypothesis.
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In sum, hispolon shows anticancer effects in A549 and H661
cells through inhibition of cell proliferation and induction of cell
cycle arrest and apoptosis. It seems that hispolon-mediated anti-
cancer effects are dependent on p53.
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