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Hesperetin induces apoptosis in A549 cells via
the Hsp70-mediated activation of Bax
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Abstract. Hesperetin, a predominant flavonoid found in citrus
fruits, has received considerable attention for its potential
anticancer activity through the reduction of cell viability
and the induction of apoptosis. Several effector mechanisms
have been demonstrated underlying the antitumor properties
of hesperetin but its specific mechanisms have not yet been
fully elucidated. In the present study, how hesperetin affects
the proliferation of A549 cells and the related cell prolifera-
tion regulatory mechanisms, were inevstigated. To elucidate
the mechanisms underlying the effects of hesperetin on A549
cells, MTT assay, colony formation assay, flow cytometry,
immunoblotting, reverse transcription-quantitative PCR
and JC-1 staining were performed. The data revealed that
hesperetin inhibited cell proliferation and induced apoptosis
in these cells. Hesperetin also decreased the level of heat
shock protein 70 (Hsp70), a negative regulator of the mito-
chondrial apoptosis pathway, often overexpressed in various
cancer cells and suspected to contribute to tumor develop-
ment. Hesperetin-induced Hsp70 suppression was associated
with reduced cytosolic Bax and increased mitochondrial Bax
levels, leading to the enhancement of the mitochondrial apop-
totic cascade. The Hsp70 overexpression-induced reduction in
the level of hesperetin-induced apoptosis provides evidence
to hesperetin-induced apoptosis being mediated by affecting
Hsp70. Furthermore, it was demonstrated that hesperetin
reduced Hsp70 expression by inducing a proteasome-mediated
degradation via the upregulation of E3-ligase, C-terminus
of Hsp70-interacting protein (CHIP). The present study
highlighted the importance of the Bax activation-triggered
mitochondria-mediated pathway for hesperetin-induced
apoptosis and demonstrated a novel mechanism of how Hsp70
played a critical role in the negative regulation of this apoptotic
network in cancer cells.
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Introduction

An imbalance between cell proliferation and death is the
primary cause of cancer. The absence of apoptotic signals
inhibits cell death, leading to uncontrolled cell proliferation
and cancer (1,2). Cancer cells often express several proteins
that, when abnormally elevated, render tumor cells resistant to
apoptosis (3.4). Stress-inducible heat shock protein 70 (Hsp70;
also called Hsp72), a member of the human Hsp70 family
playing critical roles in cell survival under stressful conditions,
is often overexpressed in cancer cells; the selective survival
advantage that it confers may contribute to tumor forma-
tion (5-7). Interestingly, Hsp70 expression in certain cancer
types has been correlated with poor prognosis and resistance
to chemotherapy (8-10). Thus, reducing the levels of Hsp70
in cancer cells may be an effective means to prevent tumor
progression. Hsp70 has been targeted with pharmaceuticals,
such as triptolide, quercetin, and KNK437, which downregulate
its expression (11-13). Hesperetin, a flavanone found in citrus
fruits such as oranges and grapefruits, has various biological
and pharmacological activities, including anti-inflamma-
tory, antioxidant, antihypertension, and lipid-lowering
effects (14,15). Hesperetin has been extensively studied for
its anticancer properties associated with the inhibition of cell
proliferation, cell cycle progression, and angiogenesis and
the activation of apoptosis (16-18). Accumulated data have
shown a marked ability of hesperetin to induce apoptosis in
cancer cells through multiple target molecules and associated
signaling pathways, such as ASK1/JNK, p38/MAPK, Notchl,
ROS, Bcl-2 family members, and death receptors (19-24). The
transduction of these hesperetin-induced apoptotic signals
eventually results in mitochondrial outer membrane perme-
ability, which is a key step in intrinsic apoptosis.

The intrinsic mitochondria-mediated apoptosis pathway
is regulated by Bcl-2 family members, including proapoptotic
(Bax, Bak, Bad, Bid and Bim) and antiapoptotic (Bcl-2 and
Bcl-X;) molecules. Although several lines of evidence have
indicated that hesperetin modulates the levels of Bax and
Bcl-2 in human cancer cell lines, leading to mitochondrial
membrane disruption and apoptosis (20,22,23), it is not clear
how hesperetin activates Bax and increases the Bax/Bcl-2
ratio. Targeting Hsp70, which is critical regulator of Bcl-2
family members, and thereby disposing cancer cells toward
apoptosis have been described previously in the literature.
Previous studies have confirmed not only that Hsp70 is
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cytoprotective, but also that it interferes effectively with cell
death induced by a wide variety of stimuli, including several
cancer-related stresses. In addition to the function of Hsp70
as a potent inhibitor of the stress-activated kinase pathway
that apparently blocks apoptotic signals via interactions with
JNK, Askl, and SEK1 (25-27), it has been well-documented
that Hsp70 is also a negative regulator of the mitochondrial
pathway of apoptosis. Studies on the antiapoptotic function of
Hsp70 have focused on events that occur after mitochondrial
disruption. Hsp70 prevents the recruitment of procaspase-9 to
the apoptosome and its functional complex formation by direct
interaction with apoptotic protease-activating factor 1 (28,29).
Conversely, several studies have reported that Hsp70 can
prevent apoptosis upstream of the mitochondria by inhibiting
events that ultimately permeabilize the mitochondrial outer
membrane, such as the activation of Bax. Hsp70 directly binds
to Bax and prevents its translocation to the outer mitochondrial
membrane where it promotes cell death (30,31). Therefore, the
hesperetin-induced apoptosis via Bax prompted the investiga-
tion of whether or not Hsp70 is a target in hesperetin-induced
apoptosis in cancer cells.

Materials and methods

Materials. Mouse monoclonal antibody against Hsp70 (cat.
no. SMC-100) was purchased from Stress Marq Biosciences,
Inc. Goat polyclonal antibody, anti-voltage-dependent
anion channel (VDAC) (product code ab37985), and rabbit
polyclonal antibody anti-STUBI/CHIP (product code
ab134064) were obtained from Abcam. Rabbit anti-Bax
(product no. 5023), anti-active caspase-9 (product no. 9502),
anti-ubiquitin (product no. 3936), anti-MEK1/2 (product
no. 8727), and anti-poly (ADP-ribose) polymerase (PARP;
active-PARP) (product no. 9542) antibodies were purchased
from Cell Signaling Technology, Inc. The mouse monoclonal
antibody against f-actin (cat. no. 017-24551) and MG132
(cat. no. 139-18451) were obtained from FUJIFILM Wako
Pure Chemical Corporation. Hesperetin (cat. no. H4125) and
all other chemicals used in this study were purchased from
Sigma-Aldrich; Merck KGaA.

Cell culture and viability assay. A549 lung cancer cell line
(JCRB no. JCRB0076) was obtained from NIBIOHN. H358
lung cancer cell line (ATCC no. CRL-5807) was from the
American Type Culture Collection. Both cancer cell lines were
cultured in Dulbecco's modified Eagle's medium containing
10% fetal bovine serum at 37°C. Hesperetin was dissolved in
dimethyl sulfoxide. Briefly A549 or H358 cells were seeded at
5x10° cells/well in 12-well plates for 24 h at 37°C. A549 cells
were treated with various concentrations of hesperetin (0, 100,
200, 300, 400, 500, 600, 700, 800, 900, and 1,000 M) for 48
h at 37°C. In addition, H358 cells were treated with various
concentrations of hesperetin (0, 200, 400 and 600 xM) for
48 h at 37°C. Mitochondrial dehydrogenase 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyltetra-zolium bromide (MTT)
assay was used to assess cell death/survival. The cells were
incubated for 2 h with MTT solution at 37°C and then 50%
iso-propanol/10% SDS was added to dissolve the formazan.
The reaction product was measured by spectrophotometry
at a wavelength of 570 nm, and the relative viability of cells

treated with hesperetin vs. untreated cells was calculated.
Cell viability was used to calculate the half maximal inhibi-
tory concentration (ICs). In addition, to study the molecular
mechanism of Hsp70, A549 cells were pretreated with the
proteasome inhibitor MG132. MG132 (3 uM) was added to
A549 cells for 2 h at 37°C, before exposure to hesperetin.

Colony formation assay. A549 cells were plated in a 12-well
plate at a density of 1,000 cells/well for 24 h before treatment
with various concentrations of hesperetin (0, 200, 400, and
600 uM) for 48 h at 37°C. Following treatment, cells were
incubated in fresh media for 7 days. Colonies were fixed with
4% paraformaldehyde for 20 min at room temperature and
visualized using 0.05% crystal violet solution for 20 min at
room temperature. A colony was defined as an agglomeration
of >50 cells. After washing, the ColonyArea (version Dec 22,
2016) (https://b2share.eudat.eu/records/39fa39965b314f658e4
a198a78d7f6b5), a plugin for ImageJ software (version 1.53s;
National Institutes of Health), was used for quantification.

Cell cycle analysis. A549 cells were cultured in a 60-mm dish
at a density of 2x10° cells/dish. The cells treated with various
concentrations of hesperetin (0, 200, 400, and 600 xM) for
48 h at 37°C were fixed with 70% ethanol at -20°C for 2 h
and stained with a propidium iodide (PI) concentration of
0.05 mg/ml for 30 min at 37°C. Fluorescence was measured
using FACSCalibur (BD Biosciences), and data were analyzed
using CellQuest software (version 3.1; BD Biosciences).

Quantification of apoptosis by flow cytometry. A549 cells
were seeded at 5x103 cells/dish in a 60-mm dish. The cells
were washed with Annexin V staining buffer [10 mM HEPES
(pH 7.4), 150 mM NaCl, 5 mM KCI, 1 mM MgCl,, and
1.8 mM CaCl2] and incubated with CF488A-Annexin V and
PI (cat. no. 15342-54; Nacalai Tesque, Inc.) in a staining buffer
for 30 min at 37°C in the dark. Fluorescence was measured
using FACSCalibur, and data were analyzed using CellQuest
software (version 3.1).

Immunoblotting and cell fractionation. A549 cells were
cultured in a 60-mm dish at a density of 2x10° cells/dish.
The cells were lysed using immunoprecipitation assay buffer
[50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1 mM EDTA,
and 0.1% NP-40] containing Protease Inhibitor Cocktail
Set (Nacalai Tesque, Inc.). The cell lysates were resolved in
Laemmli sample buffer. The concentration of total protein was
measured using a BCA assay. The samples (20 ug protein/lane)
were subjected to 10% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE), transferred onto a polyvi-
nylidene difluoride membrane. The membranes were blocked
with 10% skim milk in TBS-0.1% Tween-20 buffer for 2 h at
room temperature, and then reacted with the respective anti-
bodies: Hsp70 (1:1,000), VDAC (1:500), CHIP (1:5,000), Bax
(1:1,000), caspase-9 (1:1,000), ubiquitin (1:1,000), MEK1/2
(1:1,000), PARP (1:1,000) and B-actin (1:5,000) overnight
at 4°C. The membranes were treated with the secondary
antibodies conjugated with horseradish peroxidase (HRP)
(1:4,000; cat. nos. HAF007, HAF109, and HAF008; R&D
systems) for 1 h at room temperature and detected with an ECL
chemiluminescence detection kit (GE Healthcare; Cytiva).
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A549 cells (2x10° cells/dish in 100 mm dish) lysed in 20 mM
HEPES-KOH (pH 7.5) buffer containing 0.25 M sucrose were
homogenized in a Dounce homogenizer and centrifuged at
1,000 x g for 30 min at 4°C to separate nuclei and unbroken
cells. The supernatants were centrifuged at 10,000 x g for
15 min at 4°C, and the pellets were collected as the heavy
membrane/mitochondrial fraction. The cytosolic fractions
were isolated according to the manufacturer's protocol,
using the Mitochondria Isolation Kit for Cultured Cells (cat.
no. 89874) from Thermo Fisher Scientific, Inc.

Immunoprecipitation. For the immunoprecipitation, the
cell lysates were incubated with 5 yg Hsp70 antibody (cat.
no. SPC-103; Stress Marq Bioscience, Inc.) overnight at
4°C. Subsequently, 20 ul of Protein G-sepharose beads (cat.
no. P3296; Sigma-Aldrich; Merck KGaA) were added to collect
the immunocomplexes for an additional 1 h of incubation at
4°C. The pellets were washed three times with assay buffer by
centrifugation at 1,000 x g for 5 min at 4°C. The supernatant
was discarded, and the beads were resuspended with 40 ul
of electrophoresis buffer and analyzed by SDS-PAGE and
immunoblotting using an anti-ubiquitin (cat. no. 3936; Cell
Signaling technology, Inc.) or anti-Hsp70 (cat. no. SMC-100;
Stress Marq Bioscience, Inc.) antibody.

Overexpression of Hsp70. A549 cells (2x10° cells/dish in
a 60-mm dish) were seeded into 12-well plates for 24 h
before transfection. The expression plasmid of pCMV-Tag3B
myc-Hsp70 was supplied by Dr Tohru Ichimura (Laboratory
of Cell Molecular Biology, Department of Applied Chemistry,
National Defense Academy, Yokosuka, Japan). The negative
control plasmid, pCMV (an empty vector), was supplied from
RIKEN BioResource Center. Transfection was performed
with 8 ug vector using Lipofectamine 3000 (Thermo Fisher
Scientific, Inc.) in accordance with the manufacturer's
instructions. The cells were incubated for 12 h at 37°C, and
subsequently treated with hesperetin for 48 h.

RNA extraction and reverse transcription-quantitative
PCR (RT-gPCR). Total RNA from cells was extracted using
QIAshredder and RNeasy Mini Kit (Qiagen GmbH) according
to manufacturer's protocol. The cDNA synthesis was
performed by High-Capacity RNA-to-cDNA™ Kit (Thermo
Fisher Scientific Inc.) and qPCR was subsequently performed
on QuantStudio® 5 Real-Time PCR (Thermo Fisher Scientific
Inc.) system using PowerUp™ SYBR™ Green Master Mix
(Thermo Fisher Scientific, Inc.). The reaction was carried out
according to the following amplification protocol: 95°C for
2 min, 40 cycles at 95°C for 15 sec, 60°C for 1 min and 95°C for
15 sec. Gene expression was analyzed according to the 2-44¢4
method (32). The following sequences of the primers were
used, respectively: Hsp70 forward primer (F), 5-GCCGAG
AAGGACGAGTTTGA-3' and reverse primer (R), 5'-TCC
GCTGATGATGGGGTTAC-3"; B-actin (F), 5"ATGTGGCCG
AGGACTTTGATT-3' and (R), 5'-“AGTGGGGTGGCTTTT
AGGATG-3.

Knockdown of CHIP. The specific small interfering
RNA (siRNA) for CHIP was obtained from Ajinomoto
Bio-Pharma: siCHIP sequence of the sense strand
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(5'-AGGCCAAGCACGACAAGUAJTAT-3"). The negative
control siRNA (MISSION siRNA Universal Negative Control
#1; cat. no. SIC001) was purchased from Merck KGaA.
A549 cells were transfected with siRNA (10 nmol/l) using
Lipofectamine RNAi MAX (Thermo Fisher Scientific). The
cells were then incubated for 24 h at 37°C, and subsequently
treated with 600 M of hesperetin and grown for 48 h at 37°C
to allow an effective decrease in the expression of the respec-
tive target molecules. For the MTT assay, A549 cells were
treated with various concentrations of hesperetin (0, 200, 400
and 600 M) for 48 h at 37°C.

JC-1 staining. Mitochondrial permeability transition
was determined by staining the cells with 5,5',6,6'-tetra-
chloro-1,1,3,3'-tetracthyl-benzimidazolyl-carbocyanin iodide
(JC-1; Molecular Probes; Invitrogen; Thermo Fisher Scientific,
Inc.) for 2 h at 37°C in the dark. The cells were subsequently
washed with assay buffer in accordance with the manufac-
turer's protocol and immediately imaged using a fluorescence
microscope (Keyence Corporation) with the red (Aexcitation:
560+40 nm band pass filter, Adetection: 630+60 nm band pass
filter) and green (hexcitation: 470+40 nm band pass filter,
Adetection: 535+50 nm band pass filter) fluorescence channels.

Statistical analysis. The data were expressed as the
mean + standard deviation (SD) for three independent experi-
ments. Comparisons between quantitative variables were
assessed using one-way ANOVA followed Tukey's post hoc
test. P<0.05 was considered to indicate a statistically signifi-
cant difference.

Results

Hesperetin inhibits proliferation and induces apoptosis in
lung cancer cell lines. The survival of lung cancer cells treated
with hesperetin was assessed using an MTT assay. Following
treatment with hesperetin, the viability of A549 (Fig. 1A)
and H358 (Fig. 1B) lung cancer cell lines decreased in a
concentration-dependent manner. The ICs, value of the poten-
tial cytotoxic effects of hesperetin against A549 was 520 yuM
(Fig. 1A). To further examine the effect of hesperetin on A549
cell proliferation, a colony formation assay was performed.
Hesperetin markedly reduced the colonigenic potential of A549
cells in a dose-dependent manner (Fig. 1C). The colony forma-
tion measured by percent area of the colonies with hesperetin
treatments of 400 and 600 M were 68 and 30%, respectively,
when that of the control without hesperetin was set at 100%.
These results were not significantly different from those of
the MTT assay. Cell cycle analysis was performed with a flow
cytometer to examine the inhibitory effect of hesperetin on lung
cancer cells. As shown in Fig. 1D, the cell cycle progression of
A549 cells revealed no significant change after treatment with
various concentrations of hesperetin. Considering that hesper-
etin did not affect cell cycle progression, it was then investigated
whether or not the inhibitory effects of hesperetin on A549 cell
viability are induced via apoptotic cell death. Apoptotic cell
death was assessed using CF488A-Annexin V through flow
cytometry. The increase in the number of apoptotic cells in
hesperetin-treated cultures indicated that hesperetin decreased
cell viability through apoptosis (Fig. 1E).
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Figure 1. Hesperetin inhibits proliferation and induces apoptosis in lung cancer cell lines. The viabilities of (A) A549 cells and (B) H358 cells treated with
hesperetin for 48 h were analyzed by MTT assay. Cell viability is represented as the percentage of cell viability without hesperetin, which was set at 100%.
(C) Colony formation assays of A549 cells treated with various doses of hesperetin for 48 h. A representative experiment out of three performed with similar
results is shown (upper panel). The area covered by colonies was quantified (lower panel). (D) Effects of hesperetin on cell cycle distribution. A549 cells were
treated with various concentrations of hesperetin for 48 h, and cell cycle phases were analyzed by flow cytometer. (E) Apoptotic cell death was assessed by
flow cytometric analysis with fluorescein-isothiocyanate-conjugated Annexin V/PI staining at 48 h to observe hesperetin-induced apoptosis in A549 cells.
Data indicate the mean + standard deviation of three experiments. "P<0.01 indicates a statistically significant difference from the respective control (without

hesperetin).

Hesperetin induces mitochondria-dependent apoptosis
associated with the activation of Bax in A549 cells. Several
studies have shown that mitochondria and pro-apoptotic
molecule, Bax, may be a direct and important target of hesperetin
in sensitive cells (19,20,22,23,33). It was examined whether or
not hesperetin promotes mitochondria-dependent apoptosis by
inducing Bax translocation in A549 cells. Mitochondrial frac-
tions were prepared from A549 cells incubated with or without
hesperetin and immunoblotted for Bax in these fractions. In the
presence of hesperetin, Bax was localized to the mitochondriain a
dose-dependent manner, whereas hesperetin slightly reduced the
amount of cytosolic Bax (Fig. 2A). Apoptotic signal transmission
to the mitochondria leads to the activation of caspase-9, which
then converts procaspase-3 into active caspase-3, resulting in
PARP cleavage and apoptosis (34,35). The activation of caspase-9
and cleavage of PARP in A549 cells treated with hesperetin
was assessed to examine whether or not hesperetin influences
downstream mitochondrial-related apoptotic events. As shown
in Fig. 2B, hesperetin induced the cleavage of caspase-9 in a
concentration-dependent manner in A549 cells. Hesperetin also
caused an increase in the level of cleaved PARP (Fig. 2B).

Hesperetin induces apoptosis by suppressing Hsp70 in A549
cells. Hsp70 was then investigated, which generally interacts

with Bax to prevent its translocation to the mitochondria in
living cells and inhibits cell death, to clarify the molecular
mechanism that underlies the activation of Bax in hesper-
etin-induced apoptosis (30,31). The expression of Hsp70 after
the exposure of A549 cells to various concentrations of hesper-
etin was analyzed by immunoblotting to examine the effects
of hesperetin on Hsp70. Hesperetin significantly decreased the
expression level of Hsp70 in A549 cells (Fig. 3A). The expres-
sion of Hsp70 was overexpressed as a myc-tagged protein
in A549 cells (Fig. 3B) and its effect on the decrease of cell
viability induced by hesperetin was assessed to ascertain the
effects of Hsp70 expression on cell death while excluding
all the effects of hesperetin unrelated to Hsp70. As revealed
in Fig. 3C, Hsp70 overexpression rescued A549 cells from
hesperetin-induced apoptosis compared to cells transfected
with the empty vector. It was next examined whether or not
the forced expression of Hsp70 prevents the translocation of
Bax to mitochondria caused by hesperetin. In A549 cells with
exogenously overexpressed Hsp70, Bax localization to the
mitochondria in the presence of increasing doses of hesperetin
significantly decreased as compared to that in the cells with
endogenous expression of Hsp70 (Figs. 2A and 3D). These
observations indicated that hesperetin promoted the apoptotic
signal at the Bax activation step of the mitochondrial apoptotic
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Figure 2. Hesperetin induces mitochondria-dependent apoptosis associated with the activation of Bax in A549 cells. (A) A549 cells, treated with hesperetin,
were lysed and fractionated by differential centrifugation to separate the mitochondria from the cytosol. The translocation of Bax to the mitochondria was
visualized by immunoblotting of the mitochondrial fraction using an anti-Bax antibody (upper panel). VDAC was used as a loading control to ensure the
use of equal amounts of mitochondria in each lane. The quantity of Bax was estimated by densitometric analysis. Ratios of Bax band intensities normalized
to VDAC band intensities are shown above the blots. Cytosolic Bax is presented in the lower panel. Equal loading of cytosolic fractions was controlled by
MEKI1/2. Ratios of Bax band intensities normalized to MEK1/2 band intensities are presented above the blots. (B) A549 cells were treated with hesperetin,
and cell extracts were immunoblotted to detect the expression levels of full-length and cleaved caspase-9 and PARP. Ratios of cleaved caspase-9 and cleaved
PARP band intensities normalized to -actin band intensities are shown above the blots. The results presented are representative of three separate experiments.
VDAC, voltage-dependent anion channel; PARP, poly (ADP-ribose) polymerase.
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Figure 3. Involvement of Hsp70 in the apoptosis of A549 cells induced by hesperetin. (A) Downregulation of Hsp70 expression by hesperetin. Extracts prepared
from A549 cells treated with hesperetin at the specified concentrations for 48 h were separated by SDS-PAGE and immunoblotted with an anti-Hsp70 antibody.
The quantity of Hsp70 was estimated by densitometric analysis. Ratios of Hsp70 band intensities normalized to -actin band intensities are shown above the
blots. (B) A549 cells were transfected with pCMV-Tag3B myc-Hsp70 and pCM V-vector control treated with various concentrations of hesperetin for 48 h.
Expression of Hsp70 was assessed by immunoblotting using an anti-Hsp70 antibody. Ratios of Hsp70 band intensities normalized to f3-actin band intensities
are shown above the blots. (C) Viabilities of A549 cells expressing myc-Hsp70 or vector control treated with hesperetin for 48 h were analyzed by MTT assay.
Cell viability is represented as the percentage of cell viability without hesperetin, which was set at 100%. The data represent mean values of three separate
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band intensities are shown above the blots. Hsp70, heat shock protein 70; VDAC, voltage-dependent anion channel.
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Figure 4. Hesperetin induces the proteasome-mediated degradation of Hsp70 in A549 cells. (A) The mRNA level of Hsp70 in A549 cells after treatment with
hesperetin was determined by reverse transcription-quantitative PCR. (B) Prevention of decrease in Hsp70 expression by the proteasome inhibitor MG132
in hesperetin-treated A549 cells. Effects of MG 132 on Hsp70 expression. Cell extracts from A549 cells, untreated or treated, for 120 min at 37°C with 3 yuM
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normalized to -actin band intensities are shown above the blots. (C) Ubiquitination of Hsp70 induced by hesperetin in the presence or absence of MG132.
A549 cells were treated with 600 yM hesperetin in the presence or absence of 3 yM MG132. Hsp70 was immunoprecipitated with an anti-Hsp70 antibody and
assessed by immunoblotting with an anti-ubiquitin antibody. Data are representative of three experiments. Hsp70, heat shock protein 70.

pathway via Hsp70 suppression, potentially contributing to the
ability of hesperetin to inhibit A549 cell proliferation.

Hesperetin decreases Hsp70 expression by inducing a prote-
asome-mediated degradation. The mechanisms by which
hesperetin decreases Hsp70 expression are poorly known.
The expression of Hsp70 was examined at the mRNA level
in A549 cells by RT-qPCR after treatment with hesperetin
(Fig. 4A). The absence of a decrease in the mRNA level of
Hsp70 following hesperetin treatment suggests that hesperetin
causes its degradation in A549 cells. It is noteworthy that
Hsp70 can often serve as a proteasome substrate and that it is
stabilized by inhibition of the proteasome (36,37). To study the
machinery that turns over Hsp70, A549 cells were pretreated
with the proteasome inhibitor MG132 before exposure to
hesperetin. The total amount of Hsp70 was nearly the same
in the absence of hesperetin, regardless of cell exposure to
MG132. MG132 prominently blocked the hesperetin-depen-
dent decrease in Hsp70 expression in A549 cells (Fig. 4B).
These observations indicated that hesperetin induced Hsp70
degradation by the proteasome. Based these observations, the
ubiquitination of Hsp70 was further assessed. In the presence
of MG132, hesperetin substantially increased the level of
Hsp70 ubiquitination compared with control cells (Fig. 4C).
Overall, these data clearly indicated that hesperetin promoted
the proteasome-mediated degradation of Hsp70 in A549 cells.

Hesperetin induces the proteasome-mediated degradation
of Hsp70 by increasing CHIP, leading to A549 cell apop-
tosis. CHIP has been demonstrated, in vitro and in vivo, to
be associated with Hsp70 and ubiquitinate it, targeting it to
the proteasome for degradation (36,37). The effect of hesper-
etin on CHIP in A549 cells was first investigated to clarify
the mechanisms of CHIP responsible for the degradation of
Hsp70. Interestingly, the level of CHIP markedly increased
after hesperetin treatment in a concentration-dependent
manner (Fig. 5A). Blockage of Hsp70 inhibition by the treat-
ment of A549 cells with MG132 and the upregulation of
CHIP in the presence of hesperetin suggested that Hsp70 was
targeted by hesperetin for degradation by the proteasome. To
further determine the functional importance of CHIP in the
proteasome-mediated degradation of Hsp70 by hesperetin,
the amount of endogenous CHIP present in A549 cells was
attenuated with RNAIi and its effects on Hsp70 expression
were studied. Treatment with CHIP dsRNA did not cause the
decrease in Hsp70 levels mediated by hesperetin compared
with that measured in cells treated with scrambled siRNA
(Fig. 5B). It was then examined how a selective knockdown of
CHIP affects the survival of A549 cells exposed to increasing
concentrations of hesperetin. As revealed in Fig. 5C, an MTT
assay indicated that the inhibitory effect of hesperetin on the
viability of A549 cells significantly decreased after CHIP
silencing. This finding was consistent with the result of JC-1
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Figure 5. CHIP is involved in the proteasome-mediated degradation of Hsp70 induced by hesperetin. (A) Effect of hesperetin on CHIP expression. A549 cells
were treated with various concentrations of hesperetin for 48 h. The expression of CHIP was assessed by immunoblotting using an anti-CHIP antibody. Ratios
of CHIP band intensities normalized to 3-actin band intensities are shown above the blots. (B) A549 cells were treated with 10 nM siRNA against CHIP or
control siRNA. CHIP silencing efficiency (left panel) and its effect on Hsp70 expression (right panel) were examined by immunoblotting. Ratios of CHIP
and Hsp70 band intensities normalized to $-actin band intensities are shown above the blots. Results shown are representative of three separate experiments.
(C) Effect of CHIP RNAIi on the viability of A549 cells treated with hesperetin. After being treated with 10 nM siRNA against CHIP or control siRNA for 72 h,
A549 cells were exposed to various concentrations of hesperetin for 48 h, and the viabilities of cells were analyzed by MTT assay. Cell viability is represented
as the percentage of cell viability without hesperetin treatment, which was set at 100%. Data are presented as mean + SD from triplicated experiments. The
results shown are representative of three separate experiments. "P<0.01. (D) Effect of CHIP RNAi on the mitochondria-dependent apoptosis of A549 cells
treated with hesperetin. A549 cells treated with 10 nM siRNA against CHIP or control siRNA were cultured in the absence or presence of 600 ;M hesperetin
for 48 h and subjected to JC-1 staining to study the changes in mitochondrial membrane potential. The cells were visualized by immunofluorescence micros-
copy with the red and green channels. A representative experiment out of three performed with similar results is shown. Scale bar, 50 ym. Hsp70, heat shock

protein 70; CHIP, C-terminus of Hsp70-interacting protein; siRNA, small interfering RNA.

staining used to determine the mitochondria-dependent apop-
tosis of A549 cells after treatment with hesperetin (Fig. 5D).
These results clearly demonstrated the critical role of CHIP in
the induction of hesperetin-mediated apoptosis in A549 cells.

Discussion

Epidemiological studies have indicated an inverse association
between the dietary consumption of flavonoids and the risk of
various illnesses, such as cardiovascular diseases, metabolic
diseases, and cancer (15,38,39). Recently, more attention has
been paid to the anticancer effects of hesperetin. Hesperetin
was demonstrated to inhibit carcinogenesis in preclinical
experiments using various cancer cells, including breast, lung,
gastric, colon, and hepatic cancer cells (19,22-24,33). The most
attractive feature of hesperetin is its broad application for a
new promising class of anticancer therapeutic agents from
functional food with few side effects, since it is toxic to cancer
cells but not to normal cells as compared with currently avail-
able cytotoxic drugs (40,41). One widely known anticancer

effect of hesperetin on cancer cells is the activation of the
apoptosis pathway. Although the induction of apoptosis by
hesperetin is well established, the detailed mechanisms and
pathways by which this phenomenon occurs remain unknown.
To link this hesperetin-dependent event mechanistically,
the action of Hsp70 in apoptosis induced by hesperetin was
explored. Hesperetin significantly decreased Hsp70 expression
in lung adenocarcinoma cell lines and induced the apoptosis
of A549 cells. This finding is fundamentally consistent with
previous studies, which revealed that functionally related
small molecules that inhibit Hsp70 decrease the viability of
colorectal or pancreatic cancer cells by promoting apoptosis
via the downregulation of Hsp70 (6,12,13). To the best of our
knowledge, the present study is the first to demonstrate the
involvement of Hsp70 in hesperetin-induced cell death. This
observation is important because targeting the expression or
function of Hsp70 is a potential treatment strategy for several
types of cancer, considering the hypothesis that a high level of
Hsp70 protects against cell death and increases the survival of
cells exposed to apoptotic stimuli (27,42). Previous research
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identified Hsp70 as a putative oncogene whose upregulation
is common and driven by its genomic amplification in cancer
cells (5-7), and increased Hsp70 expression is positively asso-
ciated with the advanced pathologic stage and grade of cancers
and related to poor outcomes of patients (8-10). These notions
offer an attractive opportunity for therapeutic approaches that
inhibit Hsp70. The inhibitory effects of hesperetin on Hsp70
may be supported by previous research which demonstrated
that the flavonoid quercetin decreases Hsp70 expression in
human cancer cell lines (11).

Several studies have indicated that activation of the mito-
chondrial pathway is a critical event in apoptosis induced by
hesperetin (19,20,22,23,33), whereas another study reported
that hesperetin induces apoptosis in cancer cells via a mito-
chondria-independent pathway (24). This discrepancy may
be due to the different experimental systems used to evaluate
apoptosis or reflects the variability of apoptotic pathways
among different cell lines. In the present study, hesperetin
facilitated the translocation of proapoptotic Bax to the
mitochondria, and the events occurred up- and downstream
of mitochondrial disruption in A549 cells. The key regula-
tors of apoptosis, including members of the antiapoptotic
and proapoptotic Bcl-2 family, affect the outer membrane
permeability of the mitochondria (43). In fact, reduced
expression of death-inducing members (Bax) vs. increased
expression of death-inhibitory members (Bcl-2, Bcl-xL)
has been reported in various cancer types and malignan-
cies (44). Bax generally plays an important role in inhibiting
the progression of cancer and promoting the apoptosis of
some types of cancers. Interestingly, earlier studies have
shown that hesperetin increases Bax expression in cancer
cells (20,22,33), although the specific mechanisms modu-
lating the activation of Bax remain unknown. In the present
study, overexpression of Hsp70, which actively sequestrates
Bax in the cytosol to interfere with its translocation to the
mitochondria, rescued A549 cells from hesperetin. This
result suggests that Hsp70 acts as an inhibitory molecule for
the activation of Bax in hesperetin-mediated apoptosis. To
clarify the mechanisms underlying the hesperetin-induced
downregulation of Hsp70, it was further demonstrated that
the degradation of Hsp70, associated with the upregulation of
CHIP in the ubiquitin proteasome pathway, is a critical event
in apoptosis induced by hesperetin. Hsp70 becomes very
stable and accumulates at very high levels in cancer cells,
which is a feature of the gain-of-function in tumorigenesis
and cancer progression (5-7). In addition, Hsp70 is gener-
ally regulated mainly and maintained at basal levels under
normal physiological conditions (45,46). Hsp70 stability is
regulated by proteasome-mediated degradation through the
E3 ubiquitin ligase CHIP. Previous studies have indicated the
importance of CHIP-mediated Hsp70 turnover for the regu-
latory mechanism of Hsp70 (33,34). The lack of an inhibitory
effect on Hsp70 expression and an anti-proliferative effect by
hesperetin in A549 cells treated with CHIP dsRNA clearly
indicate that CHIP is a notable target for the induction of
hesperetin-mediated apoptosis. Based on these findings,
a mechanism model for hesperetin-mediated apoptosis is
proposed, as summarized in Fig. 6. Collectively, the present
study provided the first evidence that Hsp70 is critical
for determining the cellular decision to either initiate or

eﬁﬂn
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Figure 6. Schematic diagram of the mechanism underlying hesperetin-medi-
ated apoptosis in A549 cells. Hesperetin induces the proteasome-mediated
degradation of Hsp70 by increasing CHIP, leading the enhancement of
Bax translocation to the mitochondria and the activation of the intrinsic
mitochondria-mediated apoptosis pathway. Hsp70, heat shock protein 70;
CHIP, C-terminus of Hsp70-interacting protein.

suppress apoptosis mediated by hesperetin. These findings
may contribute toward the development of new and less toxic
chemotherapies that use natural compounds against cancer,
and they also highlight the putative merits of developing
anticancer treatments targeting Hsp70.
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