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Genistein enhances TRAIL-induced cancer cell death
via inactivation of autophagic flux
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Abstract. Tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) is a transmembrane cytokine that is a prom-
ising anticancer agent as it selectively induces apoptosis in
various types of tumor cells. Autophagic flux, which includes
the complete process of autophagy, and suppression of
autophagic flux has been increasingly recognized as a favor-
able and novel therapeutic approach for cancer treatment.
Here, we showed that genistein, a major isoflavone compound
that exerts its anticancer properties by inhibiting tumor cell
proliferation, can induce TRAIL-mediated apoptotic cell
death in TRAIL-resistant human adenocarcinoma A549
cells. Notably, genistein treatment led to a marked increase
in the accumulation of microtubule-associated protein 1 light
chain 3 (LC3)-II and p62 protein levels. The combination
of genistein and TRAIL increased LC3-II, p62, activated
caspase-3 and activated caspase-8 accumulation, confirming
the inhibition of autophagic flux. Taken together, our results
revealed that genistein enhanced TRAIL-induced tumor cell
death in TRAIL-resistant A549 adenocarcinoma cells by
inhibiting autophagic flux.

Introduction

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) is a transmembrane cytokine that is a promising
anticancer agent in cancer research (1). TRAIL has the ability
to selectively induce apoptosis in a wide range of tumor
cells but does not induce toxicity in most normal cells (2).
TRAIL also engages the extrinsic apoptotic pathway by
binding to the DR4 and DRS5 death receptors, which triggers
apoptotic signaling (3). The activation of the death receptor
recruits Fas-associated death domain protein (FADD) and
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eventually procaspase-8 to form the death-inducing signaling
complex (DISC), leading to the activation of the caspase
cascade (caspase-8, -9, -10 and -3) (4,5). It has been reported
that many tumor cells, including human lung adenocarcinoma
A549 cells, are resistant to the apoptotic effects of the TRAIL
signaling pathway (6).

Genistein, a major isoflavone compound of soybeans and
soy products, has been shown to have numerous beneficial
effects on diverse cell functions (7,8). Previous studies indi-
cate that genistein exerts anticancer properties that include
the inhibition of tumor cell proliferation, enhanced tumor cell
differentiation triggering cell cycle arrest, and the induction
of apoptosis in some cell types (9-11). Genistein promotes the
inhibition of protein tyrosine kinase by competing with ATP
for tyrosine kinase domain binding, resulting in a decrease
in cancer cell proliferation due to interruption of the tyrosine
kinase cascade stimulated by mitogens (12,13). Genistein is
also known as an estrogen receptor agonist that can antago-
nize the multiplication of breast cancer cells due to estradiol
exposure (14).

Autophagy is a lysosomal-dependent degradation process
induced during starvation, hypoxic conditions, growth factor
deprivation, or endoplasmic reticulum stress in addition to
other stressors (15). However, autophagy can also incite cell
death due to mitophagy, the loss of mitochondrial membrane
potential, caspase cascade activation, and finally lysosomal
membrane permeabilization (16). Autophagic flux is the
complete mechanism of autophagy originating with the fusion
of the autophagosome with a lysosome, resulting in degrada-
tion and recycling of the cargo (17). Microtubule-associated
protein 1 light chain 3 (LC3), which is a ubiquitin-like protein
necessary during proteolytic processing, yields a 16-kDa
LC3-I protein that conjugates with phosphatidyl ethanolamine
to yield a 14-kDa LC3-II form, where LC3-1II is used as a
marker of complete autophagosome activation (18-20). The
p62 protein, also known as sequestosome 1 (SQSTMI), is a
ubiquitin-like protein involved in the lysosome-dependent
degradation system that directly interacts with LC3-II and
degradation in the autophagy process, and inhibition of
autophagy leads to increased p62 protein levels (18,19). The
role of autophagy in cancer is like a double-edged sword;
during tumorigenesis or oncogenesis processes it functions as
a mechanism for tumor suppression (21-23) whereas when a
tumor is formed, autophagy provides a cell survival advantage
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to resist cell death induced by cancer therapy (24). Recent
studies suggest that the pharmacological or genetic inhibition
of autophagy increases the conventional effects of chemo-
therapy (25-27), suggesting that the inhibition of autophagy
may be an appropriate and encouraging strategy for cancer
treatment. Antimalarial drugs such as chloroquine, which act
as autophagy inhibitors, prevent acidification of the lysosome
and subsequent autophagosome-lysosome fusion, inducing
apoptosis (28-31).

In the present study, we demonstrated that inhibition of
autophagic flux by genistein enhanced TRAIL-induced A549
cell death. A549 cells are TRAIL resistant and therefore a
single treatment with either genistein or TRAIL did not influ-
ence cell death; therefore, we examined whether co-treatment
of genistein with TRAIL had a greater effect on A549 lung
adenocarcinoma cells. The enhancing effect of genistein on
TRAIL-induced cell death in A549 lung adenocarcinoma cells
was mediated by inhibition of autophagic flux.

Materials and methods

Cell culture. Cancer cells originating from A549 lung tumors
were obtained from the American Type Culture Collection
(Global Bioresource Center, Manassas, VA, USA). The cells
were cultured in RPMI-1640 (Gibco-BRL, Grand Island,
NY, USA) medium supplemented with 10% (v/v) fetal bovine
serum and antibiotics (100 xg/ml penicillin-streptomycin).
The cell cultures were incubated in an atmosphere containing
5% CO, at 37°C.

Reagents. Recombinant genistein and chloroquine (20 uM)
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Recombinant TRAIL (100 ng/ml) was purchased from
AbFrontier (Geumcheon-gu, Seoul, Korea).

Cell viability tests. A549 cells were plated at 1.0x10* cells in
12-well plates and incubated at 37°C for 24 h. The A549 cells
were pretreated with genistein in a dose-dependent manner
(0, 10, 20 and 40 uM). After the 12-h genistein pretreatment,
recombinant TRAIL (100 ng/ml) protein was added and
co-incubated for 2 h. Additional cells were also pretreated
with chloroquine (20 M) for 1 h followed by genistein treat-
ment. Cell morphology was assessed by images taken under
an inverted microscope (Nikon, Japan), and cell viability
was determined using the crystal violet staining method. The
cells were stained with a staining solution (0.5% crystal violet
in 30% ethanol and 3% formaldehyde) for 10 min at room
temperature, washed four times with phosphate-buffered
saline (PBS) and dried. Then, the cells were lysed with a
1% SDS solution and measured at an absorbance of 550 nm.
Cell viability was calculated from the relative dye intensity
compared with a control.

Trypan blue exclusion assays. The number of viable cells was
determined by trypan blue dye exclusion (Sigma-Aldrich) using
microscopy and a hemocytometer. The results are expressed as
a percentage relative to the vehicle-treated controls.

Western blot assays. A549 cell lysates were prepared by
harvesting cells, washing in cold PBS, and resuspending in a
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lysis buffer [25 mM HEPES (pH 7.4), 100 mM EDTA, 5 mM
MgCl,,0.1 mM DTT and a protease inhibitor mixture] followed
by sonication. Proteins (35 ug) were separated on a 10-15%
SDS gel and transferred to a nitrocellulose membrane. After a
1-h incubation with a 1:1,000 primary antibody dilution buffer
(1% milk with PBS-Tween), the membranes were developed
by enhanced chemiluminescence using a secondary antibody.
The antibodies used for immunoblotting were LC3 (Novus
Biologicals, Littleton, CO, USA), anti-p62 (Millipore, Milford,
MA, USA), cleaved caspase-3 (Cell Signaling Technology,
Inc., Danvers, MA, USA), cleaved caspase-8 (BD Pharmingen,
San Diego, CA, USA) and -actin (Sigma-Aldrich). Images
were examined using a Fusion-FX7 imaging system (Vilber
Lourmat, Marne-la-Vallée, France).

Immunocytochemistry. The A549 cell line was cultured on
glass coverslips and treated with genistein, chloroquine, and/or
TRAIL, washed with PBS, and fixed with 3-4% paraformal-
dehyde in PBS for 15 min at room temperature. Cells were
then washed twice with ice cold PBS, incubated for 10 min
in PBS containing 0.25% Triton X-100, and washed in PBS
an additional three times for 5 min. The cells were blocked
with 1% bovine serum albumin (BSA) in PBST for 30 min,
and then incubated with the primary antibody (anti-p62,
diluted in 1% BSA in PBST) in a humidified chamber for 1 h
at room temperature or overnight at 4°C. After the primary
antibody treatment, the solution was decanted and the cells
were washed three times with PBS for 5 min. The cells were
then incubated with the secondary antibody in 1% BSA for
1 h at room temperature in the dark, which was followed by
decanting the secondary antibody solution and washing three
times with PBS for 5 min. The cells were then incubated with
DAPI for 1 min and rinsed with PBS. Finally, the cells were
mounted with fluorescent mounting medium and visualized
via fluorescence microscopy.

Statistical analysis. The unpaired t-test or Welch's correction
was used for comparison between the two groups. The one-way
analysis of variance (ANOVA) method followed by the Tukey-
Kramer test was used for multiple comparisons. All statistical
analyses were performed using GraphPad Prism software.
Results were considered significant for values p<0.05, p<0.01
and p<0.001.

Results

Genistein enhances TRAIL-induced apoptosis in A549
cells. To investigate the effects of genistein co-treatment on
TRAIL-induced apoptosis in A549 lung adenocarcinoma
cells, the cells were pretreated with varying genistein concen-
trations for 12 h and followed by treatment with TRAIL
protein for an additional 2 h. We photographed the cells under
light microscopy to investigate cell morphological changes,
and cell viability was analyzed using crystal violet and trypan
blue exclusion assays. As shown in Fig. 1, a single treatment
of genistein and TRAIL did not or only slightly influenced
cell viability with no morphological changes compared to the
control A549 cells; however, combination treatment of TRAIL
and the indicated doses of genistein significantly decreased
cell viability compared to genistein and TRAIL treatment
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Figure 1. Genistein enhances TRAIL-induced apoptosis in A549 cells. A549 cells were pretreated with genistein in a dose-dependent manner (0, 10,
20 and 40 M) for 12 h and were then treated with 100 ng/ml TRAIL protein for an additional 2 h. (A) Cell morphology was captured under light microscopy
(magnification, x100), and (B) cell viability was assessed by the crystal violet assay. (C) The bar graph indicates the average density of crystal violet dye.

(D) The treated cells were also assessed by trypan blue dye exclusion assays. "P<0.05, “P<0.01 and ""P<0.001; significant differences between the control and
each treatment group. Gen, genistein; TRAIL, tumor necrosis factor-related apoptosis-inducing ligand.

alone. Cell morphology also supported this enhanced effect
of genistein, showing that the combination of TRAIL and
genistein treatment enhanced apoptotic cell death compared
with that of genistein or TRAIL treatment alone (Fig. 1A).
However, TRAIL and genistein co-treatment reduced cell
viability and significantly increased apoptotic cell death in the
A549 cells (Fig. 1B-D). These results indicate that genistein
significantly increased TRAIL-induced apoptotic cell death in
the TRAIL-resistant A549 cells.

Genistein inhibits autophagic flux in lung adenocarcinoma
cells. To investigate the effect of genistein on autophagic
flux in A549 cells, the cells were pretreated with varying
genistein concentrations for 12 h followed by treatment with
TRAIL protein for an additional 2 h. Whole cell lysates were
subjected to western blot analysis to determine changes in
LC3-II, p62, activated caspase-3, and activated caspase-8. The
production level of p62 and the conversion of LC3-I to LC3-II
were increased after genistein treatment in a dose-dependent
manner (Fig. 2A). The combined TRAIL and genistein treat-
ment enhanced LC3-II and p62 protein levels compared with
those of genistein or TRAIL treatment alone. These results
were also confirmed by the presence of the intracellular apop-
tosis indicators activated caspase-3 and activated caspase-8
(Fig. 2B). The expression levels of TRAIL receptors such as
DR4 and DRS5 were not changed by treatment with genistein
alone or by a combination of genistein and TRAIL in the A549

cells (data not shown). The immunocytochemistry results
showed that co-treatment of genistein with TRAIL enhanced
p62 protein levels compared to those of genistein or TRAIL
treatment alone (Fig. 2C). These results indicate that genis-
tein alone or combined treatment with TRAIL and genistein
inhibits autophagy flux in A549 cells.

Genistein enhances TRAIL-induced lung cancer cell death
by inhibition of autophagic flux. We used chloroquine, which
acts as an autophagy inhibitor by preventing acidification of
the lysosome, to investigate the effect of genistein-mediated
enhancement of TRAIL-induced cell death in A549 lung
adenocarcinoma cells. The cells were pretreated with the
indicated genistein doses for 12 h and then treated with
TRAIL protein for an additional 2 h. Additional cells were
also pretreated with chloroquine for 1 h followed by genistein
treatment. We photographed the cells under light microscopy
to investigate morphological changes, and cell viability
was analyzed using crystal violet and trypan blue exclusion
assays. As shown in Fig. 3, treatment of A549 cells with either
TRAIL or genistein alone did not or only slightly influenced
cell death and no morphological changes were identified
compared to the control. After combined treatment with
TRAIL and chloroquine, cell death was strongly enhanced.
Cell morphology results also supported this enhanced cell
death effect by TRAIL and chloroquine compared to that of
genistein or TRAIL treatment alone (Fig. 3A). The combined
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Figure 2. Genistein inhibits autophagic flux in lung adenocarcinoma cells. (A) A549 adenocarcinoma cells were pretreated with genistein in a dose-dependent
manner (0, 10, 20 and 40 M) for 12 h. The cells were harvested and analyzed by western blotting to determine LC3-II and p62 production levels. A549 cells
were pre-treated with genistein (40 M) for 12 h and then exposed to 100 ng/ml TRAIL for an additional 2 h. (B) Western blot analyses were performed to
determine LC3-II, p62, Ac-cas3 and Ac-cas8 production levels. (C) Representative immunocytochemistry was implemented in A549 cells after co-treatment
with genistein (12 h) and 100 ng/ml TRAIL (2 h). Gen, genistein; Ac-cas3, activated caspase-3; Ac-cas8, activated caspase-8; TRAIL, tumor necrosis factor-

related apoptosis-inducing ligand.

treatment of chloroquine and TRAIL reduced cell viability
and significantly increased cell death in the A549 lung cancer
cells (Fig. 3B-D). These results indicate that genistein-medi-
ated enhanced TRAIL-induced cell death was due to the
inhibition of autophagic flux.

Genistein-mediated enhancement of the TRAIL-induced
apoptotic pathway by inhibition of autophagic flux. We
investigated the effect of genistein-mediated enhancement
of the TRAIL-induced apoptotic pathway by inhibiting
autophagic flux with chloroquine, which acts as an autophagy
inhibitor. The cells were pretreated with the indicated doses
of genistein for 12 h followed by treatment with TRAIL
protein for an additional 2 h. Additional cells were also
pretreated with chloroquine (20 M) for 1 h followed by
genistein treatment. Whole cell lysates were subjected to
western blot analysis to determine changes in LC3-II, p62,
activated caspase-3 and activated caspase-8 protein levels.
The genistein and TRAIL co-treatment, and the combined
treatment of TRAIL and chloroquine, resulted in increased
LC3-II and p62 protein levels relative to that of chloroquine
or TRAIL treatment alone, confirming that genistein inhibited
autophagic flux in the A549 cells (Fig. 4A). Chloroquine and
TRAIL co-treatment inhibited cell viability and significantly
enhanced apoptotic cell death in the A549 cells. These results
were confirmed by the presence of intracellular apoptosis
indicator activated caspase-3 (Fig. 4B) and there was no clear

difference in activated caspase-8 expression since only TRAIL
treatment slightly induced activated caspase-8 expression
compared to co-treatment of TRAIL and chloroquine but was
not statistically significant. The immunocytochemistry results
showed that the TRAIL and chloroquine combined treatment
increased p62 levels compared to those of chloroquine or
TRAIL treatment alone (Fig. 4C). These results indicate that
the genistein-enhanced TRAIL-induced apoptotic pathway
was due to inhibition of autophagic flux.

Discussion

The purpose of the present study was to investigate the func-
tion of genistein and co-treatment of genistein and TRAIL on
A549 human adenocarcinoma cells. The results suggest that
genistein enhanced TRAIL-induced tumor cell death in A549
cells by inhibition of autophagic flux.

TRAIL, also known as Apo2L, may be a safe and potent
biological agent that can be applied for cancer therapy in
humans. It has gained huge interest in medical science as it
can specifically induce cancer cells, transformed cells, and
virus-infected cells to undergo apoptosis without displaying
any toxicity in normal cells (32-36). However, the efficacy and
mode of action for this effective therapeutic agent are still
being investigated. Genistein (4',5,7-trihydroxyisoflavone),
commonly found in soy products, has been used as an
alternative hormone replacement therapy and has a lower risk
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Figure 3. Genistein enhances TRAIL-induced lung cancer cell death by inhibition of autophagic flux. A549 adenocarcinoma cells were pretreated with
genistein (40 uM) for 12 h and then treated with 100 ng/ml TRAIL protein for an additional 2 h. Additional cells were also pretreated with chloroquine for
1 h followed by genistein treatment. (A) Cell morphology was captured under light microscopy (magnification, x100). (B) Cell viability was measured by the
crystal violet assay. (C) The bar graph indicates average density of crystal violet dye. (D) The treated cells were also measured by trypan blue dye exclusion
assays. "P<0.05, “P<0.01 and ““P<0.001; significant differences between the control and each treatment group. Gen, genistein; TRAIL, tumor necrosis factor-

related apoptosis-inducing ligand; CQ, chloroquine.

of cancer and neurodegenerative diseases (37). It has been
reported that genistein enhances the induction of apoptosis by
chemotherapeutic agents in several types of cancer cells (38,39).
Autophagic flux is the complete mechanism of autophagy by
which cytoplasmic components are recruited to lysosomes for
degradation (40,41). Anti-rheumatoid arthritis drugs, such as
chloroquine, have been shown to disrupt autophagy in clinical
trials of cancer therapy (42).

Most primary tumor cell lines and a range of patient-
created cancer cell lines ultimately become resistant to the
apoptotic effects of TRAIL (43). Jin et al (6) showed that
lung adenocarcinoma A549 cells are resistant to cell death
by TRAIL. We also observed in our present study that a
single treatment of genistein or TRAIL alone did not or only
slightly induced cell death in A549 adenocarcinoma cells.
However, the combined treatment of genistein and TRAIL

strongly induced cell death in the A549 cells (Fig. 1). This
evidence suggests that genistein, which acts as an anticancer
agent in combination with TRAIL, can be used to sensitize
TRAIL-mediated apoptosis in TRAIL-resistant A549 cells.
Some reports have shown that genistein induces autophagy
and also initiates apoptosis in ovarian cancer cells (44).
However, our results indicate that treatment with varying
concentrations of genistein alone resulted in a dose-dependent
increase in LC3-II and p62 levels in A549 adenocarcinoma
cells. The combined TRAIL and genistein treatment
enhanced LC3-II, p62, activated caspase-3, and activated
caspase-8 protein production levels compared to the control
by inhibiting autophagic flux (Fig. 2). Recently, researchers
have shown that co-treatment of genistein and TRAIL
inhibited pancreatic cancer cell growth (45) and enhanced
TRAIL-mediated apoptosis in lung A549 cells through
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Figure 4. Genistein-mediated enhancement of the TRAIL-induced apoptotic pathway by inhibiting autophagy flux. A549 cells were pretreated with genistein
(40 uM) for 12 h and then treated with 100 ng/ml TRAIL protein for an additional 2 h. Additional cells were also pretreated with chloroquine for 1 h followed
by genistein treatment. (A) The cells were harvested and analyzed by western blot analysis to determine LC3-II and p62 production levels. (B) Western blot
analysis was also performed to determine Ac-cas3 and Ac-cas8 production levels. (C) Representative immunocytochemistry was implemented in A549 cells
after co-treatment with chloroquine (1 h), genistein (12 h) and 100 ng/ml TRAIL (2 h). Gen, genistein; TRAIL, tumor necrosis factor-related apoptosis-inducing
ligand; CQ, chloroquine; Ac-cas3, activated caspase-3; Ac-cas8, activated caspase-8.

regulation of the AKT pathway (46). Pharmacological or
genetic inhibition of autophagy induces cell death in various
types of cancer cells, and we investigated the sensitivity of
A549 cell proliferation to pharmacological inhibition of
autophagy with chloroquine. Co-treatment with genistein
and TRAIL increased LC3-II, p62, activated caspase-3 and
activated caspase-8 production levels. Furthermore, TRAIL
and chloroquine combined treatment increased LC3-II and
p62 levels compared to those of chloroquine or TRAIL
alone. These results were confirmed by increased levels of
the intracellular apoptosis indicators activated caspase-3 and
activated caspase-8 (Figs. 3 and 4).

In conclusion, we report that genistein enhanced apoptosis
in A549 cells by inhibition of autophagic flux. In addition,
combination treatment with genistein and TRAIL strongly
enhanced apoptosis in TRAIL-resistant A549 cells, suggesting
that genistein enhances TRAIL-induced tumor cell death in
TRAIL-resistant A549 adenocarcinoma cells by inhibition of
autophagic flux.
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