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Autophagy suppresses resveratrol-induced
apoptosis in renal cell carcinoma 786-0O cells
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Abstract. As a polyphenolic compound, resveratrol (Res)
is widely distributed in a variety of plants. Previous studies
have demonstrated that Res can inhibit various different types
of tumor growth. However, its role in renal cell carcinoma
(RCC) remains largely unknown. The present study first
demonstrated that Res inhibited cell viability and induced
apoptosis in RCC 786-0 cells. Further experiments revealed
that Res damaged the mitochondria and activated caspase 3.
In contrast, Z-VAD-FMK, a pan-caspase inhibitor, suppressed
Res-induced apoptosis. Reactive oxygen species (ROS)
were involved in the process of Res-induced apoptosis, and
antioxidant N-acetyl cysteine could significantly attenuate
this. Furthermore, Res activated c-Jun N-terminal kinase via
ROS to induce autophagy, whereas inhibition of autophagy
with chloroquine or Beclin 1 small interfering RNA aggra-
vated Res-induced apoptosis, indicating that autophagy served
as a pro-survival mechanism to protect 786-O cells from
Res-induced apoptosis. Therefore, a combination of Res and
autophagy inhibitors could enhance the inhibitory effect of
Res on RCC.

Introduction

Renal cell carcinoma (RCC) is the most common subtype
of kidney cancer that accounts for 3% of all malignancies in
adults in the United States (1). RCC incidence rates among
men in 2012 varied from ~1 in Africa to >15 in Europe (cases
per 100,000 standard population) (2). RCC is resistant to radio-
therapy and chemotherapy, and surgical resection remains
the primary therapeutic technique for early-localized RCC.
Between 25-30% of patients have metastatic disease at the
time of RCC diagnosis, and patients with metastatic RCC have
a very poor prognosis (3). Although a great deal of progress
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has been made in targeted molecular therapy for the treatment
of metastatic RCC, their medicinal performance remains less
than satisfactory.

Resveratrol (Res), a polyphenolic compound, is widely
distributed in a variety of plants (4). Since the first study
reported its inhibitory effect on carcinogenesis in a mouse
skin cancer model in 1997 (5), a large number of studies
have demonstrated that Res can inhibit multiple types of
cancer in vitro. Furthermore, Res also possesses antitumor
effects in vivo (6). However, the antitumor effect of Res on
RCC remains largely unknown due to its complex pharmaco-
logical activities. The present study aimed to investigate the
underlying molecular mechanism of Res in RCC.

The 786-0 cell line possesses numerous characteristics
of RCC, including mutations in the VHL gene (7) and high
activation of vascular endothelial growth factor (VEGF) (8),
and is widely used in RCC research. The present study
revealed that in 786-0 cells, Res damaged mitochondria,
activated caspase 3 and induced apoptosis through reactive
oxygen species (ROS). Furthermore, Res activated c-Jun
N-terminal kinase (JNK) via ROS to induce autophagy, while
inhibition of autophagy further exacerbated Res-induced
apoptosis.

Materials and methods

Reagents and antibodies. Res was purchased from Selleck
Chemicals. A Cell Counting Kit-8 (CCK-8) was obtained
from Dojindo Molecular Technologies, Inc. Z-VAD-FMK
was purchased from Santa Cruz Biotechnology, Inc.
Chloroquine (CQ) was supplied by Enzo Life Sciences, Inc.
N-acetyl cysteine (NAC) and 2',7'-dichlorofluorescin-diacetate
(DCFH-DA) were purchased from Beyotime Institute of
Biotechnology. SB203580 and SP600125 were obtained from
MedChemExpress. Antibodies against PARP (1:1,000; catalog
no. 9532), GAPDH (1:2,000; catalog no. 5714), AMPKa
(1:1,000; catalog no. 5831), p-AMPKa (1:1,000; catalog
no. 2535), S6 (1:1,000; catalog no. 2317), p-S6 (1:1,000; catalog
no. 4858), p38 (1:1,000; catalog no. 8690), p-p38 (1:1,000;
catalog no. 4511), INK (1:1,000; catalog no. 9252), p-JNK
(1:1,000; catalog no. 4668), ERK (1:1,000; catalog no. 4695),
p-ERK (1:1,000; catalog no. 4370), BCL2 (1:1,000; catalog
no. 4223) and p-BCL2 (1:1,000; catalog no. 2827) were all
purchased from Cell Signaling Technology, Inc. LC3B anti-
body (1:1,000; catalog no. ab192890) was purchased from
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Abcam, and Beclin 1 antibody (1:500; catalog no. sc-48341)
was purchased from Santa Cruz Biotechnology, Inc.

Cell culture. The 786-0 cell line was purchased from the
Shanghai Institute of Cell Biology, Chinese Academy of
Sciences. Cells were maintained in RPMI-1640 medium
(HyClone; GE Healthcare Life Sciences) supplemented
with 10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and
1% penicillin and streptomycin, at 37°C in a humidified
atmosphere containing 5% CO, until they reached 80-90%
confluence.

Cell viability assay. Cell viability assay was performed using
CCK-8 reagent (Dojindo Molecular Technologies), according
to the manufacturer's protocol. The 786-0O cells were seeded
at a density of 4x10° cells/well into 96-well plates. Following
overnight incubation at 37°C, the cells were treated with the
indicated concentrations of Res (10, 20, 40 and 80 M) for
24 or 48 h. Following Res treatment, CCK-8 reagent was
added into every well, followed by incubation at 37°C for 1 h
in the dark. Subsequently, the optical density was determined
using a microplate reader (Bio-Rad Laboratories, Inc.), at a
wavelength of 450 nm.

Cell apoptosis assay. Cell apoptosis was assessed using an
AnnexinV-FITC-propidium iodide (PI) double staining kit
(MultiSciences Biotech, Co., Ltd.), according to the manufac-
turer's protocol. Briefly, cells were treated with 10,20 uM Res
for 48, and 40 uM of Res for 24 or 48 h. For some experiments,
cells were treated with 40 uM Res for 48 h in the presence
or absence of 50 yM Z-VAD-FMK, 10 mM NAC or 50 uM
CQ. Following treatment, cells were harvested and washed
twice with PBS. Subsequently, cells were incubated in buffer
containing Annexin V-FITC and PI at room temperature for
5 min in the dark. Apoptotic cells were identified using a BD
FACSCanto II flow cytometer (BD Biosciences) and data
were analyzed using FACSDiVa software (version 7.0; BD
Biosciences).

ROS assay. Cells were harvested, washed twice with PBS, and
then incubated in serum-free RPMI-1640 medium containing
DCFH-DA at 37°C for 20 min. Cells were re-washed twice
with PBS and intracellular ROS was detected via the
aforementioned flow cytometry method.

Caspase 3 activity assay. Caspase 3 activity was determined
using a caspase 3 activity assay kit (ApexBio Technology),
according to the manufacturer's protocol. Briefly, cells were
washed twice with PBS and incubated in staining buffer
containing FITC-DEVD-FMK probe at 37°C for 30 min. Cells
were re-washed twice with PBS and harvested, and caspase 3
activity was detected via the aforementioned flow cytometry
method.

Mitochondrial membrane potential (A¥m) assay. The AWm
assay was performed using a JC1 mitochondrial membrane
potential assay kit (Beijing Solarbio Science & Technology
Co., Ltd.), according to the manufacturer's protocol. In brief,
cells were washed twice with PBS and incubated in fresh
RPMI-1640 medium containing JC1 regent at 37°C for 30 min.
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Cells were re-washed twice with PBS and harvested, and
AWm was determined via the aforementioned flow cytometry
method. AWm was calculated as the ratio of red to green
fluorescence.

Cyto-ID autophagy detection assay. A CYTO-ID autophagy
detection kit (Enzo Life Sciences, Inc.) was utilized in the
present study. Briefly, cells were washed twice with PBS and
then incubated in PBS containing CYTO-ID probe and 5%
FBS at 37°C for 20 min in the dark. Following the incuba-
tion, cells were re-washed twice with PBS and observed
under a fluorescence microscope (Olympus Corporation;
magnification, x200). In order to evaluate autophagy with flow
cytometry, cells were harvested following incubation with
CYTO-ID probe at 37°C for 20 min in the dark. Subsequently,
autophagy was determined via the aforementioned flow
cytometry method.

Western blotting. Cells were treated with 40 uM Res for 24 or
48 h. For some experiments, 10 mM NAC, 20 uM SP600125
or 20 uM SB203580 were used. In order to evaluate autophagic
flux, cells were treated with 40 xM Res for 48 h in the presence
or absence of 50 uM CQ.

Cells were lysed using a total protein extraction kit (Nanjing
KeyGen Biotech Co., Ltd.), according to the manufacturer's
protocol. Protein concentrations were determined using a
bicinchoninic acid assay kit (Nanjing KeyGen Biotech Co.,
Ltd.) and 30 ug protein/lane was separated via SDS-PAGE on
a 10-12% gel. The separated proteins were subsequently trans-
ferred onto a polyvinylidene difluoride membrane and blocked
with 5% BSA 1 h at room temperature. The membranes were
incubated with the aforementioned primary antibodies, over-
night at 4°C. The membranes were then washed three times
with TBST and incubated with corresponding anti-rabbit or
anti-mouse HRP-conjugated secondary antibodies (1:5,000;
catalog no. GAROO7 and GAMOO07; MultiSciences Biotech,
Co., Ltd.) at room temperature for 1 h. Protein bands were
visualized using an ECL system (EMD Millipore) and densito-
metric analysis was performed using ImagelJ software (version
1.48v; National Institutes of Health).

Small interfering (si)RNA and transfection. Beclin 1
(catalog no. sc-29797) and scrambled control siRNA (catalog
no. sc-37007) were purchased from Santa Cruz Biotechnology,
Inc. The Beclin 1 siRNA sequences were as follows: Forward,
5'-CAGCUCAACGUCACUGAAATT-3" and reverse, 5-UUU
CAGUGACGUUGAGCUGTT-3". The control siRNA
sequences were not available. Briefly, 100 nM of Beclin 1 or
control siRNA was transfected into cells using Lipofectamine®
2000 reagent (Invitrogen; Thermo Fisher Scientific, Inc.),
according to the manufacturer's protocol, and non-transfected
cells were set as a blank control. After 24 h, cells were treated
with 40 uM Res for an additional 48 h and subsequently
analyzed via western blotting as previously described.

Statistical analysis. All experiments were performed in
triplicate, and the data are presented as the mean + standard
deviation. Unpaired Student's t-test was used for comparisons
between two groups. One-way analysis of variance followed
by post hoc comparisons using Tukey's test was used for
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Figure 1. Res decreases cell viability and induces apoptosis in 786-0 cells. (A) Cell viability was analyzed using a Cell Counting Kit-8 assay. (B) Representative

images of the flow cytometric apoptosis assay. (C) Quantitative analysis of apoptosis detected by flow cytometry. "P<0.05,

resveratrol.

comparisons between three groups or more. P<0.05 was
considered to indicate a statistically significant difference.

Results

Res inhibits cell viability and induces apoptosis of 786-0
cells. The 786-0 cells were exposed to various concentrations
of Res (10,20,40 and 80 #M) for 24 and 48 h. The CCK-8 assay
revealed that Res inhibited the cell viability in a time- and
dose-dependent manner (Fig. 1A). Since a previous study (9)
reported that high concentrations (=50 uM) of Res exhibited
significant toxicity to normal renal epithelial cells, the present
study performed further experiments at lower concentrations.
The flow cytometric analysis revealed that Res at 20 and
40 uM induced apoptosis (Fig. 1B and C), while 10 uM Res
had no effect on apoptosis (data not shown).

Res damages mitochondria and activates caspase to induce
apoptosis. Mitochondria are the key elements for apoptotic
execution, and damaged mitochondria can release pro-apop-
totic factors that activate caspase to induce apoptosis. A¥m
is an important parameter in the evaluation of mitochondrial
function (10). The present study observed that Res decreased
AWm (Fig. 2A and B), activated caspase 3 (Fig. 2C), and
induced cleavage of PARP, a substrate of caspase 3 (Fig. 2D).

Hkk

P<0.001 vs. control group. Res,

Furthermore, Z-VAD-FMK, a pan-caspase inhibitor, signifi-
cantly inhibited apoptosis (Fig. 2E), demonstrating that Res
induced apoptosis in 786-O cells primarily through the
activation of caspase.

ROS is responsible for Res-induced apoptosis. As an impor-
tant signaling factor, normal ROS levels can maintain cell
homeostasis, while excessive ROS can cause cell injury (11).
Res significantly increased the ROS level in 786-0O cells
(Fig. 3A and B). NAC, an antioxidant, attenuated ROS produc-
tion (Fig. 3C), improved A®Wm (Fig. 3D), decreased caspase 3
activity (Fig. 3E), impaired apoptosis (Fig. 3F) and decreased
the cleavage of PARP (Fig. 3G), suggesting that Res could
damage mitochondria, activate caspase 3 and cause apoptosis
through ROS in 786-0 cells.

Res induces autophagy partially through ROS. As a conser-
vative mechanism, autophagy can be activated in multiple
environments, including nutritional deficiency, hormone
imbalance and oxidative stress, among others (12). The
Cyto-ID fluorescent probe specifically labels autophago-
somes in live cells (13), which was used to assess whether
Res initiated autophagy in the present study. The results
revealed that Res stimulated the formation of autophago-
somes in 786-0 cells (Fig. 4A), and the flow cytometric assay
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Figure 2. Res damages mitochondria and activates caspase to execute apoptosis. (A) Representative images of flow cytometric assay for A®m. (B) Quantitative
analysis of JC1 red/green fluorescence value as detected by flow cytometry. (C) Quantitative analysis of caspase 3 activity detected by flow cytometry.
(D) Following treatment with 40 #M Res for 24 or 48 h, a western blot analysis to detect changes in PARP was performed. (E) Following treatment with
40 uM Res in the presence or absence of 50 uM Z-VAD-FMK for 48 h, quantitative analysis of apoptosis detected by flow cytometry was performed. "P<0.05,

“P<0.01,™

further confirmed these findings (Fig. 4B). Furthermore, Res
increased the expression level of autophagy marker protein
LC3B II (Fig. 4C). Since the upregulation of LC3B II can
reflect activated autophagy or impaired autophagic flux, the
present study inhibited the degradation of autophagy using
autophagy inhibitor CQ, which further upregulated the expres-
sion of LC3B II at the protein level (Fig. 4D), indicating that
Res induced complete autophagic flux. ROS has been well
known as a signaling molecule regulating autophagy (14);
therefore, the present study subsequently assessed whether
ROS participated in Res-induced autophagy in 786-0 cells. As
expected, inhibition of ROS by NAC attenuated the expression
of LC3B II (Fig. 4E), suggesting that Res induced autophagy
partially through ROS.

JNK activated by ROS is required for Res-induced autophagy.
ROS can induce autophagy through multiple signaling path-
ways, including AMPK-mammalian target of rapamycin
(mTOR) (15), pS3 (16) and MAPK (17). Since the status of
p53 remains controversial in 786-0O cells (18), the present
study did not investigate its role here. Res had no effect on the
expression levels of p-rAMPK and p-S6 protein, a downstream

"P<0.001 vs. control group; “*P<0.001 vs. Res group. Res, resveratrol; A¥m, mitochondrial membrane potential.

protein in the mTOR signaling pathway (Fig. 5A), indicating
that the AMPK-mTOR signaling pathway was not involved in
the autophagic process in the experiments performed in the
present study. The present study further investigated the MAPK
family-associated proteins (ERK, JNK and p38) and revealed
that Res inhibited ERK, and activated JNK and p38 (Fig. 5B).
Notably, NAC reversed the effects of Res on ERK, JNK and
p38 (Fig. 5C). SB203580 (a p38 inhibitor) increased the expres-
sion of LC3B II, while in contrast, SP600125 (a JNK inhibitor)
attenuated the expression of LC3B II (Fig. 5D), suggesting
that Res activated JNK via ROS to induce autophagy. JNK
phosphorylates the BCL2 protein, resulting in the dissociation
of Beclin 1 from BCL2 to activate autophagy (19). Indeed, it
was revealed in the present study that SP600125 decreased the
Res-induced upregulation of phosphorylated BCL2 in 786-O
cells (Fig. SE).

Inhibition of autophagy enhances Res-induced apoptosis.
Since autophagy can promote cell survival or death in
different environments (20), the present study used CQ to
inhibit autophagy and it was observed that CQ exacerbated
Res-induced apoptosis in 786-0 cells (Fig. 6A). In addition,
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Figure 3. ROS are responsible for apoptosis induced by Res. (A) Following treatment with 40 #M Res for 24 or 48 h, representative images of flow cytometric
assay for ROS. (B) Following treatment with 40 M Res for 24 or 48 h, quantitative analysis of ROS detected by flow cytometry was performed. Following
treatment with 40 M Res in the presence or absence of 10 mM NAC for 48 h, quantitative analysis of (C) ROS, (D) JC1 red/green fluorescence value,
(E) caspase 3 activity, (F) apoptosis and (G) western blot analysis of PARP expression were detected by flow cytometry. “P<0.05, “*P<0.001 vs. control group;
"P<0.05, "P<0.01, "*P<0.001 vs. Res group. ROS, reactive oxygen species; Res, resveratrol; NAC, N-acetyl cysteine.
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analysis of Cyto-ID fluorescence detected by flow cytometry. (C) Following treatment with 40 M Res for 24 h or 48 h, western blot analysis of LC3B
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“P<0.01 vs. control group; #P<0.001, “"P<0.001 vs. Res group. “'P<0.01vs. CQ group. Res, resveratrol; ROS, reactive oxygen species; CQ, chloroquine; NAC,
N-acetyl cysteine.
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20 uM SP600125 for 48 h, western blot analysis of p-JNK and p-BCL2. NS,

“P<0.05, “P<0.01, “"P<0.001 vs. control group; “P<0.05, P<0.01 vs. Res group.

JNK, c-Jun N-terminal kinase; ROS, reactive oxygen species; Res, resveratrol; NAC, N-acetyl cysteine; NS, not significant.

CQ further activated caspase 3 (Fig. 6B) and promoted the
cleavage of PARP (Fig. 6C). However, CQ alone did not affect
the amount of apoptosis, caspase 3 activity and cleavage of
PARP. Beclin 1, a conserved protein, initiates autophagosome

formation, thus playing a central role during the autophagic
process (21). siRNA-mediated Beclin 1 knockdown increased
the level of cleaved PARP (Fig. 6D), further confirming that
autophagy could suppress Res-induced apoptosis in 786-O cells.
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tive analysis of (A) apoptosis and (B) caspase 3 activity were detected by flow cytometry, and (C) via western blot analysis of PARP and LC3B. (D) Cells were
transfected with 100 nM Beclin 1 siRNA or control siRNA, and non-transfected cells were set as a blank control. After 24 h, cells were treated with 40 M Res for
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vs. con siRNA group; ¥P<0.05, “4P<0.01 vs. con siRNA+Res group. NS, not significant; Res, resveratrol; CQ, chloroquine; siRNA, small interfering RNA.

Discussion

Mitochondria play an important role in the process of cell
death. Damaged mitochondria can release cytochrome c to
activate caspase 3 for the execution of apoptosis, or trans-
locate apoptosis-inducing factor into the nucleus, leading
to caspase-independent apoptosis (22). A¥Ym disruption is
a key event in apoptosis (23). It was observed in the present
study that Res decreased the AWm, activated caspase 3 and
caused the cleavage of PARP. Furthermore, caspase inhibitor
Z-VAD-FMK significantly inhibited Res-induced apoptosis.
All the aforementioned findings suggested that Res induced
apoptosis via mitochondria in a caspase-dependent manner in
786-0 cells.

Res acts as an antioxidant or pro-oxidant depending on the
environment and cell type (24). Previous studies have demon-
strated that Res causes tumor cell death through ROS (25,26),
and that Res promotes the production of ROS in 786-0O cells (27).
However, the authors did not investigate the association between
ROS and cell death further. Indeed, in certain circumstances,

elevated ROS is only an event that accompanies cell death, and
even enhanced ROS production can play a protective role in
decreasing the amount of cell death (28,29). The present study
clearly revealed that inhibition of ROS by NAC significantly
attenuated apoptosis, suggesting that ROS was responsible for
Res-induced apoptosis in 786-O cells.

Previous studies have demonstrated that Res can acti-
vate (30,31) or inhibit autophagy (32,33). The present study
confirmed that Res activated autophagy and induced complete
autophagic flux in 786-0O cells. Furthermore, Res induced
autophagy partially through ROS. AMPK-mTOR is a classic
regulatory signaling pathway in autophagy (34). However,
in the experiments performed in the present study, Res did
not affect AMPK and mTOR, indicating that Res induced
non-classical autophagy. Previous research has reported
that p38 inhibits autophagy (35) and that JNK can promote
autophagy by phosphorylating BCL2 (19). The present study
revealed that Res activated JNK and p38 through ROS, while
inhibition of p38 or JNK promoted or attenuated autophagy,
respectively. Furthermore, inhibition of JNK decreased the



3276

increased amount of BCL2 phosphorylation, suggesting that
JNK was involved in the autophagic process. It was also noted
that Res inhibited ERK activity. ERK can activate HIF-1a to
promote VEGF transcription (36). Notably, high expression
of VEGF is a common feature of RCC, and the association
between Res and ERK deserves further investigation.

Under oxidative stress, the association between autophagy
and apoptosis is complicated. On the one hand, autophagy
can capture damaged proteins and organs (such as damaged
mitochondria) for degradation, maintaining cell survival. On
the other hand, extreme autophagy promotes cell death (37).
In the experiments performed in the present study, autophagy
inhibitor CQ and Beclin 1 siRNA further promoted apoptosis,
demonstrating that autophagy exerted a protective effect on
Res-induced apoptosis in 786-0 cells. To the best of our knowl-
edge, only one study (38) has reported the role of Res-induced
autophagy in RCC, demonstrating that Res induces autophagy
via the AMPK-mTOR signaling pathway and that autophagy,
in turn, promotes apoptosis. This difference may be attributed
to the different cell lines used. Furthermore, the previous study
only detected the expression levels of autophagy-associated
proteins and genes to ascertain their effect on Res-mediated
apoptosis. In the absence of autophagic flux studies, their
evidence remains unconvincing.

Overall, ROS was involved in the process of Res-induced
apoptosis in 786-0 cells. On the one hand, ROS damaged
mitochondria and activated caspase to execute apoptosis.
On the other hand, it induced autophagy through JNK, and
autophagy suppressed apoptosis. Therefore, a combination
of Res and autophagy inhibitor could enhance the inhibitory
effect of Res on RCC.
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