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ABSTRACT

Promoting cell death by autophagy could be a novel treatment for cancer. The 
major player in autophagy, p62, serves as a good therapeutic target. Ginkgetin, a 
biflavonoid from Ginkgo biloba leaves, exhibited promising anticancer activity in 
non-small cell lung cancer cell lines, with an IC50 lower than that of cisplatin. This 
anticancer effect of ginkgetin was illustrated in a xenograft nude mouse model. 
Ginkgetin induced autophagic cell death in A549 cells, and this effect was markedly 
reversed by chemical and genetic approaches. Ginkgetin showed potential binding 
affinity to p62. Upregulation of p62 through chemical and genetic means decreased 
cell death, lysosome acidification, and autophagosome formation, which consequently 
disrupted autolysosome formation. In addition, the decreased autophagy induced by 
p62 overexpression increased Nrf2/ARE activity and the oxygen consumption rate and 
decreased on formation of reactive oxygen species. These phenomena were exhibited 
in a reciprocal manner when p62 was knocked down. Thus, p62 may be a potential 
target in ginkgetin-induced autophagic cell death, and ginkgetin could be developed 
as a novel anticancer drug.

INTRODUCTION

The International Agency for Research on Cancer 
estimated that 10 million lung cancer-related deaths would 
occur per year by 2030. Based on histopathology, non-
small cell lung cancer (NSCLC) is a major type of lung 
cancer; it accounts for almost 80% of lung cancers and 
exhibits intrinsic resistance to anticancer drugs, including 
platinum-based antineoplastic drugs [1, 2] and epidermal 
growth factor receptor tyrosine kinase inhibitors (EGFR-
TKIs) [3, 4]. Such challenges have shifted the focus of 
research to finding novel drugs that may concomitantly 
target multiple mechanisms and would therefore enhance 
tumor regression.

The majority of chemotherapeutic drugs exhibit 
cytotoxic action via apoptosis; however, cancer cells 
may evade cell death through either intrinsic resistance 
or late-acquired resistance via genetic and epigenetic 
modifications. Most chemotherapeutic drugs share 
common apoptotic pathways; however, a simple mutation 
that disables apoptosis can trigger multidrug resistance 
[5]. This multidrug resistance issue in cancer therapy is 
therefore necessitating a search for alternate pathways 
of cell death that can be targeted independently or 
concomitantly with apoptotic signaling pathways to elicit 
effective and sustained inhibition of cancer growth [6]. 
Under this scenario, cancer cell autophagy has received 
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much attention in recent years as a potent mechanism to 
overcome multidrug resistance.

Autophagy is a self-digestive process wherein 
misfolded and aggregated proteins along with damaged 
organelles are sequestered by double-membrane vesicles 
called autophagosomes. An autophagosome is delivered 
to a lysosome to form an autolysosome for subsequent 
degradation and recycling. However, the effect of 
autophagy on cell fate in the context of cancer therapy 
remains controversial [7–9]. The major objection to using 
autophagy as a cancer therapy is the possible supply of 
nutrients it could produce for cancer cells through the 
recycling process [10]. In contrast, malfunctions of 
autophagy eventually lead to excessive self-degradation 
of cellular components that are essential for survival, 
eventually driving cell death [11]. The use of autophagy-
induced cell death is proposed as a novel treatment for 
cancer, including the development of novel drugs that 
aggravate apoptosis through induction of autophagy [12].

p62 is a major player in autophagy and serves as 
a signaling hub for several signal transduction pathways. 
The development of tumors in lung cancer is highly 
dependent on p62; for example, the development of 
cancer can be delayed by knocking out p62 in several 
mouse models [13, 14]. A p62-encoding DNA vaccine 
has been reported to exhibit encouraging anticancer effect 
in several animal models, including mouse, rat and dog, 
without significant side effects. Thus, p62 serves as a 
good therapeutic target, especially in special oncogenes 
are undruggable or target therapy yield resistance [15, 16].

Phytochemicals are crucial in developing anticancer 
drugs. Approximately 62% of anticancer drugs approved 
by the FDA from 1981 to 2002 were isolated from 
natural resources, and they are either completely or 
semi-synthesized based on their natural structure [17]. 
For instance, Taxol derived from Taxus plants (yew) has 
been successfully used in clinics as a standard therapy for 
prostate and breast cancer patients. Natural compounds 
usually have autophagic functions, and p62-targeted 
therapy merits further clinical development. Thus, the 
search for anticancer drugs from phytochemicals that 
target autophagic proteins has become a popular trend.

Ginkgetin, a bioflavonoid originating from Ginkgo 
biloba leaves, exhibits anti-inflammatory, anti-influenza, 
and neuroprotective activities [18–20]. The anti-cancer 
effect of ginkgetin has been recently reported (e.g., an 
anti-tumor effect on a prostate cancer cell line) [21]. 
However, the mechanism by which ginkgetin performs 
this antitumor function remains unclear. In addition, the 
role of ginkgetin in inducing cell death via autophagy 
has not been reported. The present study revealed that 
ginkgetin mediated autophagic cell death in NSCLC 
A549 cells through induction of autolysosome formation 
and redox setting, and revealed the key role of p62 in this 
process.

RESULTS

Ginkgetin induces cell death and disrupts 
mitochondrial function

Ginkgetin is a biflavonoid (Figure 1A). The 
cytotoxicity effect of ginkgetin was illustrated in three 
cancer cell lines, A549 (EGFR, PIK3CA, p52 functional), 
PC9 (EGFR mutant) and NCIH-460 (EGFR, p52 
functional, PIK3CA mutant). Ginkgetin more potently 
inhibited cell proliferation in all cell lines compared to 
the standard anti-cancer drug cisplatin, with lower IC50 
values (Figure 1B and Supplementary Figure 1). To further 
investigate the molecular and cellular effects of ginkgetin, 
the most sensitive cell line, A549, was chosen for further 
analysis. As expected, ginkgetin-induced apoptosis was 
approximately three-fold higher than that induced by 
cisplatin at the same dose (Figure 1C and 1D). Multiple 
chemotherapeutic and non-chemotherapeutic modalities 
will cause dysfunctions in mitochondria. Here, ginkgetin-
induced cell death showed a robust increase in reactive 
oxygen species (ROS) which was much higher than that 
following cisplatin treatment (Figure 1E and 1F). Along 
with the increase in ROS, an approximately 1.5 to 1.8-
fold decrease in the oxygen consumption rate (OCR) was 
observed in ginkgetin-treated A549 cells (Figure 1G). In 
parallel, the decline in mitochondria membrane potential 
(MMP), as determined by flow cytometry, was notably 
increased after treatment with ginkgetin in A549 cells 
(Figure 1H and 1I).

Ginkgetin induces autophagy

Ginkgetin markedly increased the levels of the 
autophagy marker LC3 I/II and decreased the level of 
p62 in a dose-dependent (Figure 2A) and time-dependent 
(Supplementary Figure 2) manners. The elevation of LC3 
I/II was further confirmed by immunostaining (Figure 
2B). The c-JUN N-terminal kinase is known to control 
autophagy, and the activation of c-JUN not only leads to 
apoptotic cell death but also induces autophagic cell death 
[22]. Here, the increases in LC3 I/II and c-JUN induced 
by ginkgetin occurred concomitant with an increase in the 
apoptotic marker cleaved-PARP (Figure 2A). By contrast, 
the cisplatin-induced increase in cleaved-PARP was not 
accompanied by increases in LC3 I/II and c-JUN (Figure 
2A). As expected, the level of phosphorylated AKT 
was decreased in drug-treated A549 cells. Ginkgetin-
induced autophagy was further confirmed by transmission 
electronic microscopy. Autophagic vesicles were clearly 
detected in the cytoplasm of ginkgetin-treated cells. The 
majority of autophagic vesicles were revealed to have 
double-membrane structures with an average diameter 
of 0.5–1.5 μm (Figure 2C). Thus, the administration 
of ginkgetin in cultured A549 cells could trigger both 
autophagy and apoptosis.
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Figure 1: Ginkgetin induces cell death and mitochondria disruption in non-small cell lung cancer. (A) Chemical structure 
of ginkgetin. (B) Cytotoxicity of ginkgetin was observed in A549 cell line. Cells were seeded in 96-well plates (3 × 103 cells/well) and 
subsequently were treated with ginkgetin or cisplatin for 24h, 48h and 72 hours. MTT assay was employed to reveal the cell survival. The 
IC50 in different scenarios are shown. Values are in percentage of cell growth inhibition. (C) Cultured A549 cells were treated with ginkgetin 
and cisplatin at different concentrations for 48 hours. The dual parametric dot plots combining annexin V-FITC and PI fluorescence showed 
viable cell population in bottom left quadrant (Q3), the early apoptotic cells in bottom right quadrant (Q4), and the late apoptotic cells in top 
right quadrant (Q2). (D) Apoptotic rates were calibrated from (C). Values are in percentage of apoptotic cell number. (E) Cells were treated 
as in (C). The amount of ROS was detected by a flow cytometry. (F) Mean fluorescence density of ROS level was calibrated from (E). (G) 
Oxygen consumption rate (OCR) in ginkgetin-treated A549 cells after 6 hours. OCR measurements were performed with Mito Stress Test 
Kit with Seahorse instrument. (H) Cells were treated as in (C). The MMP was detected by a flow cytometry. (I) The percentage of MMP 
loss was calibrated from (H). Values are in percentage of MMP loss as compared to control (no drug treatment). Results are expressed as 
mean ± SEM from three separate experiments, n = 6. *p < 0.05, **p < 0.01, versus control. # p < 0.05, versus cisplatin-treated.
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Figure 2: Ginkgetin induces autophagy responsible for cell death in A549. (A) A549 cells were treated with ginkgetin and 
cisplatin at different doses for 48 hours. The protein expressions of LC3 I/II (~14 and ~16 kDa), p62 (~62 kDa), cleaved-PARP (cl-PARP; 
~89 kDa), c-JUN (~43 kDa), p-AKT (~60 kDa) were determined by western blotting. Expression of α-tubulin (~55 kDa) served as a control. 
(B) A549 cells were treated with ginkgetin (10 μM) for 48 hours, cells were fixed and stained with anti-LC3 (green), and nuclei staining 
by DAPI (blue), observed by a confocal microscope. Bar = 20 μm. Representative photos were shown. (C) Autophagy identification by 
transmission electron microscopy. A549 cells were treated with ginkgetin (10 μM) for 24 hours. Yellow asterisk indicates the autophagical 
vacuoles, and yellow arrowhead shows the chromosome condensation in nucleus. M represents mitochondria in cytoplasm. White arrow 
indicates the organelle remnants. Different views at different magnification were shown. (D) A549 cells were seeded in 96-well plates 
(3 × 103 cells/well), allowed to adhere overnight and subsequently were treated with ginkgetin for 48 hours, with or without apoptosis 
inhibitor Q-VD-OPh (20 μM) and autophagy inhibitors 3-methyladenine (3-MA; 1 mM) and chloroquine (CQ; 10 μM). Cell toxicity was 
observed. (E) Ginkgetin was applied as in (D) with or without E64D/PA (10 μM), rapamycin (Rapa; 10 nM) and N-acetyl-L-cystein (NAC; 
20 μM). Cell toxicity was observed. (F) Ginkgetin, with or without chloroquine (10 μM), and (G) Ginkgetin, with or without Rapamycin 
(10 nM). Amounts of LC3 I/II, cleaved-PARP (cl-PARP; ~89 kDa), cleaved-caspase 3 (cl-C3; ~17 and ~19 kDa) and 7 (cl-C7; ~20 kDa) 
were detected by western blot. Expression of α-tubulin (~55 kDa) served as a control. Values are in percentage of cell growth. Each point 
represents mean ± SEM, n = 3. *p < 0.05.
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To confirm the major cell death pathway functioning 
in ginkgetin-treated cells, inhibitors of autophagy and 
apoptosis were applied. The apoptosis inhibitor Q-VD-
OPh did not reverse the ginkgetin-induced cell death 
(Figure 2D). However, the application of 3-methyladenine, 
a blocker of autophagosome formation, rescued 
ginkgetin-induced cell death. Similarly, chloroquine, 
a 4-aminoquinoline compound that inhibits lysosomal 
acidification and autophagosome degradation, reversed 
ginkgetin-induced cell toxicity (Figure 2D). By contrast, 
the application of E64D plus pepstatin A (E64D/PA, 
1:1), which inhibits lysosomal enzymes, did not rescue 
ginkgetin-induced cell death. The autophagy inducer 
rapamycin notably enhanced the toxicity of ginkgetin 
(Figure 2E). Considering that robust ROS formation 
was induced by ginkgetin, we administered a ROS 
scavenger, N-acetyl-L-cysteine, to ginkgetin-treated cells. 
Unexpectedly, the ginkgetin-induced toxicity in A549 
cells was not reversed (Figure 2E). This result indicated 
that ginkgetin-induced cell death could be mediated by 
autophagy and that ROS formation might be a consequent 
event.

Autophagy blocking by chloroquine was confirmed 
by the elevation of LC3 I/II. Consistent with the changes 
in ginkgetin-induced cytotoxicity after autophagy was 
blocked, the apoptotic markers cleaved-PARP, cleaved-
caspase 3, and cleaved-caspase 7 were significantly 
decreased with the co-treatment of chloroquine and 
ginkgetin in cultured A549 cells (Figure 2F). Conversely, 
the application of rapamycin in ginkgetin-treated A549 
cells further increased these apoptotic markers (Figure 
2G). These data supported the notion that ginkgetin-
induced cell toxicity might largely depend on lysosome 
acidification and autophagosome formation.

Ginkgetin suppresses the formation of the p62-
mTORC1 complex

Lysosomes are acidic organelles, and their proper 
acidification is critical for their proteolyticactivity [23, 
24]. The reversing effect of chloroquine on ginkgetin-
induced toxicity led us to investigate whether lysosome 
acidification was altered in live cells. Lysosome 
acidification was visualized in live cells by staining acidic 
organelles with LysoTracker Red dye. In naïve cultured 
A549 cells, the LysoTracker Red staining was weak and 
diffuse. After ginkgetin application, intense and punctate 
LysoTracker Red staining was observed. In parallel, 
chloroquine could reverse ginkgetin-induced staining, 
while rapamycin could promote such staining (Figure 3A).

Activation of lysosomal function is associated with 
the formation of the p62-mTORC1 complex, which is 
critical for autophagosome-lysosome fusion and occurs 
via TRAF6-mediated K63-linked ubiquitination of 
mTORC1 and p62 [25–27]. Here, in total cell lysate, the 
phosphorylation of mTOR at ser-2448, as well as TRAF6 

was decreased by treatment with ginkgetin (Figure 3B and 
3C), and this decrease was rescued by chloroquine, which 
may indicate that decreases in mTORC1 activity and p62-
mTORC1 formation accompany autophagy induction [28]. 
Next, various components of the p62-mTORC1 complex 
were determined by immunoprecipitation (IP) using anti-
mTOR antibody.

The amount of p62 in the total lysate was markedly 
decreased in the presence of ginkgetin, while its 
association with mTORC1, as p62 immunoprecipitated 
together with mTOR, was further decreased (Figure 3B). 
However, the co-application of chloroquine blocked the 
reduction in p62 in the cell lysate and in the IP product. 
The mTOR-associated proteins raptor and GβL slightly 
decreased in the total cell lysate after ginkgetin exposure 
but significantly decreased in IP products, and these 
effects were reversed by the administration of chloroquine. 
(Figure 3B). By contrast, the autophagy inducer 
rapamycin further decreased p62 in the total cell lysate 
and IP products, and decreased the interactions of raptor 
and GβL with mTOR (Figure 3C). In addition, ATG7 
modulates lysosome acidification via autophagasome-
lysosome fusion [29]. An increase in ATG7 was observed 
in ginkgetin-treated cells, and this increase was reversed 
by chloroquine but promoted by rapamycin (Figure 3B and 
3C). These results indicated that ginkgetin could disrupt 
the p62-mTORC1 complex and increase ATG7, which 
might subsequently increase autophagasome-lysosome 
fusion and lysosome activity.

Ginkgetin-induced autophagosome formation is 
mediated by p62

Disruption of the UBA domain impairs the molecular 
assembly of p62, consequently disrupting the recognition, 
sequestration and ingestion of autophagic cargo, leading to 
malfunction in autophagosome formation [30]. Ginkgetin 
shows possible binding to the UBA domain of p62 (Figure 
4A and Supplementary Figure 3), and the binding affinity 
was observed when ginkgetin solution was incubated 
with p62 (Figure 4B and Supplementary Figure 4). The 
role of p62 in ginkgetin-induced autophagy was further 
confirmed here by overexpression or knockdown of p62 
in cultured A549 and PC9 cells. A cDNA encoding p62 
was transfected into the cells, and overexpression of p62 
prevented ginkgetin-induced cell death by ~20% both in 
A549 (Figure 4C) and PC9 cells (Supplementary Figure 
5A). In parallel, p62 overexpression suppressed not only 
the ginkgetin-induced expression of LC3 I/II but also the 
apoptotic markers cleaved-PARP, cleaved-caspase 3, and 
cleaved-caspase 7 in A549 cells (Figure 4E). However, 
the siRNA-induced knockdown of p62 further increased 
ginkgetin-induced cell death (Figure 4D). The expression 
levels of LC3 I/II and of the apoptotic markers were also 
increased in the p62 knockdown cells (Figure 4F).
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Figure 3: Ginkgetin induces lysosome acidification and disrupts the p62-mTOC1 complex. (A) A549 cells were seeded in 
cover glasses and treated with ginkgetin (10 μM) in the presence or absence of chloroquine (CQ; 10 μM), or rapamycin (Rapa; 10 nM), for 
12 hours. Cells were stained with LysoTracker® Red DND-99 (100 nM, 1 hour) and Hoechst 33258 (1 μg/ml, 20 min). Cover glasses with 
cells were fixed and observed under a Zeiss Laser Scanning Confocal Microscope (LSM7 DUO). Bar = 20 μm. A549 cells were treated 
with ginkgetin with or without chloroquine (B), or rapamycin (C), for 48 hours, followed by immunoprecipitation (IP) with the antibody 
of mTOR (1 μg) and protein G agarose, IgG (1 μg) was added to lysis of untreated group together with protein G agarose as control, 
and immunoblotting with specific antibodies (lower panel). Total cell lysates were probed with the antibodies (upper panel). Amounts of 
p-mTOR (~289 kDa), mTOR (~289 kDa), p62 (~62 kDa), raptor (~150 kDa), GβL (~37 kDa), TRAF6 (~58 kDa), and ATG7 (~78 kDa) 
were detected. Expression of α-tubulin (~55 kDa) served as a control. Representative photo and gel were shown, n = 3.
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Figure 4: Ginkgetin-induced autophagosome formation is mediated by p62. (A) Docking results for ginkgetin and p62. 
Crystal structure of p62 UBA domain was obtained from “protein data bank”. File formats were reformatted and refined prior to docking 
approach utilizing AutoDock tools. AutoDock tools and AutoDock Vina was used for docking ginkgetin into p62. The binding structure 
was visualized by Pymol. The binding score indicated the binding affinity measured in kcal/mol. Root mean square deviation/lower bound 
(RMSD/lb) values are calculated relative to the best mode (left pannel) and use only movable heavy atoms. RMSD/lb is defined as follows: 
RMSD/lb (c1, c2) = max(RMSD'(c1, c2), RMSD'(c2, c1)). The proposed highest binding affinity site was shown. Others were shown in 
Supplementary Figure 3. (B) LC trace of ginkgetin mixed with (red line) and without p62 (blue part). 500 μL 0.15 μM ginkgetion solution 
with or without p62 protein were incubated 1h at 4°C. Then solutions were applied to ultrafiltration tubes to retain p62 to ultrafiltration 
membrane by three times ultrafiltration. Then, tris buffer was applied to ultrafiltration membrane both with or without p62. ACN was 
applied to precipitation the p62, the supernatant was applied to Ultra-performance liquid chromatography (UPLC) to analysis the amount 
of ginkgetin. The amount of ginkgetin was much higher in the presence of p62 after ultrafiltration compared with the control that without 
p62. (C) A549 cells were seeded in 96-well plates (3 ×103 cells/well), allowed to adhere overnight and transfected with pcDNA3 or p62 
WT plasmid (100 ng/well) for 4 hours, subsequently treated with ginkgetin for 48 hours. (E) As in (C), the protein levels of p62 (~62 kDa), 
LC3 I/II (~14 and ~16 kDa), cleaved-PARP (cl-PARP; ~89 kDa), cleaved-caspase 3 (cl-C3; ~17 and ~19 kDa) and 7 (cl-C7; ~20 kDa), 
ATG3 (~40 kDa), ATG5 (~55 kDa), ATG12 (~55 kDa), ATG7 (~78 kDa), and ATG16L1 (~66 and ~68 kDa), were detected by western 
blot. Expression of α-tubulin (~55 kDa) served as a control. (D and F) Same as in (C) and (E) except siRNA of p62 was used. Values are in 
percentage of cell growth, in mean ± SEM, n = 3.
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The ATG12 and LC3 ubiquitin-like conjugation 
systems are major processes involved in autophagosome 
formation. In the ATG ubiquitin-like conjugation system, 
ATG12 binds to ATG5 via ATG7 and consequently 
interacts with ATG16L1 to form a dimeric complex 
to promote autophagosome formation [31]. The 
overexpression of p62 notably decreased the ginkgetin-
induced expression of ATG7 and ATG16L1 (Figure 4E). 
Although the ATG5 level showed no significant change in 
the p62-overexpressing cells, ATG12-ATG5 conjugation 
was notably decreased, as indicated by the protein 
band of ATG12 at ~55 kDa (Figure 4E). In a reciprocal 
manner, the silencing of p62 promoted the expression 
of ATG7, ATG16L1 and ATG12-ATG5 (Figure 4F). In 
an LC3 ubiquitin-like system, ATG7, together with the 
E2-like enzyme ATG 3, could mediate the conjugation 
of LC3 I and phosphatidylethanolamine to form LC3 II. 
The increase in LC3 II expression induced by ginkgetin 
was concomitant with an increase in ATG3 expression. 
This phenomenon was reversed by p62 overexpression 
and promoted by p62 knockdown, which indicated that 
the formation of LC3 II by ginkgetin-activated ATG3 
might be mediated by p62 (Figure 4E and 4F). Thus, the 
administration of ginkgetin in cultured cells could trigger 
two ubiquitin-like conjugation systems that could be 
mediated by p62.

p62 mediates ginkgetin-induced ROS formation

Autophagy can promote ROS formation to 
induce oxidative DNA damage. As mentioned above, 
we speculated that ROS formation is a consequence of 
autophagy; thus, the role of p62 in ROS formation was 
determined here. Administration of ginkgetin in cultured 
A549 cells robustly increased the formation of ROS, which 
was suppressed by chloroquine or p62 overexpression and 
promoted by rapamycin or p62 knockdown (Figure 5A). 
The consequent event of ROS elevation of DNA damage 
is the formation of apurinic/apyrimidinic (AP) sites. 
Here, p62 overexpression reversed the ginkgetin-induced 
increase in the number of AP sites (Supplementary 
Figure 6). Similarly, the ginkgetin-suppressed OCR 
was attenuated by p62 overexpression in A549 cells 
(Supplementary Figure 7).

Anti-oxidant response element (ARE) is responsible 
for ROS formation. Ginkgetin robustly decreased the 
transcriptional activity of ARE (Figure 5B), the outcome 
of which was inhibited by treatment with chloroquine 
or p62 overexpression and promoted by rapamycin or 
siRNA-induced p62 knockdown (Figure 5B). In line with 
the ROS level and pARE-Luc activity, the expression 
of Nrf2, an activator of ARE, was regulated in a similar 
pattern in both A549 and PC9 cell lines (Figure 5C and 
Supplementary Figure 5B); however, p62 overexpression 
could not rescue the decrease in Nrf2 with 10 μM ginkgetin 
treatment. Thus, we further observed the activity of Nrf2 

in ginkgetin-treated cells through p62 overexpression 
and knockdown. The nuclear levels of Nrf2 represent the 
activity of Nrf2 [32]. Ginkgetin significantly decreased the 
nuclear translocation of Nrf2, which was reversed by p62 
overexpression and promoted by p62 knockdown (Figure 
5D and 5E). These results indicated that p62 might play a 
crucial role in ginkgetin-induced ROS formation.

Ginkgetin inhibits tumor growth in a xenograft 
model

To further explore the anticancer activity of 
ginkgetin, we established a xenograft nude mouse model. 
The body weight of mice steadily increased in control 
and ginkgetin-treated group, and no significant difference 
was found between these two groups. A robust decrease 
in body weight (> 20%) was observed after cisplatin 
treatment (Figure 6A). The tumor size and tumor weight 
were markedly decreased in groups treated with ginkgetin 
and cisplatin (Figure 6B-6D). The tumor inhibitory rates 
of ginkgetin and cisplatin groups were 50% and 48%, 
respectively (Figure 6E). These results indicated that 
ginkgetin exhibited promising anticancer effects without 
obvious toxicity.

Ginkgetin increases autophagic markers 
concomitant with decreases mTORC1 and p62/
Nrf2 level in vivo

Next, the tumors from post-mortem mice were 
analyzed. Immunohistochemical analysis of the tumors 
revealed that the expression levels of p62 and TRAF6 
were markedly reduced in the ginkgetin group compared 
to those in the control group, which was confirmed by 
western blot (Figure 7A and 7C). The decline in p62/Nrf2 
levels was concomitant with increases in the levels of the 
apoptotic markers cleaved-PARP, cleaved-caspase 3 and 
cleaved-caspase 7 and of the autophagosome formation 
and lysosome acidification markers LC3, ATG3 and ATG7 
(Figure 7C). The phosphorylation of mTOR at the 2448 
site was significantly decreased in the tumors of ginkgetin-
treated mice. In addition, the expression of raptor in tumor 
and the binding of raptor and p62 to mTOR were notably 
decreased in the tumors of mice treated with ginkgetin 
(Figure 7B). These results indicated that ginkgetin-treated 
mice showed decreased activity of p62-mTORC1 and 
p62/Nrf2 accompanied by increased levels of autophagic 
markers.

DISCUSSION

Three NSCLC cell lines and a xenograft tumor 
mouse model were highly responsive to ginkgetin 
challenge, as observed by their increased cell death. The 
IC50 values in all cell lines were well below those of 
cisplatin. In addition, the toxicity triggered by ginkgetin 
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Figure 5: Ginkgetin-reduced Nrf2/ARE activity and ROS formation are mediated by p62. (A) A549 cells were seeded in 
6-well plates, treated with ginkgetin with or without chloroquine (CQ; 10 μM), or rapamycin (Rapa; 10 nM), or transfected with pcDNA3, 
or cDNA encoding p62 WT, or siRNA plasmid control, or p62 siRNA, for 4 hours followed by the application of ginkgetin. ROS level 
was detected by flow cytometry. (B) Same as in (A), except pARE-Luc was co-transfected for 4 hours, and pARE-Luc activity was 
detected by luciferase assay. (C) Treatment and transfection were same as in (A), the protein level of Nrf2 (~100 kDa) was measured by 
western blot, α-tubulin (~55 kDa) served as control. (D) Transfection was same as in (A), followed by the application of ginkgetin (10 
μM). Immunofluorescence staining of A549 cells by antibodies of Nrf2 (green) and p62 (red), and nuclei staining by DAPI (blue). (E) Co-
localization coefficients from (D), co-localizing pixel for Nrf2 in channel 1 (Ch1) were calculated relative to the total number of pixels for 
the nuclei (T1) by using Zeiss co-localization coefficient function software. Bar = 20 μm. Representative photos were shown. Values are in 
fold of change (X Basal) to control (no drug treatment), in mean ± SEM, n = 3. *p < 0.05.
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was much lower than that of cisplatin, as revealed in 
the body weights observed in the nude mouse xenograft 
model. This is the first report of the novel discovery of the 
anti-cancer effect of ginkgetin in NSCLC.

Autophagic cell death could be a major cause of 
cell death in ginkgetin-treated A549 cells. This notion 
is strongly supported by the following experimental 
outcomes. First, the ginkgetin-treated A549 cells 

exhibited morphologic manifestations of autophagy 
rather than of apoptosis, i.e., greater appearance of 
extensive autophagic vacuoles in the cytoplasm rather 
than chromosome condensation in the nucleus. Second, 
according to the recommendation of the Nomenclature 
Committee on Cell Death, if cell death can be blocked by 
pharmacological inhibition or genetic targeting, it could 
be considered ‘autophagic cell death’ [33]. Here, the 

Figure 6: Ginkgetin suppresses tumour growth in A549 cells bearing nude mice. Xenograft nude mice model was established 
by implanting A549 lung cancer cells subcutaneously in the right flank of mice. The tumours were allowed to grow at ~90 mm3. Thereafter, 
ginkgetin (30 mg/kg, ip), cisplatin (3 mg/kg, ip) were administered. (A) The body weight was measured. (B) The mean tumour volume in 
each group after drug treatment. The tumour volume (in cubic millimetres) was calculated using the ellipsoid formula: (D x (d2))/2, where 
“D” represented the large diameter of the tumour, and “d” represented the small diameter. (C) Mice bearing tumours were sacrificed at 
day 42. (D) Mean tumour weight in each group at the end of treatment. (E) Inhibitory rates of ginkgetin and cisplatin group. The tumour 
inhibitory rate (IR) was calculated as follows: IR (%) = (1 – TWt/TWc) x 100, where TWt and TWc are the mean tumour weight of treated 
and control groups, respectively. Values represent mean ± SEM, n = 6. *p <0.05 and **p <0.01 vs control group, # p <0.05 vs cisplatin group.
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Figure 7: Ginkgetin increases autophagic makers and decreases mTOC1 and p62/Nrf2 level in vivo. (A) Immuno-
histochemical observation on the expressions of p62 and TRAF6 in tumour, brown particles represent the antibody staining. Bar = 50 μm. 
(B) Tumour samples of control and ginkgetin-treated groups were lysed, andimmunoprecipitation with the antibody of mTOR (1 μg) and 
protein G agarose, IgG (1 μg) was added to lysis of untreated group together with protein G agarose as control, and immunoblotting with 
specific antibodies (left panel). Total cell lysates were probed with the antibodies (right panel). Amounts of mTOR (~289 kDa), p62 (~62 
kDa), raptor (~150 kDa), GβL (~37 kDa) were detected. Expression of α-tubulin (~55 kDa) served as a control. (C) Expression of cleaved-
PARP (cl-PARP; ~89 kDa), cleaved-caspase 3 (cl-C3; ~17 and ~19 kDa) and 7 (cl-C7; ~20 kDa), LC3 I/II (~14 and ~16 kDa), ATG3 (~40 
kDa), ATG7 (~78 kDa), p-mTOR (~289 kDa), mTOR (~289 kDa), raptor (~150 kDa), p62 (~62 kDa), TRAF6 (~58 kDa) and Nrf2 (~100 
kDa) in tumours of ginkgetin-treated mice (left panel). Expression of α-tubulin (~55 kDa) served as a control. Quantitation of protein 
expression is shown in right panel. *p <0.05 vs control group. n = 6.
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autophagy inhibitors chloroquine and 3-methyladenine, 
not the apoptosis inhibitor Q-VD-OPh, reversed ginkgetin-
induced cell death. In addition, p62 overexpression could 
mimic the decrease in autophagy and could partially 
reverse ginkgetin-induced cell death. Third, the level 
of apoptosis was positively related to autophagy, i.e., 
apoptotic markers decreased when autophagy was blocked 
by pharmacological and genetic manipulation. Thus, 
autophagy could be the inducer of ginkgetin-induced 
cell death, and this induction might act through lysosome 
acidification and autophagosome formation. Supporting 
this notion, E64D/PA, which targets the late stage of 
autophagy, did not affect cell survival.

Here, the key roles of p62 in ginkgetin-induced 
autophagy were illustrated. (i) Ginkgetin exhibited 
binding affinity to p62 as demonstrated by ultrafiltration-
based LC-MS binding assay. (ii) Ginkgetin fully blocked 
the expression of p62, and ginkgetin-induced toxicity 
was blocked by p62 overexpression. (iii) Formation 
of p62-mTOR complex was negatively related to 
ginkgetin-induced lysosome acidification. (iv) Ginkgetin-
induced autophagosome formation was reversed by p62 
overexpression. (iv) The modulation of p62 expression 
regulated the ginkgetin-induced decrease in Nrf2 activity 
and increase in ROS formation.

The impairment of autolysosome formation includes 
disruptions of lysosome acidification, autophagosome-
lysosome fusion and autophagosome formation [34]. 
p62 interacts with mTORC1, forming the p62-mTORC1 
complex, and this complex formation is negatively 
related to lysosome acidification and autophagosome-
lysosome fusion [26, 35, 36]. In addition, p62 interacts 
with TRAF6 to promote its oligomerization, which 
contributes to the formation of p62-mTORC1 [27]. The 
elevation of p62 by chemical approaches in ginkgetin-
treated cells occurred concomitant with autophagy 
inhibition, TRAF6 elevation and p62-mTORC1 complex 
formation, which consequently reduced ginkgetin-induced 
lysosome acidification. In parallel, the attenuation of the 
expression of ATG7, a key protein regulating the fusion 
of autophagosomes and lysosomes, was observed in 
ginkgetin-treated A549 cells after p62 overexpression by 
both chemical and genetic approaches. As confirmation 
of this phenomenon, p62 knockdown through chemical 
and genetic means exhibited reciprocal effects. Therefore, 
ginkgetin-induced suppression of p62-mTORC1 formation 
and elevation of ATG7 expression were important for 
lysosome acidification.

The amount of p62 was negatively regulated not 
only during lysosome fusion and acidification but also 
during autophagosome formation. The silencing of p62 
could promote autophagosome formation in several 
cancer cell lines [37]. In addition, the p62-mTORC1 
complex could be localized in the Golgi, which enables 
mTORC1 activation and hence indirectly inhibits 
autophagosome formation [38]. As shown in our study, 

the degree of autophagy induced by ginkgetin in A549 
cells was negatively related to the expression of p62. 
Autophagosome formation mainly undergoes four 
steps: initiation via the ATG1 complex, nucleation and 
assembly to form a double-membrane phagophore via 
the ATG2-ATG9 complex, membrane expansion with the 
assistance of conjugation systems, and vesicle completion 
via ATG7. ATG proteins are the major components in 
ATG12 ubiquitin-like conjugation and LC3 ubiquitin-like 
conjugation systems. For instance, autophagy deficiency 
was identified in cells lacking ATG proteins involved 
in these two conjugation systems (i.e., ATG3, ATG5, 
ATG7 and ATG16L1) [39–42]. Ginkgetin promoted the 
expression of ATG3, ATG7, ATG16L1, and the ATG12-
ATG5 complex but had no effect on ATG5. The results for 
ATG5 and ATG12-ATG5 were consistent with a previous 
study, which showed that the expression levels of ATG12-
ATG5 and free ATG 12 were increased after the starvation 
of lung epithelial BEAS-2B cells; however, no obvious 
change in ATG 5 was observed [43]. The increase in the 
ATG12-ATG5 complex may be due to either the increased 
amount of free AGT12 or the interaction of ATG12 and 
ATG5 through covalent and non-covalent linkages [44]. 
Thus, the ginkgetin-induced increase in ATG12-ATG5 may 
be due to the change in covalent or non-covalent linkages 
between ATG12 and ATG5. Here, the overexpression 
or knockdown of p62 modulated the ginkgetin-induced 
elongation of phagophores in cultured A549 cells through 
ATG proteins (e.g., ATG 3, ATG 7, ATG16L1, and the 
ATG12-ATG5 complex). These outcomes indicated that 
p62 may function in ginkgetin-induced autophagosome 
formation through ATG12 ubiquitin-like and LC3 
ubiquitin-like conjugation systems and consequently 
disrupt autolysosome formation. Furthermore, p62-
mTORC1 complex could lead to decrease in autolysosome 
formation through directly or indirectly inhibiting 
lysosome acidification and autophagosome formation [34, 
37, 38, 45], and ginkgetin-induced suppression of the p62-
mTORC1 complex was observed. Thus, p62 may have a 
crucial role in ginkgetin-induced autolysosome formation.

The interaction of p62 with Nrf2 could result in 
the direct binding of activated Nrf2 to the ARE of DNA 
regulatory elements in anti-oxidative genes to reduce ROS 
formation [46–48]. Ginkgetin-induced autophagy could 
be a cause of ROS formation. First, the ROS scavenger 
N-acetyl-L-cysteine was not able to rescue ginkgetin-
induced cell death. Second, the suppression of autophagy 
by chloroquine or overexpression of p62 reversed 
ginkgetin-induced cell death and induced a decrease in 
ROS. The ROS formation triggered by ginkgetin was 
negatively related to p62/Nrf2/ARE activity. Although 
the amount of Nrf2 with 10 μM ginkgetin treatment 
was not rescued by p62 overexpression, the activity was 
largely rescued by p62 overexpression. Furthermore, 
p62 was responsible for the ginkgetin-induced OCR 
decrease and AP site increase. Thus, p62 might serve as 
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an upstream effector of ginkgetin-induced ROS formation 
and be critical in the redox setting during the process of 
ginkgetin-induced autophagic cell death.

Ginkgetin, derived from G. biloba leaves (<0.02% 
by dry weight) [49], has been shown to have anti-
cancer activity in prostate cancer cells at micromolar 
concentrations [50]. In renal cell carcinoma and 
osteosarcoma, ginkgetin induced cell apoptosis through 
JAK2/STAT3 signaling [51, 52]. We have screened 
several potential targets for ginkgetin, including Beclin1 
and ATG7, and p62 is believed to be the most functional 
target (Supplementary Figure 8). However, which residue 
of p62 is responsible for ginkgetin binding and how 
this process modulates its function need to be further 
investigated. In addition, an extract from G. biloba leaves 
was demonstrated to possess anticancer effects in a dose-
dependent manner (Supplementary Figure 9). G. biloba 
extract-treatment of sarcoma 108 (S180)-bearing mice 
significantly reduced tumor weight [53]. Despite the belief 
that ginkgetin originates from G. biloba, this chemical 
has also been reported in Taxus chinensis, Selaginella 
doederleinii, and Gaultheria yunnanensis. In particular, 
T. chinensis, the source of Taxol, is responsible for the 
production of approximately 0.3% of available ginkgetin 
[54]. These lines of evidence strongly support a novel 
function of ginkgetin in anticancer activity.

Natural products are receiving considerable attention 
for the prevention and treatment of cancer because of their 
promising efficacy and low toxicity. Recent studies have 
suggested that autophagy may serve as a novel therapeutic 
target for cancer. For instance, isocryptotanshinone 
from the roots of Salvia miltiorrhiza (red saga) induced 
autophagic cell death in A549 cells [55], and salvianolic 
acid B triggered autophagy in cultured HCT116 and 
HT29 cells [56]. Our study is the first to demonstrate the 
anticancer activity of ginkgetin in NSCLC with strong 
autophagy induction, and a similar anticancer effect is seen 
in the orthodox chemotherapeutic drug cisplatin without 
obvious toxicity in a nude mouse xenograft model. Thus, 
ginkgetin is proposed to be a potential compound for novel 
anticancer drug development for NSCLC.

MATERIALS AND METHODS

Reagents and antibodies

A FITC-labeled Annexin V Apoptosis Detection Kit 
was obtained from BD Biosciences (San Jose, CA). JC-
1, cisplatin, and DCFH-DA were purchased from Sigma-
Aldrich (St. Louis, MO). Cisplatin, for use in the animal 
study, was purchased from Shandong Qilu Pharmaceutical 
(Shandong, China). Ginkgetin (>98% purity) was 
purchased from Chengdu Must Bio-technology Ltd. 
(Chengdu, China). The culture medium was obtained 
from Invitrogen Technologies (Carlsbad, CA). The 

antibodies were obtained from the following sources: 
p62, TRAF6, and Nrf2 were obtained from Abcam 
(Cambridge, UK); α-tubulin from Sigma-Aldrich; and 
LC3 I/II, c-JUN, p-AKT, cleaved-PARP, cleaved-caspase 
3, cleaved-caspase 7, ATG3, ATG5, ATG7, ATG12, 
ATG16L1, p-mTOR, mTOR, raptor, GβL, horseradish 
peroxidase (HRP)-conjugated goat anti-rabbit antibody, 
HRP-conjugated goat anti-mouse antibody, Alexa Fluor 
555-conjugated goat anti-mouse antibody, and Alexa 
Fluor 488-conjugated goat anti-rabbit antibody from Cell 
Signaling Technology (Danvers, MA). p62 siRNA was 
obtained from Cell Signaling. The p62 plasmid was kindly 
gifted by Dr. Alexander Shneider from CureLab Oncology, 
Inc. (Needham, MA), and the pARE-Luc plasmid was 
obtained from Promega Corporation (Madison, WI). 
The recombinant p62/SQSTM1 protein was purchased 
from Novus Biologicals (Littleton, CO). A549, PC9, and 
NCIH460 cell lines were obtained from American Type 
Culture Collection (ATCC, Manassas, VA).

Cell viability assay

MTT assay was performed as previously described 
[57]. In brief, cells were plated in 96-well plates at 3000 
cells per well and subsequently treated with various 
concentrations of cisplatin and ginkgetin for 24, 48, and 72 
h. MTT was added, and the formazan crystals that formed 
were dissolved in dimethylsulfoxide. Spectrophotometric 
absorbance at 570 nm was determined.

Transmission electron microscopy

Cultured A549 cells were treated with ginkgetin at 
10 μM for 24 h. Cells were harvested, washed with PBS 
and then fixed in 2.5% glutaraldehyde for 4 h at 4 °C. 
The samples were washed with PBS and then treated with 
1% osmium tetroxide for 1 h. After the samples were 
washed, they were dehydrated in a graded series of ethanol 
(50%, 70%, and 90%) and acetone and then embedded in 
durcupan resin. Thin sections (120 μM) were post-stained 
with uranyl acetate and lead citrate before examination 
under a Philips TECNAI 10 transmission electronic 
microscope (TEM) [58].

Measurement of apoptosis, intracellular ROS, 
and MMP

The apoptosis assay was conducted using an 
Annexin V-FITC/PI Apoptosis Detection Kit in accordance 
with the manufacturer’s instructions. The samples were 
analyzed using a FACSAria equipped with CellQuest 
Software (BD Biosciences) [59]. The levels of ROS and 
MMP were measured as previously described. In brief, 
cells were washed, collected, and stained with DCFH-DA 
or JC-1, and then, the ROS and MMP were detected by 
flow cytometry [60].
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Western blot analysis

Western blot was performed as previously described 
[57]. In brief, the cells and tissue samples were lysed, 
and their total protein concentrations were measured 
using the Bradford method. Equal amounts of proteins 
were separated by SDS-PAGE and then transferred to 
nitrocellulose membranes. The membranes were blocked 
and then probed with the indicated primary antibodies. 
The blots were rinsed and then incubated with secondary 
antibodies. Reactive bands were visualized using ECL 
(Thermo Scientific) and then calibrated by the Chemidoc 
Imaging System (Bio-Rad; Hercules, CA).

Immunoprecipitation

The cells or tumors were rinsed once with PBS 
and then lysed in CHAPS buffer (10 mM HEPES (pH 
7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.4% 
CHAPS, 3 mM benzamidine, 20 μg/mL leupeptin, 20 
μg/mL aprotinin, 20 mM NaF, 1.5 mM Na3VO4, and 50 
mM β-glycerophosphate). The soluble fractions were 
isolated by centrifugation at 13,000 rpm for 30 min. 
Primary antibody was added, and IgG was added to the 
control sample, followed by overnight incubation at 4 
°C with rotation. Then, 50 μL of homogeneous protein 
G-agarose suspension (Roche) was added to the mixture 
and then incubated overnight at 4 °C. The precipitated 
products were washed and denatured. Cell extracts or 
immunoprecipitated proteins were detected by western 
blot [61].

Lysosome acidification assay

Approximately 1 × 105 cells were seeded in cover 
glasses (Marienfeld Superior, Germany, thickness No.1, 
ø = 24 mm), incubated overnight, and then treated with 
ginkgetin in the absence or presence of either chloroquine 
or rapamycin for 12 h. The cells were stained with 100 
nM LysoTracker® Red DND-99 (Thermo Fisher, MA) for 
1 h and then incubated with 1 mg mL-1 Hoechst 33258 
(Yeasen, Shanghai, China) for 20 min. After staining, 
the cover glass was washed and fixed (Aireka, FL). The 
cells were viewed under a Zeiss Laser Scanning Confocal 
Microscope (LSM7 DUO).

Luciferase activity

The vector pGL4.37 [luc2P/ARE/Hygro] carrying 
four repeats of anti-oxidant response elements (ARE: 5′-
TAG CTT GGA AAT GAC ATT GCT AAT GCT GCT 
GAG TCA ACT TT-3′) and a luciferase reporter gene 
luc2P (Photinus pyralis) was named pARE-Luc. Cultured 
A549 cells were co-transfected with pARE-Luc and p62 
WT plasmid or siRNA for 4 h by jetPRIME® (Invitrogen) 
in accordance with the manufacturer’s instructions 
and then treated with ginkgetin for an additional 24 h. 

Chloroquine or rapamycin was cotreated with ginkgetin 
for 24 h. Luciferase assay was conducted as previously 
described [62]. In brief, the cells were washed and lysed. 
The supernatant was collected and then analyzed using a 
commercial kit (Thermo Fisher Scientific, Waltham, MA).

Immunofluorescence

Immunofluorescence detection was performed as 
previously described [57]. In brief, the cells were washed 
and fixed. After blocking, primary antibodies were applied, 
washed, and then probed with Alexa Fluor®-conjugated 
secondary antibodies and DAPI. Images were taken using 
a Zeiss Laser Scanning Confocal Microscope (LSM7 
DUO). The coefficients of colocalization were calculated 
using the Zeiss colocalization function software.

Measurement of OCR

Seahorse XFp Extracellular Flux Analyzer 
(Seahorse Biosciences, North Billerica, MA) was used 
to obtain real-time measurements of the OCR in cells. 
Cell preparation and analysis assay were performed 
using a Mito Stress Test Kit (Seahorse Biosciences) 
in accordance with the manufacturer’s instructions. In 
brief, the cells were seeded in quintuplets in eight-well 
cartridges (1.2 × 105 cells/well). The cartridge with cells 
was placed into a Seahorse Analyzer incubator unit for 60 
min before running a program for equilibration. The basal 
rates of oxygen consumption were measured three times 
during the first 15 min, and oligomycin (50 μM), carbonyl 
cyanide-p-trifluoromethoxy-phenylhydrazone (FCCP) (50 
μM), and a mixture of anti-mycin A and rotenone (25 μM) 
were subsequently added to the cells, followed by three 
measurements for each statement [63].

Ultrafiltration-based affinity assay

In total, 500 μL 0.15 μM ginkgetin solution with 
or without p62 protein was incubated 1 hour at 4 °C. 
Then, solutions were applied to ultrafiltration tubes 
to retain p62 on the ultrafiltration membrane by three 
rounds of ultrafiltration. Then, tris buffer was applied 
to the ultrafiltration membrane. ACN was applied to 
precipitate the p62; the supernatant was subjected to 
ultra-performance liquid chromatography (UPLC) to 
analyze the amount of ginkgetin. Ultra-performance 
liquid chromatography (UPLC) was performed using a 
Waters ACQUITY UPLC system (Waters, Milford, MA, 
USA) with an ACQUITY UPLC BEH C18 column (2.1 
× 50 mm, 1.7 μm). The solvents used were as follows: 
A, 0.1% diluted aqueous formic acid; B, 0.1% formic 
acid in acetonitrile (ACN). The gradient conditions 
for LC-MS were as follows: 0–7 min, 2–98% B; 7–8 
min, 98–2% B; and 8–10 min, 2% B. The column and 
sample temperatures were maintained at 35 °C and room 
temperature, respectively. Mass spectrometric detection 
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was coupled with UPLC and performed using a Synapt™ 
quadrupole time-of-flight (Q-TOF) High-Definition 
Mass Spectrometer (Waters, Milford, MA, USA) 
equipped with an electrospray ionization (ESI) source 
operating in positive ionization mode. The optimized 
mass spectrometric parameters were determined as 
follows: capillary voltage, 2.5 kV; sample cone, 25 V; 
extraction cone, 4.0 V; source temperature, 120 °C; and 
desolvation temperature, 350 °C. Nitrogen was used as 
a desolvation and a cone gas at a flow rate of 600 and 
50 L h-1, respectively. Argon was used as a collision gas. 
A lock mass of leucine-enkephalin at a concentration of 
200 pg mL-1 in 50% ACN-water solution (including 0.1% 
formic acid) was employed as an external reference to 
generate a [M + H]+ ion in positive mode at m/z 556.2771 
via a lock spray interface at a flow rate of 5 mL min-1 to 
acquire accurate mass during the analysis. The sample was 
scanned in full-scan mode from m/z 80 to 800 in 1 s scan 
intervals [64].

Animal xenograft model

A xenograft nude mouse model was established as 
previously described [57]. In brief, A549 tumor pieces 
were implanted into the left flank of 5-week-old (18-22 
g) male BALB/C nu/nu nude mice that were obtained 
from Shanghai SLAC Laboratory Animal Company 
(Shanghai, China). The nude mice were maintained in 
pathogen-free conditions at 22 °C ± 2 °C at 70% relative 
humidity and under a 12-hour light/dark cycle. On day 
20 post-tumor implantation, the mice were randomized 
into three groups (n=6) according to their tumor volume 
so that all the groups had a similar starting mean tumor 
volume. Cisplatin (3 mg kg-1) was administered two 
times per week by intraperitoneal injection, whereas the 
ginkgetin solution (2% DMSO, 6% cremophor EL, 92% 
NaCl, and 30 mg kg-1) was administered intragastrically 
once per day. For preparation of ginkgetin formulation, 
ginkgetin powder was dissolved in DMSO (2% of total 
volume) and sonicated for 30 min until the solution 
became clear. Then, we vortexed the solution while 
slowly adding cremophor EL (6% of total volume) and 
NaCl (92% of total volume). Tumor size was measured 
three times per week. The nude mice were sacrificed by 
cervical dislocation after treatment, and the tumor weights 
were recorded. All animal experiments were performed in 
accordance with the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals and were 
approved by Hangzhou Hibio Experimental Animal Ethics 
Committee (Permit Number: HB201511013) under the 
guidelines of the “Principles of Laboratory Animal Care” 
(NIH publication No. 80-23, revised 1996), Institutional 
Animal Care and Use Committees protocol (HBFM3.68-
2015) and ARRIVE guidelines [65, 66].

Statistical analyses

All experiments were blinded and randomized. Data 
are expressed as the mean ± standard error of the mean 
(SEM). Statistical comparisons were performed using 
one-way analysis of variance (ANOVA) followed by a 
Bonferroni multiple comparisons test using SPSS 16.0 
software (Chicago, IL, USA). Unpaired t-test was used 
when comparing two groups. Statistical significance was 
achieved at *p < 0.05, **p < 0.01, and ***p < 0.001. Post-
tests were conducted when F achieved p < 0.05 and no 
significant variance in homogeneity was observed.

Author contributions

J.L. and K.T. conceived and designed the 
experiments and wrote the main text. W.B., G.C. and C.W 
performed the in vitro studies. H.W. and P.Y. performed 
the treatment administration in nude mice and recorded 
the tumor volume and body weight. J.Y. and Z.Z. carried 
out the data collection and supervised the study. T.D. 
contributed reagents, materials, and analytic tools.

ACKNOWLEDGMENTS

We would like to thank Dr. Alexander Shneider 
from CureLab Oncology Inc. for providing us with the 
plasmids.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

FUNDING

This study was supported by the Hong Kong 
Research Grants Council Theme-based Research 
Scheme (T13-607/12R), General Research Funding 
(663012, 662713, M-HKUST604/13, TUYF15SC01), 
Shenzhen Science and Technology Committee 
Research Grants (JCYJ20160229205726699 to Karl 
Tsim; JCYJ20160229205812004 to Tina Dong; and 
JCYJ20160229210027564 to HY Wang), and the National 
Natural Science Foundation of China (81403087 to WC 
Bi).

REFERENCES

1. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. 
Global cancer statistics. CA Cancer J Clin. 2011; 61: 69-90.

2. Gatti L, Cossa G, Tinelli S, Carenini N, Arrighetti N, 
Pennati M, Cominetti D, De Cesare M, Zunino F, Zaffaroni 
N, Perego P. Improved apoptotic cell death in drug-resistant 
non-small-cell lung cancer cells by tumor necrosis factor-
related apoptosis-inducing ligand-based treatment. J 
Pharmacol Exp Ther. 2014; 348: 360-371.



Oncotarget93146www.impactjournals.com/oncotarget

3. Sesumi Y, Suda K, Mizuuchi H, Kobayashi Y, Sato K, 
Chiba M. Effect of dasatinib on EMT-mediated-mechanism 
of resistance against EGFR inhibitors in lung cancer cells. 
Lung Cancer. 2017; 104: 85-90.

4. Skoulidis F, Papadimitrakopoulou VA. Targeting the 
gatekeeper: osimertinib in EGFR T790M mutation-positive 
non-small cell lung cancer. Clin Cancer Res. 2017; 23: 
618-622.

5. Lowe SW, Lin AW. Apoptosis in cancer. Carcinogenesis. 
2000; 21: 485-495.

6. Johnstone RW, Ruefli AA, Lowe SW. Apoptosis: a link 
between cancer genetics and chemotherapy. Cell. 2002; 
108: 153-164.

7. Hippert MM, O'Toole PS, Thorburn A. Autophagy 
in cancer: good, bad, or both? Cancer Res. 2006; 66: 
9349-9351.

8. Marx J. Autophagy: is it cancer's friend or foe? Science. 
2006; 312: 1160-1161.

9. Lerena C, Calligaris SD, Colombo MI. Autophagy: for 
better or for worse, in good times or in bad times. Curr Mol 
Med. 2008; 8: 92-101.

10. Townsend KN, Hughson LR, Schlie K, Poon VI, 
Westerback A, Lum JJ. Autophagy inhibition in cancer 
therapy: metabolic considerations for antitumor immunity. 
Immunol Rev. 2012; 249: 176-194.

11. Mathew R, Karantza-Wadsworth V, White E. Role of 
autophagy in cancer. Nat Rev Cancer. 2007; 7: 961-967.

12. Gozuacik D, Kimchi A. Autophagy as a cell death and 
tumor suppressor mechanism. Oncogene. 2004; 23: 
2891-2906.

13. Wei H, Wang C, Croce CM, Guan JL. p62/SQSTM1 
synergizes with autophagy for tumor growth in vivo. Genes 
Dev. 2014; 28: 1204-1216.

14. Zhang J, Yang Z, Dong J. p62: an emerging oncotarget for 
osteolytic metastasis. J Bone Oncol. 2016; 5: 30-37.

15. Gabai VL, Shifrin VI. Feasibility analysis of p62 
(SQSTM1)-encoding DNA vaccine as a novel cancer 
immunotherapy. Int Rev Immunol. 2014; 33: 375-382.

16. Gabai V, Venanzi FM, Bagashova E, Rud O, Mariotti F, 
Vullo C, Catone G, Sherman MY, Concetti A, Chursov A, 
Latanova A, Shcherbinina V, Shifrin V, et al. Pilot study 
of p62 DNA vaccine in dogs with mammary tumors. 
Oncotarget. 2014; 5: 12803-12810. https:/doi.org/10.18632/
oncotarget.2516.

17. Du J, Tang XL. Natural products against cancer: a 
comprehensive bibliometric study of the research projects, 
publications, patents and drugs. J Cancer Res. 2014: 27-37.

18. Kwak WJ, Han CK, Son KH, Chang HW, Kang SS, Park 
BK, Kim HP. Effects of ginkgetin from Ginkgo biloba 
leaves on cyclooxygenases and in vivo skin inflammation. 
Planta Med. 2002; 68: 316-321.

19. Haruyama T, Nagata K. Anti-influenza virus activity of 
Ginkgo biloba leaf extracts. J Nat Med. 2013; 67: 636-642.

20. Ahlemeyer B, Krieglstein J. Neuroprotective effects 
of Ginkgo biloba extract. Cell Mol Life Sci. 2003; 60: 
1779-1792.

21. Jeon YJ, Jung SN, Yun J, Lee CW, Choi J, Lee YJ, Han 
DC, Kwon BM. Ginkgetin inhibits the growth of DU-145 
prostate cancer cells through inhibition of signal transducer 
and activator of transcription 3 activity. Cancer Sci. 2015; 
106: 413-420.

22. Li DD, Wang LL, Deng R, Tang J, Shen Y, Guo JF, Wang Y, 
Xia LP, Feng GK, Liu QQ, Huang WL, Zeng YX, Zhu XF. 
The pivotal role of c-JUN NH2-terminal kinase-mediated 
Beclin 1 expression during anticancer agents-induced 
autophagy in cancer cells. Oncogene. 2009; 28: 886-898.

23. Saftig P, Klumperman J. Lysosome biogenesis and 
lysosomal membrane proteins: trafficking meets function. 
Nat Rev Mol Cell Biol. 2009; 10: 623-635.

24. Boya P. Lysosomal function and dysfunction: mechanism 
and disease. Antioxid Redox Signal. 2012; 17: 766-774.

25. Kim DH, Sarbassov DD, Ali SM, King JE, Latek RR, 
Erdjument-Bromage H, Tempst P, Sabatini DM. mTOR 
interacts with raptor to form a nutrient-sensitive complex 
that signals to the cell growth machinery. Cell. 2002; 110: 
163-175.

26. Duran A, Amanchy R, Linares JF, Joshi J, Abu-Baker S, 
Porollo A, Hansen M, Moscat J, Diaz-Meco MT. p62 is a 
key regulator of nutrient sensing in the mTOR1 pathway. 
Mol Cell. 2011; 44: 134-146.

27. Linares JF, Duran A, Yajima T, Pasparakis M, Moscat J, 
Diaz-Meco MT. K63 polyubiquitination and activation of 
mTOR by the p62-TRAF6 complex in nutrient-activated 
cells. Mol Cell. 2013; 51: 283-296.

28. Pignochino Y, Dell'Aglio C, Basiricò M, Capozzi F, 
Soster M, Marchiò S, Bruno S, Gammaitoni L, Sangiolo 
D, Torchiaro E, D'Ambrosio L, Fagioli F, Ferrari S. The 
combination of sorafenib and everolimus abrogates 
mTORC1 and mTORC2 upregulation in osteosarcoma 
preclinical models. Clin Cancer Res. 2013; 19: 2117-2131.

29. Zhou J, Tan SH, Nicolas V, Bauvy C, Yang ND, Zhang 
J, Xue Y, Codogno P, Shen HM. Activation of lysosomal 
function in the course of autophagy via mTORC1 
suppression and autophagosome-lysosome fusion. Cell Res. 
2013; 23: 508-523.

30. Lee Y, Chou TF, Pittman SK, Keith AL, Razani B, Weihl 
CC. Keap1/cullin3 modulates p62/SQSTM1 activity via 
UBA domain ubiquitination. Cell Rep. 2017; 19: 188-202.

31. Romanov J, Walczak M, Ibiricu I, Schüchner S, Ogris E, 
Kraft C, Martens S. Mechanism and functions of membrane 
binding by the Atg5-Atg12/Atg16 complex during 
autophagosome formation. EMBO J. 2012; 31: 4304-4317.

32. Niture SK, Khatri R, Jaiswal AK. Regulation of Nrf2-an 
update. Free Radic Biol Med. 2014; 66: 36-44.

33. Galluzzi L, Bravo-San Pedro JM, Vitale I, Aaronson SA, 
Abrams JM, Adam D, Alnemri ES, Altucci L, Andrews D, 
Annicchiarico-Petruzzelli M, Baehrecke EH, Bazan NG, 



Oncotarget93147www.impactjournals.com/oncotarget

Bertrand MJ, et al. Essential versus accessory aspects of cell 
death: recommendations of the NCCD. Cell Death Differ. 
2015; 22: 58-73.

34. Kawai A, Uchiyama H, Takano S, Nakamura N, Ohkuma 
S. Autophagosome-lysosome fusion depends on the pH in 
acidic compartments in CHO cells. Autophagy. 2007; 3: 
154-157.

35. Floto RA, Sarkar S, Perlstein EO, Kampmann B, Schreiber 
SL, Rubinsztein DC. Small molecule enhancers of 
rapamycin-induced TOR inhibition promote autophagy, 
reduce toxicity in Huntington's disease models and enhance 
killing of mycobacteria by macrophages. Autophagy. 2007; 
3: 620-622.

36. Rosenbluth JM, Pietenpol JA. mTOR regulates autophagy-
associated genes downstream of p73. Autophagy. 2009; 5: 
114-116.

37. Nihira K, Miki Y, Ono K, Suzuki T, Sasano H. An inhibition 
of p62/SQSTM1 caused autophagic cell death of several 
human carcinoma cells. Cancer Sci. 2014; 105: 568-575.

38. Moscat J, Diaz-Meco MT. Feedback on fat: p62-mTORC1-
autophagy connections. Cell. 2011; 147: 724-727.

39. Mizushima N, Yamamoto A, Hatano M, Kobayashi Y, 
Kabeya Y, Suzuki K, Tokuhisa T, Ohsumi Y, Yoshimori 
T. Dissection of autophagosome formation using Apg5-
deficient mouse embryonic stem cells. J Cell Biol. 2001; 
152: 657-668.

40. Komatsu M, Waguri S, Ueno T, Iwata J, Murata S, Tanida I, 
Ezaki J, Mizushima N, Ohsumi Y, Uchiyama Y, Kominami 
E, Tanaka K, Chiba T. Impairment of starvation–induced 
and constitutive autophagy in Atg7-deficient mice. J Cell 
Biol. 2005; 169: 425-434.

41. Cadwell K, Liu JY, Brown SL, Miyoshi H, Loh J, Lennerz 
JK, Kishi C, Kc W, Carrero JA, Hunt S, Stone CD, Brunt 
EM, Xavier RJ, et al. A key role for autophagy and the 
autophagy gene Atg16L1 in mouse and human intestinal 
Paneth cells. Nature. 2008; 456: 259-263.

42. Sou YS, Waguri S, Iwata J, Ueno T, Fujimura T, Hara 
T, Sawada N, Yamada A, Mizushima N, Uchiyama Y, 
Kominami E, Tanaka K, Komatsu M. The Atg8 conjugation 
system is indispensable for proper development of 
autophagic isolation membranes in mice. Mol Biol Cell. 
2008; 19: 4762-4775.

43. Chen ZH, Cao JF, Zhou JS, Liu H, Che LQ, Mizumura 
K, Li W, Choi AM, Shen HH. Interaction of caveolin-1 
with ATG12-ATG5 system suppresses autophagy in lung 
epithelial cells. Am J Physiol Lung Cell Mol Physiol. 2014; 
306: L1016-L1025.

44. Noda NN, Fujioka Y, Hanada T, Ohsumi Y, Inagaki F. 
Structure of the Atg12-Atg5 conjugate reveals a platform 
for stimulating Atg8-PE conjugation. EMBO Rep. 2013; 
14: 206-211.

45. Richards AL, Jackson WT. Intracellular vesicle acidification 
promotes maturation of infectious poliovirus particles. 
PLoS Pathog. 2012; 8: e1003046.

46. Lau A, Zheng Y, Tao S, Wang H, Whitman SA, White E, 
Zhang DD. Arsenic inhibits autophagic flux, activating the 
Nrf2-Keap1 pathway in a p62-dependent manner. Mol Cell 
Biol. 2013; 33: 2436-2446.

47. Jain A, Lamark T, Sjøttem E, Larsen KB, Awuh JA, 
Øvervatn A, McMahon M, Hayes JD, Johansen T. p62/
SQSTM1 is a target gene for transcription factor NRF2 and 
creates a positive feedback loop by inducing antioxidant 
response element-driven gene transcription. J Biol Chem. 
2010; 285: 22576-22591.

48. Komatsu M, Kurokawa H, Waguri S, Taguchi K, Kobayashi 
A, Ichimura Y, Sou YS, Ueno I, Sakamoto A, Tong KI, Kim 
M, Nishito Y, Iemura S, et al. The selective autophagy 
substrate p62 activates the stress responsive transcription 
factor Nrf2 through inactivation of Keap1. Nat Cell Biol. 
2010; 12: 213-223.

49. Li B, Hu GS, Hu LL, Li HY, Jia JM. Isolation and 
determination of biflavonoids in Ginkgo biloba leaves. 
Chinese Traditional and Herbal Drugs. 2014; 45: 
2552-2554.

50. You OH, Kim SH, Kim B, Sohn EJ, Lee HJ, Shim BS, Yun 
M, Kwon BM, Kim SH. Ginkgetin induces apoptosis via 
activation of caspase and inhibition of survival genes in 
PC-3 prostate cancer cells. Bioorg Med Chem Lett. 2013; 
23: 2692-2695.

51. Ren Y, Huang SS, Wang X, Lou ZG, Yao XP, Weng 
GB. Ginkgetin induces apoptosis in 786-O cell line via 
suppression of JAK2-STAT3 pathway. Iran J Basic Med 
Sci. 2016; 19: 1245-1250.

52. Xiong M, Wang L, Yu HL, Han H, Mao D, Chen J, Zeng 
Y, He N, Liu ZG, Wang ZY, Xu SJ, Guo LY, Wang YA. 
Ginkgetin exerts growth inhibitory and apoptotic effects 
on osteosarcoma cells through inhibition of STAT3 and 
activation of caspase-3/9. Oncol Rep. 2016; 35: 1034-1040.

53. Feng X, Zhang L, Zhu H. Comparative anticancer and 
antioxidant activities of different ingredients of Ginkgo 
biloba extract (EGb 761). Planta Med. 2009; 75: 792-796.

54. Ruan X, Yan LY, Li XX, Liu B, Zhang H, Wang Q. 
Optimization of process parameters of extraction of 
amentoflavone, quercetin and ginkgetin from Taxus 
chinensis using supercritical CO2 plus co-solvent. 
Molecules. 2014; 19: 17682-17696.

55. Guo S, Luo W, Liu L, Pang X, Zhu H, Liu A, Lu J, Ma DL, 
Leung CH, Wang Y, Chen X. Isocryptotanshinone, a STAT3 
inhibitor, induces apoptosis and pro-death autophagy in 
A549 lung cancer cells. J Drug Target. 2016; 24: 934-942.

56. Jing Z, Fei W, Zhou J, Zhang L, Chen L, Zhang X, Liang 
X, Xie J, Fang Y, Sui X, Han W, Pan H. Salvianolic acid 
B, a novel autophagy inducer, exerts antitumor activity as 
a single agent in colorectal cancer cells. Oncotarget. 2016; 
7: 61509-61519. https:/doi.org/10.18632/oncotarget.11385.

57. Lou JS, Yan L, Bi CW, Chan GK, Wu QY, Liu YL, Huang 
Y, Yao P, Du CY, Dong TT, Tsim KW. Yu Ping Feng San 
reverses cisplatin-induced multi-drug resistance in lung 



Oncotarget93148www.impactjournals.com/oncotarget

cancer cells via regulating drug transporters and p62/
TRAF6 signalling. Sci Rep. 2016; 6: 31926.

58. Li X, Li X, Wang J, Ye Z, Li JC. Oridonin Up-regulates 
Expression of P21 and induces autophagy and apoptosis 
in human prostate cancer cells. Int J Biol Sci. 2012; 8: 
901-912.

59. Molavi O, Narimani F, Asiaee F, Sharifi S, Tarhriz V, 
Shayanfar A, Hejazi M, Lai R. Silibinin sensitizes chemo-
resistant breast cancer cells to chemotherapy. Pharm Biol. 
2017; 55: 729-739.

60. Kamal A, Nayak VL, Bagul C, Vishnuvardhan MV, 
Mallareddy A. Investigation of the mechanism and apoptotic 
pathway induced by 4β cinnamido-linked podophyllotoxins 
against human lung cancer cells A549. Apoptosis. 2015; 20: 
1518-1529.

61. Foster KG, Acosta-Jaquez HA, Romeo Y, Ekim B, Soliman 
GA, Carriere A, Roux PP, Ballif BA, Fingar DC. Regulation 
of mTOR complex 1 (mTORC1) by raptor Ser863 and 
multi-site phosphorylation. J Biol Chem. 2010; 285: 80-94.

62. Chen J, Lam CT, Li Z, Yao P, Lin H, Dong TT, Tsim 
KW. Extract of Ziziphus jujube fruit (Jujube) stimulates 
expression of enzymes responsible for heme recycle 
via anti-oxidant response element in cultured murine 
macrophages. Phytother Res. 2016; 30: 267-271.

63. Curley SA, Palalon F, Lu X, Koshkina NV. Noninvasive 
radiofrequency treatment effect on mitochondria in 
pancreatic cancer cells. Cancer. 2014; 120: 3418-3425.

64. Jin Y, Cheng X, Jiang F, Guo Z, Xie J, Fu L. Application 
of the ultrafiltration-based LC-MS approach for screening 
PTP1B inhibitors from Chinese red yeast rice, Anal. 
Methods. 2016; 8: 353-361.

65. Kilkenny C, Browne W, Cuthill IC, Emerson M, Altman 
DG. Animal research: reporting in vivo experiments: 
the ARRIVE guidelines. Br J Pharmacol. 2010; 160: 
1577-1579.

66. McGrath JC, Lilley E. Implementing guidelines on 
reporting research using animals (ARRIVE etc.): new 
requirements for publication in BJP. Br J Pharmacol. 2015; 
172: 3189-3193.


