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Honokiol exhibits enhanced antitumor effects with
chloroquine by inducing cell death and inhibiting
autophagy in human non-small cell lung cancer cells
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Abstract. Honokiol (HNK), a potential antitumor compound,
has been widely studied in recent years. It induces apoptosis
and affects autophagy in cancer cells, yet the mechanism of
its antitumor efficacy remains obscure. Chloroquine (CQ), an
autophagy inhibitor, is often applied to sensitize antitumor
drugs in clinical trials. Here, we investigated the antitumor
effect of HNK or CQ alone or in combination in non-small cell
lung cancer (NSCLC) cells. Using an experimental approach,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) or sulforhodamine B (SRB) was used to determine the
cytotoxicity of the agents. The expression levels of proteins
were detected by western blotting. Apoptosis was examined
via Annexin V-FITC and PI staining. H460 cell xenografts in
nude mice were used to study the effects of HNK and/or CQ
in vivo. Transfection with siRNA was applied to knock down
cathepsin D. The results demonstrated the enhanced effects
of HNK combined with CQ on the inhibition of proliferation,
induction of apoptosis in vitro and the reduction in growth
in vivo. It was confirmed that HNK and/or CQ triggered apop-
tosis via a caspase-dependent manner. Furthermore, HNK
significantly increased the expression of p62 and LC3-II in
the A549 and H460 cells and inhibited autophagy and induced
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apoptosis in a cathepsin D-involved manner. In conclusion, an
enhanced antitumor effect was demonstrated following treat-
ment with HNK combined with CQ by inhibiting autophagy
and inducing apoptosis via a caspase-dependent and cathepsin
D-involved manner. This combination may be a novel and
useful antitumor approach for chemotherapy in NSCLC.

Introduction

Honokiol (HNK) (Fig. 1A), a biphenolic compound isolated
from the leaves, bark, and root of Magnolia officinalis is used in
traditional Chinese and Japanese medicine (1). It was reported
that HNK effectively reduces the growth of cancer in vitro
and in vivo in cell and animal xenograft models (2). It also
induces caspase-dependent apoptosis of cancer cells through
downregulation of survivin, c-FLIP, Bcl-xL and upregulation
of Bax and Bak (3-5). Recent studies have demonstrated that
HNK increases the expression levels of the two hallmarks
of autophagy, Beclin-1 and LC3-II, and induces autophagy
in glioblastoma multiforme (GBM) DBTRG-05MG cells,
yet the role of autophagy in the anti-GBM effects requires
further research (6). In addition, HNK was found to induce
autophagy in prostate cancer cells (7). However, another
study indicated that wO07B, a newly synthesized derivative of
honokiol, exerted neuroprotective effects through inhibition
of autophagy (8). As suggested above, the role of autophagy
in the antitumor effects of HNK requires further research and
combined treatment of HNK with an autophagy inhibitor or
activator may result in enhanced antitumor effects.
Autophagy is a conserved, lysosomal-dependent
membrane process to maintain cellular homeostasis under
metabolic stress. During this process, autophagosomes engulf
damaged proteins and defective organelles and then fuse
with lysosomes for degradation (9). Finally, the unnecessary
proteins are removed, the flawed organelles are eliminated
and the cell growth is sustained during conditions of stress
through autophagy. However, the role of autophagy in cancer
is a double-edged sword (10). Nevertheless, the detailed
molecular mechanisms of this dual action in tumors need to
be elucidated. Chloroquine (CQ) diphosphate (Fig. 1B), an
anti-malarial drug, reduces the proliferation, induces apoptosis
and inhibits late stages of autophagy in cancer cells, and then
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exerts antitumor effects in vitro and in vivo. CQ and its analog
hydroxychloroquine (HCQ) are the only autophagic inhibitors
being used in clinical trials as a type of chemotherapy sensi-
tizing agent (11). The inhibitors are evaluated by combining
them with conventional chemotherapeutics or targeted agents
for cancer therapy (12,13). A combination of drugs is a major
strategy for cancer chemotherapy. Thus, HNK combined
with CQ may be a method by which to investigate the role of
autophagy in the antitumor effect of HNK.

In the present study, we investigated the role of autophagy
and apoptosis in the antitumor effects of HNK or CQ alone
or their combination in non-small cell lung cancer (NSCLC)
cells. The results showed that HNK combined with CQ
exerted enhanced antitumor effects in vitro and in vivo
through autophagy inhibition and apoptosis induction. They
also demonstrated that HNK inhibited autophagy and induced
apoptosis of NSCLC cells in a cathepsin D-involved and
caspase-dependent manner.

Materials and methods

Antibodies and reagents. Rabbit anti-caspase-3 and
anti-PARP antibodies were purchased from Cell Signaling
Technology (Beverly, MA, USA). The rabbit anti-LC3B anti-
body was obtained from Sigma (St. Louis, MO, USA). The
mouse anti-cathepsin D antibody was obtained from Huada
Biotechnology Co. (Beijing, China). The mouse anti-f-actin
antibody was obtained from ZSGB-BIO (Beijing, China). CQ
and 3-methyladenine (3-MA) were purchased from Sigma
(Deisenhofen, Germany), prepared initially as a 20 mM stock
solution by dissolving in physiological saline (Minkang,
China) and dissolved in RPMI-1640 medium to the desired
concentration before the experiment, respectively. HNK was
purchased from Shanghai Ziyi Reagent Factory (Shanghai,
China) and rapamycin was purchased from Shanghai Qianchen
Reagent Co. (Shanghai, China). The two agents were dissolved
in dimethyl sulfoxide (DMSO) as a 20 mM and 218 uM stock,
respectively. Before use in the experiments, each stock solu-
tion was diluted with RPMI-1640 medium to the desired final
concentration. The caspase-3 inhibitor N-benzyloxycarbonyl-
Val-Ala-Asp-fluoromethylketone (zVAD.fmk) was purchased
from Beyotime (Jiangsu, China) and acridine orange was
purchased from Sigma.

Cell culture. The human NSCLC cell lines A549 and H460
were used in the experiments and stored in our laboratory. All
the cell lines were cultured in RPMI-1640 medium (Thermo
Scientific) supplemented with 10% fetal calf serum (Gibco),
1% penicillin/streptomycin (North China Pharmaceutical,
China) and maintained in a 5% CO, incubator at 37°C.

Cell survival analysis. Cells were seeded in 96-well microtiter
plates and exposed to different concentrations of the chemi-
cals overnight for 48 h. Then, the sulforhodamine B (SRB) or
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay was used to detect cell viability. The SRB assay
is briefly described as follows. After the treatment period,
the cells were fixed with cold 10% (w/v) trichloroacetic acid
and incubated for 60 min at 4°C. After the supernatant was
discarded, double distilled water was used to wash the plates
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Figure 1. Chemical structure of (A) honokiol and (B) chloroquine.

five times and air dried. Then, SRB solution [0.4% (w/v) in
1% acetic acid)] was applied to stain the cells for 5 min at room
temperature. After staining, the plates were washed with 1%
acetic acid five times to remove the unbound dye and air dried.
SRB was subsequently solubilized with 10 mM Tris (pH 10.5),
and the absorbance was read at 570 nM on a microplate reader
(Multiskan MK3; Thermo Scientific). The MTT assay was
carried out as previously described (14).

Evaluation of the effects of the combined drugs. The coef-
ficient of drug interaction (CDI) was applied to evaluate the
effect of drug interaction. CDI was calculated as follows:

CDI = AB/(A x B)

Where AB is the survival rate of the cells affected by the
combined drugs. A or B is the survival rate of cells affected
by each drug alone. When CDI is <1, there exists a synergistic
effect of the two drugs (15).

Apoptosis analysis. Cells were plated into 6-well plates and
were treated with different concentrations of the agents for 20 h.
Then, cell apoptosis was examined by the Annexin V-FITC/PI
apoptosis detection kit (Biosea Biotechnology, Beijing, China)
according to the manufacturer's instructions. Briefly, the cells
were collected, fixed and stained with 10 1 of Annexin V-FITC
and 5 ul of PI. Flow cytometric analysis was performed on
1x10* cells/sample by a FACS Coulter EPICS XL in less than
1 h and analyzed with a FACSCalibur using Summit software
(both from Beckman Coulter, Inc., Fullerton, CA, USA).
Caspase activation, an additional indicator of apoptosis, was
also detected by western blotting as described below.

Western blot analysis. Cells were exposed to the chemicals
for different times and then harvested. The cells were lysed
and analyzed by western blotting as previously described (16).

In vivo efficacy studies. The protocols of animal experiments
were, according to the rules of Good Laboratory Practice
for Non-Clinical Laboratory Studies of Drugs issued by the
National Scientific and Technologic Committee of P.R. China,
approved by the Experimental Animal Center of the Institute
of Medicinal Biotechnology.
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Figure 2. HNK and/or CQ inhibit the proliferation of NSCLC cells. (A) Proliferative activity of the H460 and A549 cells treated with HNK or CQ at the
indicated concentrations for 48 h as assessed by the SRB assay. (B) The effect of CQ combined with HNK on the proliferative activity of the A549 and H460
cells as assessed by the SRB assay. Cells were treated with CQ (10 and 20 yM ) and HNK (10, 20, 30, 40 and 60 M) for 48 h. Data are expressed as the ratio
to the control (untreated) cells. Values are expressed as mean + SD. (C) The CDI value is a quantitative measure of the degree of interaction between different
drugs. CDI values between 1 and 0.7 indicate slight to moderate synergism and CDI values of 0.7-0.3, strong synergism. NSCLC, non-small cell lung cancer
cells; HNK, honokiol; CQ, chloroquine; SRB, sulforhodamine B; CDI, coefficient of drug interaction.

We obtained 6- to 8-week-old female BALB/c nude mice
(nu/nu) from Vital River Co. (Beijing, China) and housed them
under pathogen-free conditions with laboratory chow and
water. H460 cells (5x10°/mouse) were injected into the right
armpits of the nude mice. After 3 weeks, tumors resulting
from donor animals were aseptically dissected and cut into
2x2x2 mm? pieces. The pieces were then transplanted into
fresh mice using trocar needles. Prior to the tumors reaching
~100 mm?, the mice were randomized into 5 groups (6/group)
based on body weight and tumor volume. The mice were
administered HNK (50 mg/kg/day, 5 times/week, i.p.) and
CQ (100 mg/kg/day, 5 times/week, p.o.). Control nude mice
were injected with saline or 20% intralipid (HNK dissolved
in 20% intralipid) (17). The long and short diameters of the
tumors (a and b, respectively) were measured using a caliper
twice a week and the body weights were recorded at the same
time. The tumor volume was calculated according to the

formula, V = ab*/2. The animal experiment lasted for 21 days.
At the end, the tumor tissues were used to assess the LC3-11
expression with western blotting.

Acridine orange (AO) staining. The abundance of acidic
lysosomes in the cells was evaluated with AO staining. After
treatment with HNK for 24 h, the cells were stained with
acridine orange (1 pg/ml) for 15 min at 37°C in the dark and
then washed with PBS. The images were captured using a
fluorescence microscope (Vert. Al; Zeiss, Germany) using a
490-nm band-pass excitation filters and a 515-nm long-pass
barrier filter. Based on the acidity, the lysosomes appeared as
orange fluorescent cytoplasmic vesicles (18).

siRNA transfection. Experimentally siRNA targeting human
cathepsin D (cathepsin D-siRNA) was purchased from Ruibo
Biotechnology (Guangzhou, China), and the following siRNA
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Figure 3. CQ or/and HNK induce the apoptosis of H460 and A549 cells in a caspase-dependent manner. Induction of apoptosis following treatment with HNK
(40 uM for the A549 cells and 30 M for the H460 cells) or CQ (20 #M) alone or in combination for 24 h in the A549 and H460 cells. (A) Analysis of apoptosis
was performed by Annexin V-FITC/PI apoptosis assay, as described in Materials and methods. HNK, honokiol; CQ, chloroquine.

sequence was CCUCGUUUGACAUCCACUAJTAT (19). The
cells were transfected with siRNAs using the Ruibo FECT™
CP transfection kit according to the manufacturer's instruc-
tions. Briefly, the cells were plated in a 6-well plate for an
overnight incubation, and then the medium was altered to
antibiotic-free for transfection. After the transfected solution
in an antibiotic-free condition was added to the plates, the cells
were incubated at 37°C for 24 h and treated with HNK for
another 24 h. Finally, the efficiency of the RNAi was measured
by western blotting.

Statistical analysis. All of the experiments were conducted
independently at least three times. All the data are represented
as mean + SD.

Results

HNK and/or CQ inhibit the proliferation of NSCLC cells. In
order to investigate the antitumor effect of combining HNK
with CQ, an SRB assay was used to validate the cytotoxicity of
HNK or CQ alone or their combination. As shown in Fig. 2A,

HNK or CQ decreased the viability of the A549 and H460
cells in a dose-dependent manner at 48 h.

Then the antitumor effect of the combination of HNK and
CQ was investigated via the SRB assay. The cells were treated
with CQ at the doses of 10 and 20 M, and then doses of HNK
were added at the same time. CQ sensitized the H460 and
A549 cells to HNK (Fig. 2B) and the majority of the CDIs in
the combination doses were <1 (Fig. 2C). Therefore, there was
a synergistic effect between CQ and HNK.

HNK and/or CQ induce the cell death of H460 and A549
cells in a caspase-dependent manner. To determine the
effect of the two drugs on the apoptosis of human NSCLC
cells, both cell lines were treated with HNK (40 yM for the
A549 and 30 uM for the H460 cells) or CQ (20 uM) alone
or in combination for 24 h. Annexin V-FITC and PI staining
indicated early and late apoptotic and necrotic cells, respec-
tively. The apoptotic cells were increased in the CQ+HNK
group compared with the CQ or HNK group. The apoptotic
percentages of the A549 cells were 2.53, 3.77 and 6.42% for
CQ, HNK and CQ+HNK, respectively, and the apoptotic
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Figure 3. Continued. CQ and/or HNK induce the apoptosis of H460 and A549 cells in a caspase-dependent manner. Induction of apoptosis by treatment with
HNK (40 uM for the A549 cells and 30 M for the H460 cells) or CQ (20 M) alone or in combination for 24 h in the A549 and H460 cells. (B) The apoptosis
and necrosis rate of the treated cells is shown. (C) The expression of proteins associated with apoptosis in the A549 and H460 cells was assessed by western
blotting. The cells were exposed to CQ (20 xM) and HNK (40 uM for the A549 cells and 30 M for the H460 cells) for 24 h. (D) zZVAD.fmk reduced the
increased expression of cleaved-PARP and cleaved caspase-3 induced by HNK and/or CQ. zVAD.fmk (100 M) was used to pretreat the A549 and H460 cells
for 1.5 h, and then HNK and/or CQ or no agents were added for another 24 h. The apoptosis-related proteins were assessed by western blotting. The number
under each blot is the ratio of the optical density of the blot relative to that of the untreated group. HNK, honokiol; CQ, chloroquine.

percentages of the H460 cells were 6.65, 6.96 and 14.25%,
respectively (Fig. 3A and B).

After the combination of CQ and HNK induced NSCLC
cells to undergo apoptosis, western blotting was applied to
investigate the levels of marker protein expression in the apop-
totic pathway. The CQ+HNK group exhibited decreased PARP
and increased cleavage after the two drugs were combined as
compared to CQ or HNK alone (Fig. 3C).

Finally, zZVAD.fmk, a broad-range caspase inhibitor, was
used to examine whether the cell death induced by the combi-
nation of HNK and CQ was caspase-dependent. zZVAD.fmk
significantly decreased the HNK and CQ-triggered increased
levels of cleaved caspase-3 and cleaved-PARP in the A549 and
H460 cells (Fig. 3D).

HNK and/or CQ reduce the growth of the H460 xenografts
in BALB/c nude mice. The above results demonstrated an
enhanced effect on the proliferation and apoptosis of NSCLC
cells following the combination of HNK and CQ. Thus, we
explored whether CQ can augment the antitumor effect
of HNK in vivo. According to the method as previously
described, administration of the drugs was started at day 7
after tumor blocks were implanted in the BALB/c nude mice.
No incidence of death in the experimental groups occurred
during the experiment. Fig. 4A shows that the average body
weight in the groups did not significantly change and was
stable. Thus, the doses of CQ and HNK were tolerated. The
volume of the mouse tumors was reduced in the CQ, HNK
and CQ+HNK groups as compared to the controls and the
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Figure 4. HNK and/or CQ reduce the growth of lung cancer H460 xenografts in BALB/C nude mice. Tumor-bearing mice were treated with HNK (50 mg/kg/day;
i.p.) and/or CQ (100 mg/kg, p.o.) after tumor transplantation as described in Materials and methods. (A) HNK and/or CQ decreased the growth of the H460
xenografts in nude mice, exhibited by changes in the tumor volume. Tumor volumes were measured twice a week. Values are expressed as mean + SD. Changes
in body weight of nude mice bearing human lung cancer H460 xenografts are also shown. (B) Expression of LC3 in the tumor tissues was assessed by western
blotting. The number under each band (LC3-II) is a ratio of the optical density of the band relative to that of its corresponding actin. HNK, honokiol; CQ,

chloroquine.

percentage of tumor growth inhibition in the three groups on
day 21 was 38.81, 64.92 and 76.91%, respectively (Fig. 4A).
Thus, the reduction in tumor volume in the CQ+HNK group
was more significant than that in the CQ or HNK group.

It has been reported that HNK produces pharmacological
functions via influencing autophagy, and CQ is used as an
autophagic inhibitor during autophagy studies. Thus, we
further investigated the LC3-II expression in tumor tissues
from the H460 xenografts in BALB/c nude mice. In the
experiment, the tissues from three mice in each group were
used to conduct western blotting. The results revealed that
LC3-II expression was increased after CQ, HNK or CQ+HNK
treatment. The average intensity of the LC3-II band in the
CQ+HNK group was greater than that in the CQ or HNK
group (Fig. 4B).

HNK increases the expression of LC3-1I and p62 in human
NSCLC cells. From the above results, we found that HNK
increased the expression of LC3-II similar to CQ. To further
show the role of autophagy in the antitumor effects of HNK or
coupled with CQ in NSCLC cells, the expression levels of p62
and LC3-II in the A549 and H460 cells were examined after
HNK treatment. As shown in Fig. 5A, HNK at a concentra-
tion as low as 10 M was able to increase the p62 and LC3-1I
expression in the A549 cells, and it increased levels of the two
proteins at the concentration of 20 M in the H460 cells. In
addition, HNK increased the levels of LC3-II in the A549 and
H460 cells, which occurred at 8 h and were maintained at least
for 24 h. The p62 expression level was significantly increased
at 16 h and was maintained up to 24 h (Fig. 5B). From this, we

found that prolonged treatment of HNK generated cell line-
dependent results on p62 and LC3-II regulation.

Autophagy is a lysosome-dependent membrane degrada-
tive process, thus the lysosome stability was examined by
AO staining. During the experiment, the nucleus was stained
green and acidic vesicles (lysosomes and autophagolysosomes)
were present in red fluorescence. As shown in Fig. 5C, the red
fluorescence intensity was increased in the cytoplasm of both
cell lines as compared to that in the control group after HNK
treatment for 24 h.

HNK combined with autophagy inhibitors effects the prolif-
eration and autophagy-related protein expression in human
NSCLC cells. In order to investigate the role of autophagy in
the antitumor effect of HNK or combined with CQ, various
inhibitors were applied as tools to inhibit autophagy. In
this experiment, CQ and 3-MA, as autophagy inhibitors at
different stages, were used to examine the role of autophagy
on the cytotoxicity induced by HNK. The lysosome-inhibitor
CQ inhibited the fusion of lysosomes and autophagosomes,
causing the accumulation of LC3. 3-Methyladenine (3-MA)
inhibited the initiation of autophagy (20). At first, the cell
viability was measured by MTT assay. HNK, CQ or 3-MA was
able to suppress the proliferation of the A549 and H460 cells.
The combination of HNK and CQ decreased the viability of
both cell lines more potently than HNK or CQ alone, but there
was no enhanced effect on the inhibition of proliferation by
HNK or CQ combined with 3-MA, respectively (Fig. 6A).
Secondly, we conducted western blotting to detect the
expression of p62 and LC3-II after HNK, CQ, 3-MA or the
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Figure 5. HNK blocks autophagy in the NSCLC cells. Various markers of autophagy were analyzed in the HNK-treated A549 and H460 cells. (A and B) The

accumulation of p62 and LC3- I/II in the A549 and H460 cells treated with the i

ndicated concentrations of HNK for 24 h (A) or with 40 uM (A549 cells) and

30 uM (H460 cells) HNK respectively for the indicated times (B). The expression of p62 and LC3-I/11 was assessed by western blotting. The number under
each band is the ratio of the optical density of the band relative to that of the untreated group (A) or the control at 4 h (B). (C) AO staining was used to visually

represent the inhibitory effect on autophagy by HNK via fluorescence microsc
cancer cells; HNK, honokiol; AO, acridine orange.

combinations. The results demonstrated that HNK, CQ or
3-MA all induced the expression of p62 in the A549 and
H460 cells, but HNK or CQ alone increased the level of
LC3-II expression. HNK or CQ alone augmented the level of
p62 induced by 3-MA and increased the LC3-II expression
level even though 3-MA did not induce the LC3-II expression.
However, the combination of HNK and CQ did not clearly

opy. The cells were exposed to HNK for 24 h. NSCLC, non-small cell lung

change the level of the two autophagic markers as compared
to HNK or CQ alone (Fig. 6B). HNK inhibited the fusion of
lysosomes and autophagosomes and possessed various charac-
teristics of an autophagy inhibitor such as CQ.

Inhibition of autophagy augments cell death induced by
HNK in human NSCLC cells. From the above results, HNK
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ratio of the optical density of the band relative to that of the untreated group. HNK, honokiol; CQ, chloroquine; SRB, sulforhodamine B.

inhibited autophagy during our experiments. Thus, rapamycin
and CQ, which induces and inhibits autophagy respectively,
were used to verify the role of autophagy in the cell death of
human NSCLC cells induced by HNK. As shown in Fig. 7A,
rapamycin did not enhance the anticancer effect of HNK at
the low concentrations of 10 and 20 xM or CQ in both cell
lines, but an enhanced effect of CQ and HNK was noted.
The western blot results (Fig. 7B) showed that rapamycin
reduced p62 expression and increased LC3 expression in the
A549 and H460 cells when in combination with CQ or HNK.
Surprisingly, HNK increased the expression of p62 and LC3
similar to CQ, and there is no obvious increase in the expres-
sion of p62 and LC3 when combining HNK and CQ.

HNK induces the expression of cathepsin D. Cathepsin D, a
member of the lysosomal aspartyl cathepsin family, plays a

crucial role in cell fate and tissue homeostasis through apop-
tosis (21). Based on the above results, HNK induced apoptosis,
thus we investigated the effect of HNK on cathepsin D
expression. In the A549 and H460 cells, HNK increased the
level of cathepsin D protein in both a time-dependent and
concentration-dependent manner. HNK at 20 #M increased
expression of cathepsin D at 24 h after treatment in both cell
lines (Fig. 8A). Upregulation of cathepsin D was observed
even at 4 h post HNK treatment. The increase in cathepsin D
by HNK was maintained for up to 24 h in the A549 and H460
cells (Fig. 8B).

In order to further determine the role of cathepsin D
in the apoptosis-induction of HNK, cathepsin D siRNA
and pepstatin A (PepA) as an aspartate protease inhibitor
of cathepsin D were used in the experiments. As shown
in Fig. 8C, the siRNA efficiently knocked down cathepsin
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Figure 7. HNK or CQ combined with rapamycin inhibits the proliferation and affects the expression of apoptosis- and autophagy-associated proteins in the
A549 and H460 cells. (A) The cells were pre-treated with CQ (20 #M) or rapamycin (400 nM) for 1.5 h and then HNK (0, 10, 20, 40 M) was added to the
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short exposure. LE refers to long exposure. HNK, honokiol; CQ, chloroquine.

D expression in the A549 and H460 cells with or without
HNK treatment. Notably, the expression of PARP and
cleaved caspase-3 was elevated after the gene of cathepsin
D was knocked down in both cell lines treatment with
HNK (Fig. 8C). In addition, PepA significantly potentiated
the inhibitory effect on the proliferation of the A549 and
H460 cells by HNK (Fig. 8D).

Discussion

Cancer cells are able to adapt themselves to extreme condi-
tions such as oxygen and nutrient-poor stress, which lead to

tumor growth, resistance and relapse. Stress conditions induce
cancer cells to autophagy and it enables cancer cells to survive
by providing biosynthetic precursors, maintaining energy
production, and clearing injured cell components (22). Clearly,
autophagy plays an important role in tumor cell survival under
extreme stress, thus inhibition of autophagy may become a
novel therapeutic strategy for cancer treatment (23,24). It has
been reported that chemical inhibitors of autophagy induce the
death of cancer cells and sensitize the antitumor activity of a
broad array of anticancer agents (25). CQ, an autophagic inhib-
itor, is being used as a chemosensitizer in clinical trials (11).
HNK, a small unsymmetrical natural polyphenol, has been
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used in the clinic as a traditional Chinese drug for many years.
Also, autophagy is involved in the pharmacological effects of
HNK. In previous studies, antitumor drugs are often combined
with CQ. In the present study, the inhibitory effect of HNK or
coupled with CQ on autophagy and its crosstalk with apoptosis
in NSCLC cells were investigated.

SRB assay, apoptosis analysis, western blotting and animal
experiments were used to investigate the enhanced antitumor
effect of the combination of HNK and CQ in vitro and in vivo.
From the results, we demonstrated a more potent proliferation
inhibition of NSCLC cells in the HNK combined with CQ
group than that in the group treated with HNK or CQ alone.
HNK induced apoptosis of human NSCLC cells and CQ
augmented the efficacy of the cell death caused by HNK. A
pan-caspase inhibitor (zZVAD.fmk) significantly decreased
the cleaved caspase-3 and PARP expression, indicating the
existence of caspase-dependent cell death in our research
system. The effects on the viability of NSCLC cells in vitro
or the growth of the H460 xenografts in vivo by HNK and/
or CQ both confirmed that they produced a marked antitumor
effect. Furthermore, the percentage of tumor growth reduction
in the HNK combined with CQ group was the highest among
the three groups: HNK, CQ, and HNK combined with CQ.
Based on the fact that autophagy influences the pharmaco-
logical function of HNK and CQ, we detected the expression
level of LC3-II in the tumor tissues in all of the experimental
groups. The results showed that HNK had the obvious ability
to increase the expression of LC3-II protein in vivo, which
indicated that autophagy was involved in the antitumor effect
of HNK or coupled with CQ in vivo.

In order to illustrate the clear role of autophagy, we
examined the expression level of autophagy-related proteins,
p62 and LC3-1I1, in vitro. p62 is identified as the substrate of
autophagy degraded by autophagosomes (26). LC3 is the most
widely used biomarker of autophagosome formation with
the capability of inducing autophagy (27,28). HCQ inhibited
autophagy through augumenting p62 and LC3-II proteins (29).
In our experiment, we found that HNK increased the expres-
sion levels of p62 and LC3-II, showing that HNK inhibited
autophagy in the NSCLC cells via a similar mechanism to
CQ by disrupting autolysosome function. It is well-known
that 3-MA suppresses the start of autophagy, but CQ exerts
effects at the late phase of autophagy. 3-MA decreased the
accumulation of LC3-II induced by CQ, but not by HNK,
which indicated that the inhibitory effect on autophagy by
HNK was more potent than that by CQ, in the NSCLC cells.
HNK induces autophagy in glioblastoma multiforme and pros-
tate cancer cells. Therefore, we proposed that the influence of
autophagy in the antitumor effect of HNK was dependent on
the type of cell line.

Autophagy inhibitors or activators were applied to deter-
mine the role of autophagy in the tumor growth of NSCLC
following treatment with HNK and combined with CQ.
Treatment with combinations of CQ+HNK and 3-MA+HNK
indicated that there were enhanced effects on the viability
of the NSCLC cells or the growth of the H460 xenografts
in vivo by CQ combined with HNK. HNK and CQ play a
role in the late phase of autophagy via a similar mechanism.
Thus the combination of drugs with a similar mechanism
enhanced the antitumor effects. Furthermore, we compared
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the inhibitory effect on the proliferation of the combinations
of rapamycin+CQ and HNK, and CQ+HNK in the H460
and A549 cells. Rapamycin did not augment the anticancer
effect of HNK at the low concentrations of 10 and 20 uM
or CQ in both cell lines, but an enhanced effect of CQ and
HNK was noted. The results showed that the inhibition of
autophagy by HNK decreased the growth of NSCLC cells
and further proved that HNK suppressed autophagy at the
late phase similar to CQ. The inhibitory effect of autophagy
was involved in the antitumor effect of HNK coupled with
CQ.

Cathepsin D, an aspartic protease, is localized in lyso-
somes under normal conditions and participates in many
physiological processes, playing a critical role in protein degra-
dation, modulation of cell death, and epithelial differentiation.
However, cathepsin D is overexpressed and secreted aber-
rantly in different types of cancers including prostate cancer
and lung adenocarcinoma (30,31), and its level is correlated
with growth, invasion, metastasis and angiogenesis of cancer.
It is reported that overexpression of wild-type cathepsin D
clearly reduces the apoptosis of cancer cells (32). The present
study demonstrated that HNK decreased the proliferation
of NSCLC cells and induced apoptosis. Thus the role of
cathepsin D was investigated in our research. In fact, HNK
increased the cathepsin D expression level in a time-dependent
and dose-dependent manner and cathepsin D siRNA potenti-
ated the apoptosis mediated by HNK. PepA, a cathepsin D
inhibitor, enhanced the inhibitory effect on the proliferation of
NSCLC cells by HNK. Thus, we postulated that cathepsin D
exerted a protective effect on the apoptosis induced by HNK.
Cathepsin D partly participated in the antitumor effect of
HNK or in combination with CQ.

In summary, our results showed enhanced effects of the
combination of HNK and CQ on the inhibition of proliferation
in vitro and the reduction in growth in vivo in NSCLC. We
also demonstrated that HNK increased the expression levels of
p62 and LC3-II protein and inhibited autophagy similar to CQ
via a similar mechanism. Inhibition of autophagy and induc-
tion of apoptosis are involved in the antitumor effect of HNK
or in combination with CQ in a cathepsin D-mediated and
caspase-dependent manner. HNK disturbs autophagy in vitro
and in vivo, and exhibits a potent cytotoxic effect and may be
a novel antitumor sensitizer similar to CQ.
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