www.impactjournals.com/oncotarget/

Oncotarget, Advance Publications 2018

Toxicarioside H induces drug-resistant mitophagy via promoting
expression of sirtuin-3 in lung cancer cells

Feng-Ying Huang'*, Yan Sun'”, Yong-Le Yang'”, Yue-Nan Li!, Wen-Li Mei?, Jing
Lei'3, Cai-Chun Wang'3, Quan Liu*, Ying-Ying Lin!, Yong-Hao Huang!, Hao-Fu Dai?
and Guang-Hong Tan*

1Key Laboratory of Tropical Diseases and Translational Medicine of the Ministry of Education & Hainan Provincial Key
Laboratory of Tropical Medicine, Hainan Medical College, Haikou 571199, China

?Institute of Tropical Bioscience and Biotechnology, Chinese Academy of Tropical Agricultural Sciences, Haikou 571199, China
3Department of Respiratory Medicine, First Affiliated Hospital of Hainan Medical College, Haikou 570103, China

4Department of Medical Oncology, Affiliated Hospital of Jiangnan University and Fourth People’s Hospital of Wuxi, Wuxi
214062, China

“These authors have contributed equally to the work

Correspondence to: Guang-Hong Tan, email: tanhoho@163.com
Yong-Hao Huang, email: hyh802110@163.com
Hao-Fu Dai, email: daihaofu@itbb.org.cn

Keywords: lung cancer; toxicarioside H; mitophagy; apoptosis; sirtuin-3 (Sirt3)

Received: July 19, 2017 Accepted: January 02, 2018 Published: January 11, 2018

Copyright: Huang et al. This is an open-access article distributed under the terms of the Creative Commons Aftribution License
3.0 (CC BY 3.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and
source are credited.

ABSTRACT

Cardenolides may have anticancer effects and toxicarioside H (ToxH), which
we isolated, may have similar activity but its underlying mechanism against tumors
is not clear. Herein, we report that ToxH treatment inhibited cell proliferation and
induced mitochondrion-dependent apoptosis and mitophagy in human A549 and H460
lung cancer cells. ToxH treatment increased the expression of Sirt3, and inhibited
Sirt3 expression via RNA interference against Sirt3 (siSirt3) suppressed mitophagy in
ToxH-treated lung cancer cells. Stronger inhibition of cell proliferation and induction
of apoptosis occurred when ToxH-mediated mitophagy was blocked by siSirt3.
In addition, ToxH treatment redistributed hexokinase II from the mitochondria to the
cytosol in A549 and H460 lung cancer cells, and decreased interaction of hexokinase
II with VDAC1 was accompanied by the increased interaction of VDAC1 with parkin.
Moreover, the disruption of Sirt3 by siSirt3 decreased the association of VDAC1 with
parkin. Thus, ToxH induces drug-resistant mitophagy by enhancing the expression
of Sirt3, which leads to the dissociation of hexokinase II from VDAC1 and increased
binding of VDAC1 with parkin. Adding ToxH to a mitophagy inhibitor may thus be an
effective strategy for treating lung cancer.

INTRODUCTION

Lung cancer is a leading cause of cancer-related
deaths worldwide, and it ranks first in China [1, 2]. Despite
novel therapeutic strategies and anticancer agents for lung
cancer treatment, the clinical efficacy of these strategies is
not optimal and high mortality and poor patient quality of
life are problems that remain [3—5]. Thus, we need novel
lung cancer drugs.

Mitophagy, an autophagic process that selectively
removes damaged or excessive mitochondria via
ubiquitination degradation in autophagolysosomes, is
critical for maintaining the mitochondrial population
and cellular homeostasis [6—8]. Defective mitophagic
regulation results in abnormal cellular function due to
the accumulation of damaged mitochondria, leading
to many pathophysiological states [9-11]. Data show
that the deregulation of mitophagy may contribute to
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cancer progression and cell survival in various cancers
[12, 13]. Also, the inhibition of mitophagy enhances
chemosensitivity in cancer cells [14].

Toxicarioside H (ToxH) is extracted from the seeds
of the tropical medicinal plant Antiaris toxicaria (Pers.)
Lesch (Moraceae) [15]. Structural analysis by MS and
NMR spectral data and chemical evidence show that ToxH
is a cardiac glycoside with a special cardenolide structure
(Figure 1A) [15]. Recent research results indicate that
cardenolides extracted from natural sources can have
anticancer activity and can block tumor cell proliferation
and induce tumor apoptosis via the regulation of several
cell signaling pathways and sodium pump inhibition
[16-19], and even through the induction of immunogenic
cell death [20-22]. At this time, the anticancer activity of
cardenolides has not been linked to mitophagy.

Because ToxH is cytotoxic, it may cause stress or
mitochondrial damage as do chemotherapeutics [7, 23].
Therefore, it is reasonable to consider that mitophagic
machinery may be responsible for anticancer activity
induced by ToxH. Here, we report that ToxH induced
apoptosis and mitophagy and this was associated with
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the high expression of sirtuin-3 (Sirt3) and inhibition of
Sirt3 expression by siRNA increased apoptosis in ToxH-
treated lung cancer cells, indicating an apoptosis-resistant
role of mitophagy induced by ToxH. Our findings indicate
that ToxH and a mitophagy inhibitor may offer a novel
approach to treat lung cancer.

RESULTS

Toxicarioside H (ToxH) inhibits growth and
proliferation of lung cancer cells

After treatment of A549 and H460 cells with
ToxH for 24 h, the cells stopped growing and some dead
cells floated to the top of the medium. Apoptotic cells
increased in a dose-dependent manner (Figure 1B). Also,
cell viability decreased in a dose- and time-dependent
manner (Figure 1C and 1D). Cytotoxicity was confirmed
with EDU assays (Figure 1E). Thus, ToxH can inhibit
growth and proliferation of lung cancer cells, and 0.6 pM
was the optimal dose (Figure 1B-1E) so it was chosen for
subsequent experiments.
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Figure 1: ToxH inhibits growth and proliferation of lung cancer cells. (A) Structure of ToxH. (B) A549 and H460 cells treated
as indicated for 24 h observed microscopically. (C and D) Cells treated as indicated with ToxH or doxorubicin (Dox, as the positive control)
for 24 h (C) or with ToxH (0.6 uM), and growth inhibition (% compared to the controls) was measured. (E) Cells were treated as indicated
with (B) and an EDU proliferation assay was used. Data are means + SD of three independent experiments. “p < 0.001 vs the left non-

marked group. Bar = 10 pm. ToxH (0 uM), vehicle (DMSO) control.
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ToxH induces mitochondrion-mediated apoptosis
in lung cancer cells

Figure 2A and 2B show that the apoptotic cells
increased with increasing dose of ToxH but ~38% cells
were apoptotic after ToxH treatment for 24 h at 0.6 pM
(Figure 2B). JC-1 stain was used to measured changes
in mitochondrial transmembrane potential. Figure 2C
shows that compared to the controls, ToxH-treated cells
had green fluorescence (Figure 2C) and the ratio of
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green fluorescence intensity significantly increased or
red fluorescence decreased in a dose-dependent manner
(Figure 2D and 2E), suggesting that ToxH induced
a significant decrease in mitochondrial membrane
potential in lung cancer cells. Moreover, marker proteins
of mitochondrion-mediated apoptosis, such as Cyt
¢, PARP, and caspase-3 and -9, were measured with
Western blot. Data show that Cyt ¢ increased in the
cytoplasm and decreased in the mitochondria after ToxH
treatment for 12 h (Figure 2F), suggesting that ToxH
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Figure 2: ToxH induces mitochondrion-dependent apoptosis in lung cancer cells. (A and B) A549 and H460 cells were treated
as indicated and Annexin V and PI staining was used after flow cytometry. (C) Cells treated as in (A) were stained with JC-1 and observed
under a fluorescent microscope. (D and E) JC-1-stained cells were quantified using flow cytometry. (F) Cells were treated with ToxH (0.6
uM) at the indicated times and mitochondrion-dependent apoptotic proteins were assayed using Western blotting. Data are means + SD of
three independent experiments, “p < 0.001 vs non-ToxH-treated (0 uM, DMSO control) group. Bar = 10 pm.

www.impactjournals.com/oncotarget 3 Oncotarget



caused the release of Cyt ¢ into the cytoplasm from the
mitochondria. In addition, increased activation in PARP
and caspase-3 and -9 was observed at 12 h after ToxH
(0.6 uM) treatment (Figure 2F). However, caspase-8

A

UT ToxH
23S o
%)
TIM23 je— §
Hsp60 jam— T
-
__80 UT @8 ToxH
N3 ok sk
£ 60
3
& 40
]
S 20
L
A549 H460
@8 UT = ToxH
_.80
9 ok ok
E 60
S
< 40
o
Q20
=
L}
A549 H460

p

62 Mito-Red

GFP-LC3

(a death receptor pathway marker), was not influenced
by ToxH treatment (Figure 2F). Thus, ToxH induced
apoptosis in lung cancer cells via the mitochondrion-
mediated pathway.
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Figure 3: ToxH induces mitophagy in lung cancer cells. (A) A549 and H460 cells were treated with (0.6 uM) or without (UT, DMSO
control) ToxH, and the indicated mitochondrial proteins were measured with Western blot. (B-D) Band density from (A) was analyzed with
Imagel] software and normalized to B-actin. (E) Cells were transfected with GFP-LC3 plasmids and treated with (0.6 uM) or without (UT,
DMSO control) ToxH for 24 h, followed by staining with Mito-Red and DAPI. Co-localization of GFP-LC3 with mitochondria (Mito-Red)
observed under fluorescent microscopy. (F and G) Quantification of GFP-LC3 puncta (F) and co-localization with mitochondria/cell (G) in
C. (H) Cells were treated with (0.6 uM) or without (UT, DMSO control) ToxH for 24 h, and then stained with antibody against p62 (FITC-
conjugated), Mito-Red, and DAPI. Co-localization of p62 (green) with mitochondria (red) was observed under fluorescent microscopy. (I)
Quantification of co-localization of p62 with mitochondria/cells in H. (J) Cells were treated with/without (UT, DMSO control) ToxH for
24 h, and cytosol and mitochondria proteins were measured with Western blotting, respectively. Data are means = SD of three independent
experiments. “p <0.001. Bar = 5 um.
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ToxH induces mitophagy in lung cancer cells for 24 h and mitochondrial proteins (Tom20 for the outer
membrane; TIM23 for the inner membrane and Hsp60

A549 and H460 lung cancer cells were treated with for mitochondrial matrix) were assessed with Western

(0.6 uM) or without (UT, 0 pM, DMSO control) ToxH blotting. Data show that Tom20, TIM23, and Hsp60
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Figure 4: ToxH induces mitophagy by up-regulation of Sirt3 expression in lung cancer cells. (A) A549 and H460 cells
were treated with (0.6 pM) or without (UT) ToxH, Sirt3, and Tom20 were measured with Western blotting. (B) Band density (Sirt3 and
Tom?20) from (A) was analyzed with ImageJ software and normalized to B-actin. (C) A549 and H460 cells treated with (0.6 uM) or without
(UT) ToxH were interfered with (siSirt3) or without (siCtrl) siRNA, Sirt3, and Tom20 were then quantified with Western blotting. (D
and E) Band density (Sirt3 and Tom20) from (C) was analyzed with ImageJ software and normalized to B-actin. (F) Cells were treated as
indicated (transfected with GFP-LC3 plasmids, interfered with (siSirt3) or without (siCtrl) siRNA, and treated with (0.6 uM) or without
(UT) ToxH) for 24 h, followed by staining with Mito-Red and DAPI. Co-localization of GFP-LC3 with mitochondria (Mito-Red) observed
under fluorescent microscopy. (G and H) Quantification of GFP-LC3 puncta (G) and their co-localized with mitochondria (H) /cells in (F).
(I) Cells were interfered with siCtrl or siSirt3 and co-treated with/without (UT, DMSO control) ToxH, ctytosol, and mitochondria proteins
were measured with Western blotting. Data are means + SD in three independent experiments. “p < 0.001. Bar =5 pm.
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were less abundant in the ToxH-treated lung cancer cells
compared to the controls (Figure 3A-3D) Mitophagy was
measured using co-localization of autophagosomes with
mitochondria and the ratio of punctate green fluorescent

protein (GFP-LC3) localized with mitochondria was
significantly higher in the lung cancer cells treated with
ToxH compared to the controls (Figure 3E-3G). We
assessed the recruitment of p62 (an autophagic/mitophagic
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Figure 5: Sirt3 induces mitophagy by promoting association of parkin with VDACI. (A) Cells were treated with/without
(UT, DMSO control) ToxH or cotreated with ToxH and 3-MA, ctytosol and mitochondria proteins were measured with Western blotting.
(B) A549 and H460 cells were transfected with a siRNA against Sirt3 (siSirt3) or control siRNA (siCtrl), and treated with/without (UT)
ToxH for 24 h. Sirt3 and total hexokinase II, including mitochondrial and cystol hexokinase II, were measured with Western blotting. (C
and D) Sirt3 and hexokinase II (Hex) band density in (A) were analyzed with Image] software and normalized to B-actin. (E) Cytosol
(black) and mitochondrial hexokinase II (Hex II) band density in (A) were analyzed with ImageJ software and normalized to B-actin, and
calculated as 100%. (F) A549 and H460 cells were transfected with HA-parkin plasmid and treated as in (B) for 24 h, and cell lysates
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against HA, hexokinase II, and VDACI, respectively. Data were expressed as mean + SD in three independent experiments. “p<0.001.
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receptor) to damaged mitochondria after ToxH treatment
by assaying the co-localization of p62 with damaged
mitochondria (Mito-Red). Figure 3H and 31 show that p62
displayed diffuse cytoplasmic distribution in non-ToxH-
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treated (UT) cells, but p62-containing aggregates were
either co-localized with or adjacent to the mitochondria
in the ToxH-treated cells.
confirmed these results. In UT cells, little p62 and LC3 11

Cell fractionation data

Figure 6: Interruption of Sirt3-induced mitophagy promotes apoptosis in ToxH-treated lung cancer cells. (A) A549 and
H460 cells were treated with/without ToxH (0.6 uM) for 24 h, and with/without siRNA against Sirt3. MTT assay was used to measure
growth inhibition. (B) Cells were treated as in (A), and cell proliferation was measured using EDU assay. (C and D) Cells were treated
as in (A), and apoptosis was measured using PI and Annexin V double staining and flow cytometry. (E) Cells were treated as in (A), and
mitochondrion-dependent apoptotic proteins were quantified using Western blotting. (F) Cells were treated with/without ToxH (0.6 pM)
or cotreated with 3-MA for 24 h, and MTT assay data are depicted. (G) Cells were treated as in (F), and cell proliferation was measured
(EDU). (H and I) Cells were treated as in (F), and apoptosis was measured as before with double staining and flow cytometry. (J) Cells
were treated as in (F), and mitochondrion-dependent apoptotic proteins were quantified using Western blotting. Data are means + SD in
three independent experiments. “p < 0.001 vs non-ToxH-treated (UT) group.
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co-sedimented with the mitochondria, but more p62 and
LC3 II were present in the mitochondrial fraction in the
ToxH-treated cells (Figure 3J). Thus, ToxH treatment
caused mitophagy in lung cancer cells.

ToxH induces mitophagy by up-regulation of
sirt-3 expression in lung cancer cells

Sirt3 was assayed with respect to ToxH-induced
mitophagy by Western blotting. Data show that Sirt3 was
expressed in ToxH-treated lung cancer cells, and that the
decreased expression of Tom20 occurred (Figure 4A-4B).
To confirm that the high expression of Sirt3 was involved
in ToxH effects, we transfected lung cancer cells with
siRNA against Sirt3 (siSirt3) and treated with/without
ToxH for 24 h and measured Sirt3 and Tom20 with
Western blotting. Figure 4C-4E shows that interference
with siSirt3 significantly decreased the expression of Sirt3,
and ToxH treatment no longer induced the expression of
Sirt3 in the A549 and H460 cells (Figure 4C and 4D).
Tom20 was not influenced by ToxH treatment when the
lung cancer cells were treated with siSirt3 (Figure 4C
and 4E). In addition, we studied the co-localization of
GFP-LC3 puncta with mitochondria (Mito-Red) in lung
cancer cells after siSirt3 treatment. Figure 4F-4G shows
that control siRNA (siCtrl) did not influence mitophagy
induced by ToxH treatment, but siSirt3 decreased
mitophagy in ToxH-treated lung cancer cells. Moreover,
cell fractionation after interference with siParkin and
inhibition with 3-MA was used to measure the mitophagy/
autophagy markers p62 and LC3 II. More p62 and LC3
II were present in the mitochondrial fraction in cells
cotreated with siCtrl and ToxH, respectively, but little
p62 and LC3 II co-sedimented with the mitochondria in
the cells transfected with siParkin or cells co-treated with
ToxH and 3-MA (Figure 41 and 5A). Thus, ToxH induces
mitophagy by the up-regulation of Sirt3 expression in lung
cancer cells.

Sirt3 activates mitophagy by enhancing the
association of parkin with VDAC1

We investigated the relationship among Sirt3,
hexokinase II, parkin, and VDACI1. Western blot analysis
showed that ToxH treatment increased Sirt3 expression,
but not the expression of hexokinase II protein (Figure
5B-5D); RNA interference of Sirt3 with siSirt3 blocked
the expression of Sirt3, but it had no effect on the
expression of the hexokinase II protein (Figure 5B-5D).
However, ToxH treatment led to the redistribution of
hexokinase II from the mitochondria to the cytosol, but
redistribution of hexokinase II from the mitochondria to
the cytosol disappeared with siSirt3 (Figure 5B and 5E).
Co-immunoprecipitation assays confirmed that the binding
of VDACI with hexokinase II occurred in the lung cancer
cells that were not treated with ToxH, but ToxH treatment
led to the disassociation of VDAC1 with hexokinase IT and

resulted in the binding of VDACI with parkin (Figure 5F).
Figure SF shows that the binding of VDAC1 with parkin
was related to the ToxH-induced high expression of Sirt3,
as evidenced by low-level binding of VDACT1 with parkin
after treatment with siSirt3 in ToxH-treated lung cancer
cells (Figure 5F). Thus, Sirt3 activates mitophagy by
decreasing the interactions of hexokinase II with VDAC1
but increasing the interactions of parkin with VDACI.

Interruption of Sirt3-induced mitophagy
promotes apoptosis in ToxH-treated lung cancer
cells

Figure 4C-4H shows that the interference of Sirt3
with siSirt3 significantly suppressed Sirt3 expression and
blocked the formation of ToxH-induced mitophagy in
A549 and H460 lung cancer cells. Next, Figure 6A shows
that the inhibition of ToxH-induced mitophagy by siSirt3
interference more significantly suppressed proliferation
in lung cancer cells. Similar results were found with an
EDU incorporation assay; that inhibition of autophagy
by siSirt3 could sensitize lung cancer cells to ToxH
treatment, leading to at least a one-fold decrease in the
inhibition of cell proliferation in lung cancer cells (Figure
6B). We then measured apoptotic cells using Annexin-V/
PI double staining followed by flow cytometry, and
data show that apoptosis increased in ToxH-treated lung
cancer cells when ToxH-induced mitophagy was blocked
with siSirt3 interference (Figure 6C and 6D). Moreover,
proteins of mitochondrion-mediated apoptosis, PARP,
and caspase-3, were measured with Western blotting
and data show increased activation (cleaved) of PARP
and caspase-3 observed in the ToxH-treated lung cancer
cells treated with siSirt3 (Figure 6E). In addition, ToxH-
induced mitophagy was blocked with 3-MA and data were
similar to siSirt3. Consistently, the inhibition of ToxH-
induced mitophagy by 3-MA increased the inhibition of
cell growth and proliferation according to Figure 6F and
EDU assays in Figure 6G, respectively. Flow cytometry
showed that apoptosis was increased in lung cancer cells
co-treated with ToxH and 3-MA (Figure 6H and 6]).
Moreover, marker proteins of mitochondrion-mediated
apoptosis had increased activation (cleaved) in cells co-
treated with ToxH and 3-MA (Figure 6J). Thus, ToxH-
induced mitophagy plays a drug-resistant role against
ToxH-induced apoptosis in lung cancer cells.

DISCUSSION

Natural products derived from plants, such as
cardenolides, flavonoids, and terpenes, have diverse
pharmacological properties, and they may potentially be
used to treat cancer [24-26]. ToxH was extracted from the
seeds of Antiaris toxicaria (Pers.) Lesch (Moraceae) [15]
and structural analysis with MS and NMR confirmed that
ToxH is a cardiac glycoside with a special cardenolide
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structure (Figure 1A). Recent studies suggest that
cardenolides derive anticancer activities via the induction
of cancer apoptosis [16—18]. Since ToxH is a new
cardenolide structure, its cytotoxicity was confirmed using
an MTT assay [15]. We also found that ToxH inhibited
cell growth and proliferation, and induced mitophagy
and apoptosis in A549 and H460 lung cancer cells. ToxH
treatment of A549 and H460 lung cancer cells increased
the expression of Sirt3, and inhibited Sirt3 expression with
siSirt3 blocked mitophagy and caused more apoptosis.
Thus, ToxH activates drug-resistant mitophagy in lung
cancer cells. ToxH-mediated drug-resistant mitophagy
was caused by the expression of Sirt3 by ToxH treatment,
and the high expression of Sirt3 increased the binding of
parkin with VDACI.

Mitophagy is necessary for the maintenance of a
functioning mitochondrial network and the prevention
of the accumulation of damaging mitochondrial DNA
mutations and reactive oxygen species [27]. The parkin
pathway has been thought to be a major initiator of
mitophagy [28-30]. Parkin, an E3 ubiquitin ligase,
can ubiquitinate numerous mitochondrial substrates
(including VDACI1) and enroll them to commit
mitochondria to mitophagic turnover [28-30]. Here,
we measured whether ToxH inhibited cancer cell
growth (proliferation) and the induction of apoptosis
and mitophagy, and evaluated their relationship.
ToxH mediated cell-growth inhibition, apoptosis, and
mitophagy in A549 and H460 lung cancer cells but only
~38% of the ToxH-treated cells become apoptotic, which
is consistent with the inhibition of proliferation induced
by ToxH treatment (Figure 1C-1E). Thus, ToxH may
not be a suitable chemotherapeutic unless its antitumor
activity can be improved. Previous studies suggest that
the induction of apoptosis is a chief form of cell death
from which cardenolides derive anticancer activity
[31-33]. Thus, we blocked ToxH-mediated mitophagy
with siSirt3 and 3-MA, respectively, and the data show
that when ToxH-mediated mitophagy is interrupted,
enhanced inhibition of cell growth and significantly
increased apoptosis occurred (Figure 6). Thus ToxH-
induced mitophagy may be cytoprotective to allow lung
cells to combat ToxH-induced apoptosis and inhibit cell
growth and proliferation. Since silencing Sirt3 or 3-MA
treatment significantly halted ToxH-induced mitophagy
and enhanced sensitivity to ToxH in lung cancer cells,
we concluded that this mitophagy has a drug-resistant
role in A549 and H460 lung cancer cells. Therefore,
ToxH plus a mitophagic inhibitor may be a feasible
strategy for treating lung cancer but the complicated
intrinsic relationship between mitophagy and apoptosis
induced by ToxH is not clear and warrants further
studies.

Recent studies have linked parkin, Sirt3, VDACI,
and hexokinase II with drug-resistant mitophagy [34].
Sirt3 is a sirtuin and nicotinamide adenine dinucleotide

protein deacetylase that mainly localizes to the
mitochondria and controls acetylation of mitochondrial
proteins [34, 35]. Data show that Sirt3 is implicated in
the regulation of numerous cellular processes, including
the stress response, aging, and energy metabolism, mainly
through its effect on protein acetylation [36—38]. Sirt3 can
protect cells against various types of stress-induced death
by maintaining mitochondrial integrity or by mitophagy
[34, 39]. VDACI is an outer mitochondrial membrane
protein, and it acts as a mitochondrial binding site for
hexokinase II [40]. VDACI can promote hexokinase II
binding to mitochondria, which contributes to cancer cell
metabolism, and inhibits damage to the mitochondria [40].
In addition, recent studies report that VDACI1 induces
mitophagy via recruiting parkin to defective mitochondria
to promote their degradation [34, 41, 42]. Sirt3 expression
is increased by ToxH treatment, and the inhibition of
Sirt3 with siSirt3 significantly suppressed the induction
of mitophagy triggered by ToxH treatment. Moreover,
ToxH treatment redistributes hexokinase II from the
mitochondria to the cytosol in A549 and H460 lung cancer
cells, and it decreases the interactions of hexokinase
II with VDACI, which is accompanied by increased
interactions of VDAC]1 with parkin in lung cancer cells.
Also, the disruption of Sirt3 by siSirt3 decreases the
association of VDACI and parkin. These data suggest that
ToxH induces mitophagy by enhancing the expression of
Sirt3, leading to the dissociation of hexokinase II from
VDACI, which increased the binding of VDAC1 with
parkin.

Thus, ToxH is a potential treatment for lung cancer
as it induces drug-resistant mitophagy by increasing
Sirt3 expression, leading to the release of hexokinase
IT from the mitochondria into the cytosol. Increased
hexokinase II in the cytosol results in VDACI (a
parkin substrate) binding to parkin. Data suggest that
a combination therapy of ToxH and an mitophagic
inhibitor may be a potential alternative approach for
treating lung cancer.

MATERIALS AND METHODS

Reagents and antibodies

ToxH was isolated and purified by our group [15].
Purity was > 95% according to chromatographic analysis.
Other reagents used in this study included: MTT (Sigma,
M2128) and DMSO (Sigma, D2650). The following
antibodies were purchased: B-actin (Santa Cruz, sc-
1616), caspase 3, caspase 8, and caspase 9 (Millipore,
MAB4703), PARP (Millipore, 04-575), and HA-tag (Santa
Cruz, sc-53516). In addition, antibodies to Tom20, Tim23,
Hsp60, Sirt3, hexokinase II, and VDACI, were purchased
from Sigma. All of the cell culture media were purchased
from Invitrogen (Gibco). Western blot reagents were
obtained from Sigma.
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Cell lines and cell culture

The human lung cancer cell lines A549 (CRM-
CCL-185) and H460 (HTB-177) were obtained from ATCC.
All of the cells were cultured in RPMI 1640 or DMEM
(Gibco), supplemented with 10% fetal bovine serum (Gibco,
100 U/ml penicillin (Sigma), and 100 pg/ml streptomycin
(Sigma, P0781) at 37°C in an atmosphere containing
5% CO,.

Cell viability (MTT) assay

The cells were plated in 96-well plates and
incubated overnight, and then the cells were exposed
to the test compound for 24 h. Subsequently, the cells
were evaluated using an MTT assay. Briefly, 10 pl of
MTT was added to each well and incubated for 4 h.
The medium was removed, and 150 ul of DMSO was
added to each well to dissolve crystal formazan dye.
Absorbance was measured at 570 nm using an ELISA
reader (ELX808IU, Bio-Tek). In this study, ToxH (0 uM)
and UT (untreated) cells were treated with DMSO unless
otherwise indicated.

EDU proliferation assay

Cells were seeded in 96-well plates and exposed
to the test compound under standard conditions in
complete media for 24 h. Cell proliferation was assayed
using EDU and a Cell Proliferation Assay Kit (Ribobio,
Guangzhou, China). Briefly, the cells were incubated with
50 mM EDU for 6 h before fixation, permeabilization,
and EDU staining, which were performed according to
the kit’s instructions. Cell nuclei were stained with DAPI
(Sigma) at 1 mg/ml for 20 min. The proportion of the cells
that incorporated EDU was measured with fluorescent
microscopy (Nikon, 80i, Japan).

Preparation of cytosolic and mitochondrial
extracts

Cytoplasmic and mitochondrial proteins were
collected using a cell mitochondrial kit (Beyotime,
China) according to the kit’s instructions. In brief,
harvested pellets were incubated in cell lysis buffer
(250 mM of sucrose; 1 mM of DTT; 10 mM of KCI;
1 mM of EDTA; 1 mM of EGTA; 1.5 mM of MgCl2;
phenylmethyl-sulfonyl fluoride; and 20 mM of
HEPES, pH 7.4) at 4°C and homogenized with a
glass homogenizer. Cell lysate was centrifuged at
800 x g for 10 min to remove any unbroken cells,
and the supernatant was centrifuged at 15,000 x g for
10 min at 4°C. The resulting supernatant contained
the cytoplasmic fraction and the pellet contained the
mitochondrial fraction. The mitochondrial pellet was
then resuspended in a mitochondrial lysis buffer at 4°C,
and both the resuspended mitochondrial pellet solution

and the supernatant were centrifuged at 24,000 x g at
4°C to remove the nuclei. Protein in the cytoplasm and
mitochondria was quantified using the Bradford method
with BSA as a standard.

Mitochondrial membrane potentials assay

JC-1 probe was used to measure mitochondrial
depolarization in lung cancer cells. Six-well plates were
used to culture cells treated with ToxH or DMSO. Cells
were incubated with JC-1 staining solution (5 pg/mL) at
37°C for 20 min and washed twice with PBS. Cells were
observed by a Nikon (80i, Tokyo, Japan) fluorescent
microscope at an argon ion wavelength of 488 nm laser
excitation.

Flow cytometry

Treated cells were incubated with JC-1 working
solution for 20 min in 5% CO, humidity at 37°C, washed
twice with PBS, and resuspended in 500 uL PBS. Then,
flow cytometry (FACS Canto II, BD Biosciences) was
used to measure red/green fluorescence and FlowlJo
Software (BD Biosciences) was used to analyze the data.
Cells were cultured and treated for 24 h and harvested
by trypsinization and washed with PBS. Cells were
resuspended and incubated in PI/Annexin-V solution
(KeyGEN Biotech, KGA106) for apoptosis analysis.
At least 10,000 live cells were analyzed with BD flow
cytometry and software.

Western blotting

Cells were lysed with RIPA buffer (50 mM Tris,
1.0 mM EDTA, 150 mM NacCl, 0.1% Triton X-100, 1%
sodium deoxycholate, and 1 mM PMSF). Protein was
measured using a BCA protein assay kit (Pierce, 23225).
Proteins were resolved on 12% SDS-PAGE, and then
transferred to PVDF (BioRad) membranes. After blocking,
the membranes were incubated with primary antibodies at
4°C overnight, and incubated with secondary antibodies at
room temperature for 1 h. Target proteins were examined
using ECL reagents (Millipore, WBKLS0100). Semi-
quantitative analysis was performed by measuring band
density using ImageJ software (V6, NIH).

Immunofluorescence

Cells were fixed with 4% paraformaldehyde for 30
min, washed with PBS, and then incubated with 0.1%
Triton X-100 for permeabilization. Cells were stained
with anti-LC3B polyclonal antibody at 4°C overnight, and
subsequently with Alexa Fluor 488-conjugated goat anti-
rabbit LgG (Abcam, ab150077) at 37°C for 1 h. Nuclei
were stained with DAPI for 5 min. Images were captured
using confocal laser scanning microscopy (Olympus,
FV3000).
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Small RNA interference and plasmid
transfection

siRNA targeting Sirt3 (siSirt3) and its Scrambled
non-targeting siRNA (siCtrl, as a control) were purchased
from Santa Cruz Biotechnology. GFP-LC3 and HA-parkin
plasmids were presents from Professor Canhau Huang
(Sichuan University, China). siRNA and plasmids were
introduced into cells using Lipofectamine 2000 according
to the manufacturer’s instructions.

Co-immunoprecipitation

Cells were lysed with RIPA buffer supplemented
with protease inhibitor cocktail. Whole cell lysates
obtained by centrifugation were incubated with 1-4 pg
of the indicated antibodies overnight at 4°C, followed by
incubation for 2 h at 4°C with protein G-Sepharose beads
(40 pL, GE Healthcare). The immune complexes were
washed 3 times with RIPA buffer and then analyzed by
immunoblotting with the indicated antibodies.

Statistical analysis

Statistical analysis was performed using Prism 6.
Statistical differences were determined by a nonparametric
2-tailed Student’s ¢ test, and they are expressed as means
+ SD. Data were deemed to be statistically significant if p
< 0.05. Error bars indicate SD unless otherwise indicated.
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