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1  | INTRODUC TION

Kidney cancer is the 6th most common cancer in men and the 9th 
most common in women, accounting for 3.7% of newly diagnosed 
cancer cases in 2017 in the United States.1 Renal cell carcinoma (RCC) 
is the most common form of kidney cancer and makes up approx-
imately 80% of total cases.2 Thanks to improved early- detection 
techniques, the 5- year survival rate has increased over the past 5  
decades. However, the overall prognosis is still poor. More than 
14 000 patients die of RCC every year, approximately 30% of RCC 
patients are diagnosed with local progression or metastasis, and 

one- third of local RCC patients will experience disease recurrence 
after surgical resection.3 RCC is relatively resistant to radiotherapy 
as well as chemotherapy. Although new therapies such as targeted 
therapy (e.g. tyrosine kinase inhibitors, vascular endothelial growth 
factor inhibitors and mTOR inhibitors) and immunotherapy have been 
developed, the outcomes are far from ideal.4,5 Moreover, these ther-
apies are usually expensive, with limited efficiency and extended side 
effects. Therefore, a novel therapeutic substance for the treatment 
of RCC, which costs less and performs better, is urgently required.

Thymoquinone (TQ, 2- methyl- 5- isopropyl- 1,4- benzoquinone), 
a bioactive component extracted from the seeds of Nigella sativa, 
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Abstract
Thymoquinone (TQ, 2- methyl- 5- isopropyl- 1,4- benzoquinone), a bioactive constitu-
ent extracted from the seeds of Nigella sativa, has been proved to exert anti- tumor 
efficiency in various cancers. Autophagy is a self- digestion phenomenon, and its role 
in tumor formation and progression remains controversial. In the present study, we 
investigated the effects of TQ on renal cell cancer (RCC) cell lines (786- O and ACHN) 
using wound healing assay, transwell assay and western blot analysis. We found that 
TQ effectively inhibited the metastatic capacity of RCC cells in vitro, which was also 
verified in a xenograft model. Meanwhile, we observed LC3 puncta and detected the 
expression of LC3 in TQ- treated RCC cells, and then found that autophagy was in-
duced by TQ in 786- O and ACHN cell lines. In addition, TQ inhibited the migration 
and invasion as well as the EMT in RCC cells in an autophagy- dependent manner. To 
further explore the underlying mechanism, we detected the AMPK/mTOR signaling 
pathway. The results indicated that TQ inhibited the metastasis of RCC cells by in-
ducing autophagy via AMPK/mTOR signaling pathway. In conclusion, our findings 
provide a novel therapeutic strategy that aims at TQ- induced autophagy in RCC 
treatment.
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has been proved to exert wide- ranging pharmacological activities, 
with anti- tumor, anti- inflammatory, anti- oxidant, anti- microbial, 
anti- convulsant and anti- diabetic properties.6-9 Therefore, TQ has 
been regarded as a promising agent for numerous diseases. Previous 
studies have revealed that TQ may exhibit high anti- tumor efficiency 
against various cancers, such as breast cancer, gastric cancer, cer-
vical cancer, colon cancer, central nervous system cancer, ovarian 
cancer, prostate cancer, bladder cancer and renal cell cancer.10–18 It 
is well known that invasion and metastasis play vital roles in the pro-
gression of tumors. Recent research has shown that TQ can inhibit 
metastasis and EMT in prostate cancer via the transforming growth 
factor- beta/Smad2/3 signaling pathway.19 Jun Li and his team also 
indicated that TQ inhibited the migration and invasion abilities in 
cervical cancer cells, which might be regulated via the expression of 
Twist1, Zeb1 and E- cadherin directly.12 However, there are few stud-
ies that consider the effect of TQ on metastasis in renal cell cancer.

Autophagy is a self- digestion phenomenon, first identified 
by Christian de Duve in 1963, which is evolutionarily conserved 
from yeast to mammals. During the autophagy process, a double- 
membrane vesicle, named autophagosome or autophagic vacuole, 
sequesters cytoplasmic proteins and organelles and then delivers 
them to lysosome, where they are degraded.20 The role of autoph-
agy in tumors constantly changes with the progression of tumors. In 
the early stages of tumor formation, autophagy suppresses cancer 
initiation through eliminating inflammation, genome instability and 
tissue damage. Alternatively, as a tumor grows, autophagy promotes 
tumor growth through providing substrates for metabolism.21,22 
Emerging observations indicate that there is an intricate relation-
ship between autophagy and metastasis in cancer. On the one hand, 
autophagy helps to support viability for the potentially metastatic 
cancer cells. On the other hand, autophagy tends to inhibit early me-
tastasis and to reverse of epithelial- mesenchymal transition (EMT) 
in cancer cells.23,24

Hence, in the present study, we aim to explore the effect of TQ 
on metastasis in RCC and the role of autophagy in this process. We 
also elucidate the underlying molecular mechanisms.

2  | MATERIAL S AND METHODS

2.1 | Cell culture

Human renal carcinoma cell lines ACHN and 786- O were purchased 
from ATCC (Manassas, VA, USA). The ACHN and 786- O cells were 
cultured in RPMI- 1640 medium (Hyclone, UT, USA) supplemented 
with 10% FBS (Gibco, NY, USA), 1% antibiotic solution (penicillin 
100 U/mL and streptomycin 100 g/mL) (Solarbio, Shanghai, China) 
at 37°C in a humidified incubator with 5% CO2.

2.2 | Reagents, antibodies and plasmid

Thymoquinone was obtained from Sigma- Aldrich (St. Louis, MO, 
USA) and dissolved in DMSO at a final concentration of 40 μmol/L 
as a stock solution. Lipofectamine 2000 was purchased from 

Invitrogen (Carlsbad, CA, USA). Protease inhibitor and phos-
phatase inhibitor were obtained from Roche (Basel, Switzerland). 
The following primary antibodies were used in this study: anti- β- 
actin, anti- E- cadherin, anti- N- cadherin, anti- vimentin, anti- LC3- I/
II, anti- AMPK, anti- p- AMPK (Thr172), anti- mTOR, anti- p- mTOR 
(Ser2448) and anti- p- S6K (Thr389), purchased from Cell Signal 
Technology (Boston, MA, USA). Anti- mouse (CWBIO, Beijing, 
China) and anti- rabbit antibodies (CWBIO, Beijing, China) were 
used as secondary antibodies. The mRFP- EGFP- LC3 reporter 
plasmid was a gift from Tamotsu Yoshimori (Addgene plasmid # 
21074).

2.3 | Cell viability assay

786- O and ACHN cells were plated into 96- well culture dishes (Corning, 
NY, USA) at a density of 5 × 103 cells/well with complete culture me-
dium. After being incubated overnight, the medium was removed and 
replaced with fresh medium containing different concentrations of TQ 
(0, 10, 20, 40, 60, 80 and 100 μmol/L) for 24 or 48 hours, respectively. 
Then the medium was removed and 20 μL CCK8 was added into each 
well and incubated for 4 hours at 37°C. The optical density (OD) of 
each well was measured at 490 nm by microplate reader.

2.4 | Transwell migration and invasion assay

We used 24- well plates with chambers of 8- μm pore size (Millipore, 
Germany) in the transwell analysis. In the migration assay, 1 × 104 RCC 
cells were seeded in the upper chamber. In the invasion assay, 2 × 104 
cells were seeded in the upper chamber pretreated with Matrigel. Cells 
in the upper chamber were resuspended in 200 μL serum- free medium 
with different concentrations of TQ. The lower chamber was filled with 
800 μL complete medium containing the same concentration of TQ as 
in the upper chamber. After incubation for 24 hours, the non- migrated 
or non- invaded cells in the upper chamber were removed by cotton 
swab, and the migrated or invaded cells were fixed with 4% paraform-
aldehyde for 30 minutes and then stained with .1% crystal violet for an-
other 30 minutes. Then, the cells were counted under a microscope and 
4 random fields for each chamber were selected for statistical analysis.

2.5 | Wound healing assay

Renal cell cancer cells were seeded into 6- well plates with complete 
medium. We used 200- μL pipet tips to scratch wounds when the 
cells had grown to 90%. The plates were washed 3 times to remove 
the floated cells and then filled with serum- free medium containing 
different concentrations of TQ for 24 hours. The cells were observed 
at different time points and the wound closure was determined by 
inverted microscope.

2.6 | Tandem fluorescence microscopy

Renal cell cancer cells were plated into 6- well dishes with complete 
medium. When cells grew to 70%, the medium was discarded and 
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replaced with serum- free medium. Then, the cells were transfected 
with tandem fluorescent mRFP- EGFP- tagged LC3 expressing plas-
mids using Lipofectamine 2000. After 6 hours, the medium contain-
ing Lipofectamine 2000 was abandoned and new complete medium 
was added to the dishes to maintain cells for 18 hours. Next, cells 
were treated with TQ for 24 hours and then fixed with 4% para-
formaldehyde. Then, the expression of enhanced green fluorescent 
protein (EGFP) and mRFP was observed by fluorescence microscopy 
(Olympus, Tokyo, Japan).

2.7 | Western blot

Renal cell cancer cells were lysed by RIPA buffer containing pro-
tease inhibitor or phosphatase inhibitor and PMSF for 10 min-
utes on ice. Then, the cell debris was collected and centrifuged 
at 12 400 g for 15 minutes. The supernatants were transferred 
into new tubes, and protein concentrations were detected by 
BCA Protein Assay Kit (Heart, Xi’an, China). The supernatants 
were mixed with 1/5 volume of 6X buffer and then boiled for 
5 minutes. The whole proteins were subjected to 10%- 15% SDS- 
PAGE and then transferred to PVDF membranes. The membranes 
were first sealed with 10% skim milk for 2 hours at room tem-
perature and then incubated with primary antibodies overnight 
at 4°C. Subsequently, the membranes were washed with TBST 3 
times and incubated with secondary antibodies for 1 hour. The 
membranes were visualized and measured using an ECL system 
(Bio- Rad, CA, USA).

2.8 | In vivo experiments

All animal experiments were performed in accordance with standard 
ethical guidelines and approved by the Ethics Committee of Xi’an 
Jiaotong University. Ten male nude mice were included in the study. 
All mice were 5 weeks old and each weighted 19- 22 g. Harvested 
786- O cells (1 × 106 cells) were suspended in 200 μL serum- free me-
dium containing 100 μL Matrigel, and subcutaneously injected into 
the right flank of every mouse. When the tumors had grown to ap-
proximately 100- 150 mm3 in size, the mice were randomly divided 
into 2 groups (5 in each group) and intraperitoneal injected with 
DMSO (control group) or TQ 20 mg/kg, respectively, every 3 days. 
During the treatment, the tumor volumes were calculated and the 
mice were weighted with the same frequency. After 30 days, tumors 
were harvested, weighted and analyzed. The volume was calculated 
using the following formula: tumor volume = (length × width2) ×.5. 
To establish the metastatic tumor model, luciferase- tagged 786- O 
cells were injected into mice via tail veins. Then, the mice were di-
vided into 2 groups and received the same treatment as above. After 
30 days, the mice were intraperitoneal injected with D- luciferin 
(150 mg/kg). Ten minutes later, mice were anesthetized with 10% 
chloral hydrate (.004 mL/g) and imaged using the IVIS Lumina II with 
Living Image Software.

The lung metastatic tumors were then harvested and stained 
with H&E.

2.9 | Immunohistochemical assay

Renal tumors were separated from xenograft mice and fixed with 
10% formaldehyde for 24 hours. Then, they were embedded in par-
affin and cut into 5- μm- thick sections. After that, the tissue sec-
tions were subjected to deparaffinization, rehydration, endogenous 
peroxidase blocking and antigen retrieval. Next, the sections were 
blocked with 1% BSA for 10 minutes. Subsequently, they were incu-
bated with primary antibodies overnight and appropriate secondary 
antibodies for 1 hour. The sections were then visualized using a DBA 
kit following the manufacturer’s instructions.

2.10 | Statistical analysis

All data were presented as mean ± SD of 3 independent experiments 
and analyzed using GraphPad Prism 5.2 software. In all cases, dif-
ferences were considered statistically significant when P- value <.05.

3  | RESULTS

3.1 | Thymoquinone suppresses migration, invasion 
and epithelial- mesenchymal transition in renal cell 
cancer cells

To choose proper concentrations of TQ in the present study, first we 
observed the cell viability in TQ- treated RCC cell lines 786- O and 
ACHN using the CCK8 assay. Cells were incubated with TQ at differ-
ent concentrations (0, 10, 20, 40, 60, 80, 100 μmol/L) for 24 hours 
or 48 hours, respectively. The results showed that TQ exhibited 
concentration- dependent inhibition on cell growth in RCC cells, 
with the IC50 value of 55 μmol/L in 786- O and 72 μmol/L in ACHN 
at 24 hours (Table S1). As shown in Figure 1A, 40 μmol/L TQ exhib-
ited a less than 20% inhibitory rate of cell proliferation in both cell 
lines. Furthermore, we observed the effect of TQ on normal renal 
tubular epithelial cell HK- 2. The results demonstrated that there was 
no significant decrease in cell growth in HK- 2 under low doses of 
TQ (less than 60 μmol/L) (Figure S1). Therefore, the concentration of 
40 μmol/L at 24 hours was used in subsequent experiments. To in-
vestigate the effects of TQ on cancer cell migration and invasion, we 
conducted wound healing and transwell assays. The wound healing 
and transwell migration assays showed that TQ attenuated cancer 
cell migration in a time- dependent and concentration- dependent 
manner. The invasion assay results revealed that the number of in-
vaded cells decreased with the increase of TQ concentration, which 
was consistent with the result of migration assay (Figure 1B,C). To 
determine whether TQ participated in the EMT procedure in renal 
cancer cells, we also detected epithelial- mesenchymal transition 
(EMT)- related proteins by western blot. Cancer cells were treated 
with different concentrations of TQ for 24 hours or 40 μmol/L TQ 
for different periods of time. The results demonstrated that TQ 
upregulated epithelial markers (E- cadherin), while downregulating 
mesenchymal markers (N- cadherin, vimentin) in 786- O cells in a 
concentration- dependent and time- dependent manner, suggesting 
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that TQ induced mesenchymal- epithelial transition (MET) in 786- O 
cells. Similar results were observed in ACHN cells (Figure 1D). In ad-
dition, we observed EMT- related markers (E- cadherin and vimen-
tin) in TQ- treated ACHN by fluorescent immunostaining and found 
that the results were consistent with those for western blot anal-
ysis (Figure S2). These results suggest that TQ effectively inhibits  
migration, invasion and the EMT process in RCC cells in vitro.

3.2 | Thymoquinone induces autophagy in renal cell 
cancer cells

Studies have shown that TQ could induce autophagy in squamous 
carcinoma cells and in drug- resistant colon cancer cells, while the 
effect of TQ on autophagy in RCC cells has not been reported. To 
determine whether TQ could induce autophagy in RCC cells, we 
cultured ACHN and 786- O cells with 40 μmol/L TQ for 24 hours 
and used an inverted microscope to observe the morphological 
changes in RCC cells. As shown in Figure 2A, cytoplasmic vacuoles 
were remarkably accumulated in RCC cells treated with TQ. Because 
the amount of LC3- II is strongly correlated with the number of au-
tophagosomes and autophagic structures, LC3 is widely used as 
an autophagosome marker. To confirm that the vacuoles induced 
by TQ were relevant to autophagy, we transiently transfected the 

RCC cells with mRFP- EGFP- LC3 reporter plasmids to observe LC3 
puncta. As a result of differential sensitivity to acidity, tandem 
fluorescent- tagged LC3 plasmid emits different fluorescence signals 
in autophagy. Yellow LC3 puncta (mRFP- positive/EGFP- positive) can 
be seen when autophagosomes form and red LC3 puncta (mRFP- 
positive/EGFP- negative) can be found when autophagosomes fuse 
with lysosomes, which forms a low PH environment. As shown in 
Figure 2B, the number of both yellow and red puncta increased dra-
matically in TQ- treated RCC cells when compared with the control 
group. In addition, we treated ACHN and 786- O cells with different 
concentrations of TQ and detected the expression of LC3 by west-
ern blot. The results revealed that TQ could upregulate LC3- II in a 
concentration- dependent manner (Figure 2D). Collectively, these 
data indicate that TQ can induce autophagy in RCC cells.

3.3 | Inhibition of autophagy attenuates 
thymoquinone- induced anti- tumor effects in renal cell 
cancer cells

Accumulated evidence has suggested that there is an association be-
tween autophagy and metastasis. We hypothesized that autophagy 
induced by TQ may affect the migration and invasion in RCC cells. 
To verify the hypothesis, 3- methyladenine (3- MA), an inhibitor of 

F IGURE  1 Thymoquinone (TQ) suppresses migration, invasion and epithelial- mesenchymal transition (EMT) in renal cell carcinoma (RCC) 
cells. A, Cell viability in 786- O and ACHN cells treated with TQ. Cells were cultured with different concentrations (0, 10, 20, 40, 60, 80 and 
100 μmol/L) of TQ for 24 or 48 hours. Cell viability was tested using CCK8 assay. **P < .01, ***P < .001 and ###P < .001 vs non- treated group 
(0 μmol/L). B, Wound healing assay was conducted in 786- O and ACHN cells. Cells were cultured with TQ (40 μmol/L); then, the wound 
healing assay was observed at 0, 12 and 24 hours in 786- O cells and 0, 24 and 36 hours in ACHN cells. ***P < .001 vs control group. C, 
Transwell migration and invasion assay was observed in 786- O and ACHN cells. Cells were treated with TQ at different concentrations (0, 
20, 40 and 60 μmol/L). The migration assay was observed at 24 hours and the invasion assay was observed at 48 hours in both 786- O and 
ACHN cells. *P < .05, **P < .01 and ***P < .001 vs non- treated group (0 μmol/L). D, The expressions of EMT- related proteins in TQ- treated 
RCC cells. Epithelial markers (E- cadherin) and mesenchymal markers (N- cadherin, vimentin) were detected by western blot in TQ- treated 
786- O and ACHN cells at indicated concentrations and times. All data are presented as mean ± SD of 3 independent experiments
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autophagy, was used in the study. On the basis of different treat-
ments, 786- O and ACHN cells were divided into 4 groups: control, 
TQ, 3- MA, and TQ together with 3- MA. As shown in Figure 3A, the 
anti- migratory ability of TQ was remarkably attenuated in 786- O 
or ACHN cells when autophagy was inhibited by 3- MA. Consistent 
results could be seen in the invasion experiments. Furthermore, to 
investigate whether autophagy inhibitor affects TQ- induced MET in 
RCC cells, we detected EMT- related proteins by western blot and 
found that 3- MA could abate TQ- induced MET (Figure 3B). Taken 
together, these data show that inhibition of autophagy attenuates 
TQ- induced anti- tumor effects in RCC cells.

3.4 | AMPK/mTOR pathway is involved in 
anti- tumor effects of autophagy induction by 
thymoquinone in renal cell cancer cells

Numerous studies have indicated that autophagy can be mediated 
by various pathways, including PI3K/AKT/mTOR, AMPK/mTOR, 
MAPK/ERK1/2, P53/DRAM and HGF/MET.25 Among these path-
ways, the AMPK/mTOR signaling pathway plays a vital role in the 
process of autophagy. It positively regulates autophagy through 
increasing AMPK phosphorylation and decreasing mTOR phospho-
rylation. To confirm whether the AMPK/mTOR signaling pathway is 
involved in the induction of autophagy by TQ in RCC cells, the pro-
tein levels of AMPK, p- AMPK (Thr172), mTOR, p- mTOR (Ser2448) 

and p- S6K (Thr389) were detected after treatment with different 
concentrations of TQ. As expected, the expression of p- AMPK was 
elevated by TQ, while expressions of p- mTOR and p- S6K were re-
duced, which indicated the activation of the AMPK/mTOR pathway 
(Figure 4A). Then, we pretreated the RCC cells with AICAR (an acti-
vator of AMPK) or compound C (an inhibitor of AMPK) and detected 
the expression of p- AMPK, p- mTOR and LC3. As shown in Figure 4B, 
the effects of TQ on LC3 could be receded when the AMPK/mTOR 
signaling pathway was inhibited by compound C, which suggested 
that autophagy was induced by TQ through the AMPK/mTOR path-
way. To further elucidate the role of AMPK/mTOR in the anti- tumor 
effects of autophagy induced by TQ, we conducted the transwell ex-
periments and analyzed the EMT- related proteins using western blot 
analysis. Results showed that compound C attenuated the migratory 
and invasive capacities of autophagy induced by TQ. Furthermore, 
it also weakened TQ- induced MET (Figure 4C,D). These data reveal 
that TQ inhibits the metastasis characteristics of RCC cells by in-
ducing autophagy via the AMPK/mTOR signaling pathway. Because 
evidence has shown that the inhibition of mTOR is as an attractive 
strategy to treat RCC, in our study, we further compared the effects 
of TQ with everolimus, an inhibitor of mTOR. The results showed 
that everolimus was significantly more potent than TQ in inhibiting 
migration and invasion, inducing autophagy and MET in RCC cells 
(Figure S3), suggesting that the mTOR inhibitor showed more anti- 
tumor effects when compared with TQ in RCC treatment. However, 

F IGURE  2 Thymoquinone (TQ) induces autophagy in renal cell carcinoma (RCC) cells. A, Morphological changes in 786- O and ACHN 
cells. RCC cells were treated with 40 μmol/L TQ for 24 hours; then, an inverted microscope was used to observe the morphological 
changes (×40 and ×100). Arrows point to cytoplasmic vacuoles. B, Autophagosomes and autolysosomes induced by TQ in RCC cells. Cells 
were transfected with mRFP- EGFP- LC3 reporter plasmids and treated with 40 μmol/L TQ for 24 hours. The LC3 puncta was observed 
by fluorescence microscopy (×200). Yellow arrows point to autophagosomes (mRFP- positive/EGFP- positive) and red arrows point to 
autolysosomes (mRFP- positive/EGFP- negative). C, Quantification of the number of autophagosomes and autolysosomes per cell. D, The 
level of LC3 was analyzed by western blot in 786- O and ACHN cells after treatment with different concentrations of TQ. All data are 
presented as mean ± SD of 3 independent experiments
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despite the promise of mTOR inhibition as an anti- tumor strategy, 
the clinical performance of mTOR inhibitors in relation to avoiding 
drug resistance is still less than satisfactory at present. Therefore, 
drugs that target multiple components of pathways, such as  
autophagy/AMPK/mTOR, are urgently needed.

3.5 | Anti- tumor effects of thymoquinone on renal 
cell cancer cells in vivo

We further investigated the effects of TQ on RCC cell growth in a 
xenograft tumor model. As shown in Figure 5A, tumors in the group 
treated with TQ grew more slowly than those in the control group. 
After 4 weeks, tumors had reached approximately 500 mm3 in the 
control group, and 270 mm3 in the TQ group. Finally, we harvested 
and weighed all of the tumors. The weight of tumors in the control 
group was heavier than that in the TQ group, suggesting that TQ 
inhibited RCC cell growth in vivo (Figure 5B,C). Furthermore, we 
detected the expression of EMT- related protein using immuno-
histochemistry and western blot analysis. The results showed an 
increased expression of E- cadherin and decreased expression of 
N- cadherin in the TQ group, which was consistent with the finding 

in vitro (Figure 5D,E). To determine the anti- tumor effect of TQ on 
metastasis formation, we further established a metastatic tumor 
model using luciferase- tagged 786- O cells. As shown in Figure 5F, 
TQ significantly inhibited lung metastasis compared with the control 
group. H&E staining of lungs revealed a significant decrease in the 
number of metastatic nodules in the lungs of TQ- treated mice com-
pared to the control group (Figure S4). These data indicate that TQ 
inhibits RCC cell growth and metastasis in vivo.

4  | DISCUSSION

Over the past 30 years, plant- derived drugs have gained increasing 
attention as they are relatively nontoxic and inexpensive when com-
pared to modern medicines. Medicinal plants and their extracted 
ingredients are extensively used for their biological properties, such 
as anti- inflammatory, anti- oxidant, anti- diabetic and anti- cancer ef-
fects. Numerous studies have indicated the benefits of many me-
dicinal plants occurring around the world agents against cancers.26 
Among them, a bioactive constituent of black seed oil called TQ 
that mainly grows in the Mediterranean region and Western Asia, 

F IGURE  3  Inhibition of autophagy attenuates thymoquinone (TQ)- induced anti- tumor effects in renal cell carcinoma (RCC) cells. 786- O 
and ACHN cells were mock- treated or treated with TQ (40 μmol/L) in the presence or absence of 3- MA (5 mmol/L); then, the migratory and 
invasive abilities were detected by transwell assay (A), and the expression of epithelial- mesenchymal transition (EMT) markers and LC3 was 
determined by western blot (B). All data are presented as mean ± SD of 3 independent experiments
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including Afghanistan, India and Pakistan, has been proved to 
exert anti- cancer effects both in cell culture systems and animal 

experiments.27,28 RCC, the most common cancer among kidney- 
related tumors, is insensitive to many conventional treatments. 

F IGURE  4 AMPK/mTOR pathway is involved in anti- tumor effects of autophagy induction by thymoquinone (TQ) in renal cell carcinoma 
(RCC) cells. A, 786- O and ACHN cells were treated with different concentrations (0, 20, 40, 60 μmol/L) of TQ for 24 hours; the levels of 
t- AMPK, p- AMPK, t- mTOR, p- mTOR, p- S6K and LC3 were evaluated by western bolt. B, RCC cells were pretreated with AICAR (1 mmol/L) 
or compound C (50 μmol/L) for 4 hours, and then incubated with TQ (40 μmol/L) for 24 hours. The expression of p- AMPK, p- mTOR and LC3 
was detected by western bolt. C, D, Then, the migratory and invasive abilities were detected by transwell assay and epithelial- mesenchymal 
transition- related proteins were measured by western blot. All data are presented as mean ± SD of 3 independent experiments

F IGURE  5 Anti- tumor effects of thymoquinone (TQ) on renal cell carcinoma (RCC) cells in vivo. A, The tumor volumes were calculated 
every 3 days in the control or the TQ- treated group. B, C, Xenograft tumors were harvested and the tumor weight was measured at 
the end of the experiment. D, E, The expression of E- cadherin and N- cadherin in xenograft tumors were detected by western blot 
and immunohistochemistry (×200). F, Bioluminescence images of mice in the control and the TQ- treated group. Data are presented as 
mean ± SD. (n = 5)
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Therefore, candidates originated from medicinal plants have been 
studied extensively for application in this disease. Although the anti- 
cancer effects of TQ have been widely reported in various cancers, 
few studies have explored its efficacy in renal cell carcinoma.

In this study, we explored the effects of TQ on RCC cell lines 
786- O and ACHN, and found that TQ exhibited cytotoxic effects 
on RCC cells in a concentration- dependent and time- dependent 
manner. Moreover, TQ remarkably inhibited the migration and in-
vasion of RCC cells with the prolongation of time and increase of 
dose. It is well documented in the literature that cells undergoing 
EMT can transform the epithelial phenotype into mesenchymal 
phenotype, leading to an increase in cell motility and invasive-
ness.29 Accumulating research has suggested that EMT has a close 
correlation with the migratory and invasive abilities of cancer cells. 
Then, we detected EMT- related proteins in our study. The results 
showed that TQ could upregulate epithelial markers and down-
regulate mesenchymal markers, suggesting that TQ could inhibit 
EMT in RCC cells. To observe the effects of TQ on tumor growth 
in vivo, we calculated the volume of the tumors and found that 
tumors in the group treated with TQ grew more slowly when com-
pared to those in the control group. Moreover, the tumors in the 
TQ- treated group showed higher expression of E- cadherin and 
lower expression of N- cadherin, which concurred with our find-
ings in vitro. We further established a metastatic tumor model 
and the results indicated that TQ significantly inhibited metastasis 
compared with the control group, which was consistent with our 
expectations.

Autophagy is a catabolic cellular process in which the dysfunc-
tional cytoplasmic constituents are removed to maintain metabolic 
balance. It occurs not only in normal cells but also in cancer cells.30 It 
is widely accepted that autophagy plays a complex role in oncogene-
sis: it represses tumor growth in the early stages on the one hand but 
is required for progression to advanced or invasive tumors on the 
other hand.24 During the past 5 years, autophagy induced by plant- 
derived drugs has been widely studied in various tumors. In the 
present study, we first demonstrated that TQ- induced autophagy 
in a concentration- dependent manner in RCC cells, which was ver-
ified by inverted microscope, LC3 turnover assay and western blot. 
There is an intricate connection between autophagy and metasta-
sis. Autophagy is usually induced during the progression of various 
cancers to metastasis and it can promote tumor metastasis through 
numerous mechanisms, including promoting a stem cell phenotype, 
production of secreted factors and modulating the Rho signaling 
pathway.24 In contrast, autophagic cells can act as a barrier against 
tumor progression through inhibiting the tumor transfer from pri-
mary sites to secondary sites.31 A study has shown halofuginone- 
induced autophagy suppresses breast cancer cell migration and 
invasion.32 Meanwhile, in osteosarcoma cells, the activation of au-
tophagy is associated with the suppression of EMT.33 In the study, 
we used 3- MA to inhibit autophagy and observed the effects of TQ 
on migration, invasion and EMT in RCC cell lines 786- O and ACHN. 
We, therefore, found that inhibition of autophagy could attenuate 
TQ- induced anti- metastasis effects in RCC cells.

The mTOR signaling pathway has been reported to be acti-
vated in nearly 100% of RCC, and inhibitors targeting the mTOR 
signaling seem to offer a promising therapy against RCC. In our 
supplementary experiments, we compared TQ with everolimus. 
The results indicated that everolimus showed more anti- tumor 
effects as compared to TQ. However, the emergency of drug re-
sistance has limited the application of mTOR inhibitors in clini-
cal treatment and agents targeting multiple pathways have been 
widely studied. Because the mTOR signaling pathway plays a vital 
role in the process of autophagy, it is important to study the rela-
tionship between the mTOR pathway and autophagy. The mTOR 
includes 2 functionally and biochemically distinct complexes, 
mTORC1 and mTORC2.34 Evidence has shown that mTORC1, but 
not mTORC2, plays a vital role in the regulation of autophagy. 
The mTORC1 inhibition increases autophagy, while activation 
of mTORC1 represses this process.34 AMPK is a cellular energy 
sensor that regulates homeostatic balance. It positively regulates 
autophagy by inhibiting the activity of mTORC1 through direct 
phosphorylation of its receptor, a regulatory- associated protein 
of mTOR.25

To verify whether TQ induced autophagy through the 
AMPK/mTOR signaling pathway, we detected the main mole-
cules in this pathway and found that the expression of p- AMPK 
was elevated by TQ, while expressions of p- mTOR and p- S6K 
were reduced, accompanied by an increase in LC3. Moreover, 
we observed an upregulation of LC3 in TQ- treated RCC cells 
when activating the AMPK/mTOR pathway, while a downreg-
ulation when inhibiting this pathway; taken together, we can 
conclude that TQ could induce autophagy via the AMPK/mTOR 
pathway. Then, the migration and invasion experiments showed 
that the AMPK inhibitor attenuated the anti- metastatic effects 
of autophagy induced by TQ, which suggested that TQ could in-
hibit the metastasis of RCC cells by inducing autophagy through 
the AMPK/mTOR pathway.

In conclusion, our study demonstrated that TQ exerted anti- 
metastatic properties in RCC cell lines 786- O and ACHN. In addi-
tion, these characteristics, including inhibiting migration, invasion 
and EMT, were mainly dependent on TQ- induced autophagy. 
Furthermore, we revealed that the mechanism by which TQ- induced 
autophagy inhibited the metastasis of RCC cells was regulated 
through the AMPK/mTOR pathway. These findings indicated the po-
tential role of TQ- induced autophagy in cancer treatment and sug-
gested that combining TQ with autophagy inhibitors might enhance 
its cancer suppression effects.
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