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Nrf2 Expression and Apoptosis in
Quercetin-treated Malignant Mesothelioma Cells
Yoon-Jin Lee1,2, David M. Lee3, and Sang-Han Lee2,4,*
NF-E2-related factor 2 (Nrf2), a basic leucine zipper transcription factor, has recently received a great deal of attention as
an important molecule that enhances antioxidative defenses
and induces resistance to chemotherapy or radiotherapy. In
this study, we investigated the apoptosis-inducing and Nrf2upregulating effects of quercetin on malignant mesothelioma
(MM) MSTO-211H and H2452 cells. Quercetin treatment inhibited cell growth and led to upregulation of Nrf2 at both the
mRNA and protein levels without altering the ubiquitination
and extending the half-life of the Nrf2 protein. Following
treatment with quercetin, analyses of the nuclear level of Nrf2,
Nrf2 antioxidant response element-binding assay, Nrf2 promoter-luc assay, and RT-PCR toward the Nrf2-regulated gene,
heme oxygenase-1, demonstrated that the induced Nrf2 is
transcriptionally active. Knockdown of Nrf2 expression with
siRNA enhanced cytotoxicity due to the induction of apoptosis, as evidenced by an increase in the level of proapoptotic
Bax, a decrease in the level of antiapoptotic Bcl-2 with enhanced cleavage of caspase-3 and PARP proteins, the appearance of a sub-G0/G1 peak in the flow cytometric assay,
and increased percentage of apoptotic propensities in the annexin V binding assay. Effective reversal of apoptosis was observed following pretreatment with the pan-caspase inhibitor ZVAD. Moreover, Nrf2 knockdown exhibited increased sensitivity
to the anticancer drug, cisplatin, presumably by potentiating the
oxidative stress induced by cisplatin. Collectively, our data
demonstrate the importance of Nrf2 in cytoprotection, survival,
and drug resistance with implications for the potential significance of targeting Nrf2 as a promising strategy for overcoming
resistance to chemotherapeutics in MM.
1

GGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGGG
1
Division of Molecular Cancer Research, Soonchunhyang Medical Research Institute, 2Soonchunhyung Environmental Health Center for Asbestos, Soonchunhyang University Cheonan Hospital, Cheonan, Korea, 3Cell
Biology and Genetics in Biological Sciences, College of Computer, Mathematical, and Natural Sciences, University of Maryland, College Park,
MD, USA, 4Department of Biochemistry, College of Medicine, Soonchunhyang University, Cheonan, Korea
*Correspondence: m1037624@sch.ac.kr

Received 6 October, 2014; revised 23 February, 2015; accepted 23
February, 2015; published online 21 April, 2015
Keywords: apoptosis, chemoresistance, cisplatin, quercetin, mesothelioma, Nrf2

INTRODUCTION
Reactive oxygen species (ROS), such as superoxide (O2-),
hydrogen peroxide (H2O2) and hydroxyl radical (OH-), are generated as byproducts of intracellular oxygen metabolism, or in
response to various exogenous stimuli including chemotherapeutics, ionizing radiation, ultraviolet, growth factors, cytokines
and hypoxia. ROS play critical roles in normal physiological
pathways and vital functions; however, the overproduction of
ROS can have toxic impacts on cells by inducing apoptosis and
causing damage to cellular proteins, lipids, polysaccharides,
and DNA. To counterbalance the oxidative damage and protect
themselves against ROS insults, cells possess a variety of
antioxidant defense systems which maintain the redox balance.
Increased oxidative stress in conjunction with reduced levels
of antioxidants has been observed in many types of human
cancer (Jiang et al., 2013; Oberley and Oberley, 1997; Sharma
et al., 2009). Because diverse anticancer drugs rely on free
radical mechanisms to carry out their effects, it is possible that
the reduced antioxidant defenses can initially make the cells
susceptible to chemotherapeutics. However, as the tumor
progresses, cancer cells lose their preferential sensitivity to
therapeutic regimens by acquiring resistance to them and developing into more aggressive tumors. Although antioxidants
can alleviate the toxic effects of free radical-producing drugs
and help maintain the health of normal tissues in cancer patients, much earlier work has shown that the upregulation of
antioxidant systems may afford the same protection to tumor
cells against oxidative damage and subsequently promote
tumor progression by increasing aggressiveness and drug
resistance (Ceccarelli et al., 2008; Kim et al., 2005).
The transcription factor Nrf2 plays an essential role in antioxidant response element (ARE)-mediated expression of phase II
detoxifying enzymes (e.g. glutathione S-transferase), antioxidant
enzymes [e.g. NADPH quinone oxidoreductase 1 (NQO1), heme
oxygenase-1 (HO-1), and aldo-keto reductase family 1, member
C1], and drug-transporting proteins (e.g., multidrug resistance
protein (MRP) 1 and multidrug resistance associated proteins
1/3). Upon exposure to oxidants or electrophiles, Kelch-like ECHassociated protein 1 (Keap1), a cytosolic repressor protein that
binds to Nrf2, is inactivated by the direct modification of crucial
cysteine residues. This results in dissociation of the Nrf2-Keap1
complex or in conformational changes in the associated motif of
Nrf2-Keap1. Consequently, Nrf2 translocates to the nucleus,
where it recruits the small musculoaponeurotic fibrosarcoma
protein (sMaf). The Nrf2-sMaf heterodimer then binds to ARE,
present in Nrf2-regulated genes, thereby inducing their tran-
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scription (Slocum and Kensler, 2011). Therefore, the Nrf2/ARE
signaling pathway is of great importance in the prevention of
cell dysfunction when subjected to oxidative or electrophilic
stress by maintaining cellular redox homeostasis (Wakabayashi
et al., 2004).
A role of Nrf2 in drug resistance has been suggested based
on its property to induce downstream detoxifying and antioxidant enzymes or drug efflux pumps, as mentioned above. In
this regard, the Nrf2 pathway has somewhat of a double-edged
sword in nature, providing both benefits and risks to cells. Nrf2
activation appears to be beneficial for cancer chemoprevention
in normal and premalignant tissues. However, in some cancers
it prevents apoptosis while enhancing the survival of damaged
cells, tumorigenesis, and drug resistance during chemotherapy
(Niture and Jaiswal, 2013; Wang et al., 2008). The Nrf2 pathway was found to be dysregulated in many cancers, including
those in the lung (Ohta et al., 2008), gall bladder (Shibata et al,
2008), and head and neck (Stacy et al., 2006), through mechanisms which result in increased levels of Nrf2 and impaired
Keap1. Somatic mutations in the Nrf2-Keap1 axis, leading to
constitutive activation of the Nrf2 pathway along with a loss of
Nrf2 repression, are considered to be the main cause of Nrf2
dysregulation (Kim et al., 2011; Stacy et al., 2006). Stable overexpression of Nrf2 was demonstrated to enhance the resistance
of cancer cells to chemotherapeutic agents (Wang et al., 2008),
whereas its depletion or the overexpression of Keap1 enhanced
sensitivity (Qu et al., 2010). Similarly, endometrial cancer cells
with high levels of Nrf2 expression were more resistant to toxic
effects of anticancer drugs, whereas silencing of Nrf2 could increase the efficacy of chemotherapy (Jiang et al., 2010). Interestingly, these responses have been demonstrated in studies using
several chemotherapeutic agents, such as cisplatin, etoposide
and doxorubicin, which may trigger the production of ROS for the
killing of cancer cells (Chung et al., 2014; Shim et al., 2009;
Wang et al., 2008). Considering the direct relationship between
Nrf2 signaling and protection from oxidative insults, the activators
of Nrf2 during chemotherapy may not only attenuate the efficacy
of anticancer drugs by scavenging ROS, but also enhance drug
resistance.
The Nrf2/ARE signaling pathway is a common molecular target for a variety of natural products, which exert their chemopreventive activities against a wide spectrum of cancer types.
Quercetin, a flavonoid, is one of the most abundant polyphenolic groups in fruits and vegetables, and is known to exert potential anticancer activities including the inhibition of tumor initiation
(Khanduja et al., 1999), antioxidative activity (Saw et al., 2014),
antiproliferative activities against tumor cells (Borska et al.,
2012), and activating apoptosis in different cancer cell lines
(Granado-Serrano et al., 2006). Interestingly, quercetin has a
unique ability to act as either an antioxidant or a pro-oxidant,
presumably depending on the concentration and duration of
exposure. It has been reported that higher doses of quercetin
(40-100 PM) decreased cell survival and reduced the levels and
activities of cellular antioxidants, contributing to beneficial antitumor effects by exerting cytotoxic effects, whereas low doses
(5-30 PM) increased the total antioxidant capacity of cancer
cells and antagonized the cytotoxic effects of antineoplastic
agents in lung cancer A549, colorectal cancer HCT116, and
ovarian cancer cells (Li et al., 2014; Robaszkiewicz et al., 2007;
Samuel et al, 2012). Similarly, short-term treatment with quercetin was found to induce antioxidative and antiapoptotic effects,
while long-term treatment resulted in pro-oxidative and proapoptotic effects (Ferraresi et al., 2005). Therefore, the uncontrolled consumption of quercetin may interfere with and weaken
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the effects of anticancer therapy rather than help it.
Malignant mesothelioma (MM) is a lethal asbestos-associated
cancer with poor responsiveness to current chemotherapeutic
drugs, which is often attributable to its high resistance to apoptosis. Accordingly, this study aimed to investigate the efficacy of
quercetin as an activator of Nrf2 in MM cells, and to evaluate the
effects of inhibiting Nrf2 expression on the viability of MM cells
and their sensitivity to cisplatin through use of an siRNA-based
technique.

MATERIALS AND METHODS
Reagents and cell culture
Quercetin, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrozolum
bromide (MTT), 2c,7c-dichlorofluorescein diacetate (DCF-DA),
sodium dodecyl sulfate (SDS), phosphate buffered saline (PBS),
cycloheximide (CHX), cisplatin, and antibodies to ubiquitin and Eactin were obtained from Sigma-Aldrich Co. (USA). Trizol reagent,
cell culture media and reagents were purchased from Invitrogen
(USA). Antibodies to Bcl-2, Bcl-xL, Bax, caspase-3, cleaved
caspase-3, poly (ADP-ribose) polymerase (PARP), and cleaved
PARP were from Cell Signaling Technologies (USA). Antibodies
to Nrf2, lamin A/C, and horseradish peroxidase (HRP)conjugated secondary antibodies were purchased from Santa
Cruz Biotechnology (USA). Anti-human HO-1 antibody was
obtained from Stressgen Biotechnologies (USA). The human
mesothelioma cell lines, MSTO-211H and H2452, were obtained
from the American Type Culture Collection (ATCC, USA). Cells
were cultured in RPMI-1640 medium supplemented with 10%
fetal bovine serum, 1 mM glutamine, 100 units of penicillin/ml and
100 Pg of streptomycin/ml.
Cell viability assay
The cells were seeded in 96-well microtiter plates, and were
treated with drugs or chemicals at different concentrations for
the indicated times, after which they were exposed to MTT
(final 0.1 mg/ml) for additional 4 h. The formazan crystals,
formed by the reduction of MTT in living cells, were solubilized
in 200 Pl of DMSO and were measured with spectrophotometry
at 560 nm. The results were expressed as percentage, based
on the ratio of the absorbance between the treated cells and
the controls (100%).
Western blotting
Western blot analyses were performed using cell lysate as
described previously (Lee et al. 2012). Cell lysate containing 40
Pg of protein was separated on NuPAGE 4-12% bis-tris
polyacrylamide gels (Invitrogen, USA) and were electrophoretically
transferred to Immuno-Blot PVDF membrane. The membranes
were incubated with primary antibodies overnight at 4qC, and
washed and incubated with HRP-conjugated secondary antibody
for 1 h. The signal was visualized by an ECL detection kit. The
blots were then stripped with a stripping buffer (100 mM Emercaptoethanol, 2% SDS, and 62.5 mM Tris-HCl, pH 6.7) and
were reprobed with anti-E-actin and lamin A/C antibodies as
loading controls.
Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was isolated using Trizol reagent (Invitrogen). Reverse transcription was performed with 1 Pg of the total RNA,
oligo(dT)15 primer, and a AMV reverse transcriptase (iNtRON
Biotechnology, Seongnam, Korea). Each single-stranded cDNA
was then diluted and subjected to PCR amplification using iMAX II¥ DNA polymerase (iNtRON Biotechnology). The PCR
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conditions were as follows: initial denaturation at 94qC for 2 min
followed by 28 cycles of 94qC for 30 s, 57qC for 30 s and 72qC
for 30 s. The following primers were used to amplify the fragments of genes. Specific primers for RT-PCR amplification of
various genes were as follows: (a) Nrf2 (124-bp): sense 5ccttggcctcagtgattctgaagtg-3c and antisense 5c-cctgagatggtgacaagggttgta-3c, (b) HO-1 (249-bp): sense 5c-gcaacccgacagcatgc-3c
and antisense 5c-tgcggtgcagctcttctg-3c, (c) GAPDH (247-bp):
sense 5c-acctgacctgccgtctagaa-3c and antisense 5c-tccaccaccctgttgctgta-3c. The PCR products were separated on 1.5% agarose gels.
Immunoprecipitation
Immunoprecepitation was done by using a Universal Magnetic
Co-IP kit according to the manufacturer’s protocol (Active Motif,
USA). Briefly, 500 Pg of protein from cell lysates were immunoprecipitated using anti-Nrf2 or anti-ubiquitin antibody, and
protein G magnetic beads, after which immunoprecipitated proteins were resolved on NuPAGE 4-12% bis-tris polyacrylamide
gels, as above. Immunodetection was carried out by using antiubiquitin or anti-Nrf2 antibody, respectively.
Preparation of nuclear and cytoplasmic extracts
Nuclear extracts were prepared according to the instructions of
the NE-PER nuclear and cytoplasmic extraction kit (Pierce,
USA). Briefly, cells were resuspended in 10 vol of CER I solution, after which they were incubated in CER II solution on ice
for 1 min and homogenized. Nuclei were pelleted by centrifugation at 14,000 rpm for 5 min, and the supernatant was kept as
the cytoplasmic extract. The nuclear fraction was lysed for 40
min on ice in NER solution. The insoluble pellet was removed
by centrifugation at 14,000 rpm for 10 min. The supernatant
was used as the nuclear extract.
DNA binding activity of Nrf2
The DNA-binding capacity of Nrf2 was determined by using a
TransAM Nrf2 Transcription Factor Assay Kit according to the
manufacturer’s instruction (Active Motif, USA). The DNA binding of activated Nrf2 protein with specific oligonucleotide sequence (5c-GTCACAGTGACTCAGCAGAATCTG-3c) coated
onto a microtitre plate was revealed by the addition of anti-Nrf2
antibody, washing, and incubation with HRP-conjugated secondary antibody. Absorbance was finally read at 450 nm and
the results were expressed as a percentage, based on the ratio
of the absorbance of treated cells to that of controls (100%).
Luciferase reporter assay
Cells were transfected with Nrf2-luciferase plasmids (pNrf2REluc) or pSV-E-galactosidae plasmids using lipofectamine plus
reagent according to manufacturer’s protocol (Invitrogen). Briefly, transfected cells were treated with quercetin for 48 h and
then lysed in a reporter assay lysis buffer (Promega). Relative
luciferase activity in the cell lysates was calculated by dividing
luciferase activity by E-galactosidae activity.
siRNA-mediated gene silencing
RNA interference of Nrf2 was performed using an Nrf2-specific
siRNA duplex from Invitrogen (Cat# 12990). Briefly, cells were
seeded in 6-well and 96-well plates and transfected at 40%
confluency with siRNA duplex (20 nM) using lipofectamine
RNAiMAX (Invitrogen) according to the manufacturer’s protocol.
Cells transfected with Stealth RNAi negative control duplex
(Invitrogen) were used as controls for direct comparison. After
24 h of transfection, cells were treated with DMSO or quercetin
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for the indicated times, after which they were processed for
Western blotting or MTT assay.
Caspase-3/7 activity
Activation of caspase-3/7 was quantified with the ApoToxGlo™ Triplex Assay kit according to the manufacturer’s protocol (Promega). Cells were seeded onto 96-well microtiter plates
and 24 h later transfected with an Nrf2-specific siRNA duplex
before quercetin was added for up to 48 h. Cells were incubated with substrate containing Caspase-Glo£ 3/7 assay buffer
for 30 min. Caspase-3/7 activities were calculated after detection of luminescence using a GloMax-Multi Microplate Multimode Reader (Promega, USA). The results were expressed as
percentages, based on the ratios of the luminescence of the
treated cells to that of the controls (100%).
Apoptosis assay
The apoptotic cell distribution was determined using Muse¥
Annexin V & Dead Cell kit according manufacturer’s protocol
(Merck Milipore, Germany). Briefly, cells were collected by centrifugation, mixed with the Muse¥ Annexin V and Dead Cell
reagent, and analyzed using a Muse Cell Analyzer (Merck Milipore).
Cell cycle analysis
Trypsinized cells were pelleted by centrifugation, fixed in 70%
ice-cold ethanol overnight at -20qC, and incubated with Muse¥
Cell Cycle reagent (Merck Milipore). DNA contents were analyzed using a MACSQuant Analyzer (Miltenyi Biotec GmbH,
Germany) according to fluorescence of propidium iodide (PI).
Measurement of intracellular ROS levels
Intracellular ROS levels were measured using DCF-DA. Briefly,
cells were loaded with serum-free medium containing 10 PM of
DCF-DA for 30 min at 37qC in the dark. Next, the cells were
washed twice with PBS, trypsinised, resuspended, and then
immediately analyzed using a MACSQuant Analyzer (Miltenyi
Biotec GmbH). A 530 nm bandpass filter was used to detect
DCF-DA fluorescence, and each determination was based on
the mean fluorescence intensity of 10,000 cells.
Statistical analysis
Statistical comparisons were performed using one-way analysis
of variance (ANOVA) followed by a Tukey’s post hoc correlation
for multiple comparisons using SPSS version 17.0 (SPSS, Inc.,
USA). Data were expressed as the mean r SEM. Significant
differences were considered with values of p < 0.05.

RESULTS
Quercetin induces upregulation of Nrf2 expression at both
mRNA and protein levels
As an initial approach in determining effective doses for the
treatment of MM cells with quercetin, a dose- and timeresponse study was carried out using the MTT assay. The
results revealed a concentration-dependent decrease in cell
viability due to treatment with quercetin. At concentrations  20
PM, quercetin significantly decreased cell viability of both
MSTO-211H and H2452 cells (Fig. 1A). Western blot analysis
showed that an increase in the Nrf2 level was first observed at
2 h incubation with 20 PM quercetin and remained upregulated
at longer incubation (Fig. 1B). However, the treatment of cells
with quercetin at toxic doses  60 PM did not influence on the
Nrf2 levels compared to untreated controls (Fig. 1C). Based on
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Fig. 1. Effects of quercetin treatment on cell viability and Nrf2 levels
in MM cells. (A) Cells were treated with various concentrations (0100 PM) of quercetin for the indicated times. The percentage of
viable cells was then determined by MTT assay. (B and C) Cells
were treated with quercetin (20 PM) for the short times (2 h, 4 h and
6 h) and the long times (24 h, 48 h, and 72 h) (b), or quercetin (0100 PM) for 48 h (c). Cell lysates were then analyzed by Western
blotting with anti-Nrf2 antibody. Error bars represent the mean r
S.D. for three independent experiments. *P < 0.05 for respective
control cells.

this observation, 40 PM was regarded as a subtoxic dose at
which quercetin caused mild cytotoxicity in MM cells. Concentrations below that were then selected for further study to examine the efficacy of quercetin as an activator of Nrf2. Besides
the total levels of Nrf2, the Nrf2-regulated gene product HO-1
was dose-dependently increased in cultures treated with  30
PM quercetin (Fig. 2A). To determine whether the upregulation
of Nrf2 protein is due to gene expression and if it involves transcriptional activation of its downstream target genes, the levels of
Nrf2 and HO-1 transcripts were analyzed by RT-PCR. As shown
in Fig. 2B, treatment with quercetin increased the mRNA levels of
Nrf2 and its transcription target HO-1 in both types of cells, consistent with the results obtained for the proteins. To evaluate
whether quercetin has an effect on Nrf2 stability, the level of Nrf2
polyubiquitination was investigated by immunoprecipitation
assay using the anti-Nrf2 antibody followed by Western blotting
with anti-ubiquitin antibody, and vice versa. As shown in Fig. 2C,
immunoprecipitation revealed approximately 100 kDa band,
which remained unchanged among cells cultured with or without quercetin. Next, Nrf2 protein turnover was analyzed via
cycloheximide (CHX) chase experiments. As shown in Fig. 2D,
the level of Nrf2 protein rapidly declined over 160 min of treatment with CHX alone, or in combination with quercetin. For the
decay curve, the half-lives of endogenous Nrf2 were approximately 20.1 min in MSTO-211H and 27.4 min in H2452 cells,
and treatment with quercetin caused no delay compared to the
cells treated with CHX alone. Collectively, the data suggest that
that the quercetin-induced upregulation of Nrf2 in MM cells was
accomplished largely at the transcriptional level rather than by
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the prolongation of protein stability.
Quercetin enhances transactivation of Nrf2
Increase in the nuclear localization of Nrf2 protein is usually
considered as a marker of Nrf2 activation in response to stressors. As shown in Fig. 3A, quercetin treatment increased the
nuclear accumulation of Nrf2 protein at both early (3 h) and late
time points (48 h), whereas signals of the cytoplasmic Nrf2
band were only faintly detected in both types of cells. Next, the
specificity of Nrf2 DNA binding was assessed in nuclear extracts using an anti-human Nrf2 antibody. As shown in Fig. 3B,
quercetin treatment increased the binding activity of Nrf2 toward oligonucleotides containing the ARE consensus binding
site (5c-GTCACAGTGACTCAGCAGAATCTG-3c), which correlated with the results of transient transfection of cells with a
firefly luciferase reporter gene driven by the upstream Nrf2
responsive element (Nrf2RE-luc) (Fig. 3C). To further determine a possible role of the elevated Nrf2 protein induced by
quercetin, the effects of inhibiting Nrf2 expression using an
siRNA-based technique were evaluated. Transfection with
Nrf2-targeted siRNA repressed not only the transcript levels of
Nrf2 and Nrf2-regulated gene HO-1 but also their upregulated
levels by quercetin (Fig. 3D). Similar patterns were observed in
Western blot analysis of Nrf2 protein (Fig. 3E). Moreover, the
siRNA-mediated inhibition of Nrf2 led to a significant decrease
in the quercetin-induced binding of Nrf2 to ARE, as compared
to those of control siRNA (Fig. 3F). Based on these results, the
nuclear increase in Nrf2 was confirmed to be functional.
Nrf2 silencing increases apoptosis dependently of
caspase activation
To determine the importance of Nrf2 upregulation on cell viability and apoptosis, cells were transfected with Nrf2-targeting
siRNA (siNrf2), and then the viability of MM cells and their sensitivity to quercetin was examined. The degree of inhibition of
cell viability was similar in both cell types. As shown in Fig 4A,
treatment of cells with siNrf2 alone or in combination with quercetin (20 PM) decreased cell viability, respectively, to approximately 85.9% or 70.4% in MSTO-211H cells and 88% or
73.8% in H2452 cells, compared with those of control siRNA
alone. However, the degree of inhibition by quercetin (20 PM)
treatment during Nrf2 knockdown (13.4% in MSTO-211H cells
and 12% in H2452 cells) were similar with those of siNrf2 alone
(14% and 11%, respectively), compared to respective control
siRNA groups.
To determine whether the reduction of cell viability during
Nrf2 knockdown was related to apoptosis, we measured the
levels of the regulatory proteins associated with apoptosis. An
increase in the level of proapoptotic Bax, enhanced cleavage of
caspase-3 and PARP proteins, and a decrease in the level of
antiapoptotic Bcl-2 and Bcl-xL by Western blotting indicated
that inhibition of cell viability was, at least in part, due to the
induction of apoptosis, which was most pronounced in the
combined treatment of siNrf2 and quercetin (Fig 4B). Consistently, these responses were accompanied with an increase in
the caspase-3/7 activity, which could be suppressed by the
pan-caspase inhibitor Z-VAD (Fig. 4C). These observations
were similar in both cell types.
When only the attached cells were analyzed by flow cytometry, the occurrence of a sub-G0/G1 peak, indicative of apoptosis,
was detected in cells treated with quercetin (20 PM) alone,
siNrf2 alone or in combination with quercetin, respectively, to
approximately 9.2%, 5.8% or 11.3% in MSTO-211H cells and
7.9%, 5.3% or 11.3% in H2452 cells, respectively, after
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Fig. 2. Effects of quercetin treatment on
Nrf2 expression in MM cells. Cells were
incubated with the indicated concentrations of quercetin for 48 h before the
extraction of cell lysates and total RNA
for Western blot (A) and RT-PCR (B)
analyses, respectively. (C) Cells were
treated with quercetin (20 PM) for 48 h
before immunoprecipitation of Nrf2 or
ubiquitin from cell lysate (500 Pg), after
which immunoprecipitates were analyzed
by Western blotting with the anti-ubiquitin
or anti-Nrf2 antibody, respectively. (D)
Cells were pretreated with 0.1 PM CHX
for 2 h and followed by treatment with or
without 20 PM quercetin for varying intervals as indicated. Immunodetection was
carried out by using antibodies against
Nrf2 and E-actin. Normalized intensity of
Nrf2 versus E-actin was presented as the
mean value from two independent experiments. Q, quercetin; Ub, ubiquitnated;
IP, immunoprecipitation; WB, Western
blotting; CHX, cycloheximide.

B

Fig. 3. Functional activity of Nrf2 in MM
cells. (A) Cells were treated with quercetin (20 PM) of quercetin for 3 h and 48 h.
Nuclear and cytoplasmic extracts were
analyzed by Western blotting with antibodies against Nrf2 and lamin A/C. (B)
Cells were treated with various concentrations (0-30 PM) of quercetin for 48 h.
C
D
E
Nuclear extracts were processed by the
DNA binding assay of Nrf2. (C) Cells
were transfected with a firefly luciferase
reporter gene, driven by the upstream
Nrf2 response element (Nrf2RE-luc), for
24 h prior to incubation with various concentrations (0-30 PM) of quercetin for
another 48 h. Afterwards, the luciferase
activity in the cell lysates was determined.
(D-F) Cells were transfected with 10 nM
F
Nrf2-targeting siRNA (siNrf2) or Stealth
RNAi control (siC) for 24 h. Cells were
incubated with quercetin (20 PM) for 48 h
prior to RT-PCR (d) and Western blot (e)
analyses. Nuclear extracts were
processed by the DNA binding assay of
Nrf2 (f). Error bars represent the mean r
S.D. for three independent experiments.
#
*P < 0.05 for respective control cells. P < 0.05 for siNrf2-transfected cells vs. respective siC-transfected cells.

correcting for baseline apoptosis in that of control siRNA (Fig.
5). These observations could be suppressed by the pancaspase inhibitor Z-VAD and were similar in both cell types.
In annexin V binding assay, treatment of cells with quercetin
alone, siNrf2 alone or in combination with quercetin (20 PM)
significantly elevated the percentage of apoptotic propensities,
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respectively, to 18.68%, 14.06% or 28.58% in MSTO-211H
cells and 17.54%, 13.42% or 25.54% in H2452 cells, compared
with those of control siRNA alone (0.74% and 1%, respectively)
(Fig. 6). These observations were significantly restored, but not
completely, by the presence of Z-VAD, which were similar in
both cell types. Collectively, these data indicate that Nrf2 silenc-
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Fig. 4. Effects of Nrf2 knockdown on querectin-induced cytotoxicity in MM cells.
Cells were transfected with 10 nM of Nrf2targeting siRNA (siNrf2) or Stealth RNAi control (siC) for 24 h. (A-B) Cells were then incubated with the indicated concentrations of
quercetin for 48 h, after which cell viability and
the levels of proapoptotic and antiapoptotic
proteins were measured by MTT assay (a)
and Western blot analysis (b), respectively. (C)
Cells were treated with quercetin (20 PM) for
48 h in the presence or absence of Z-VAD (10
PM) prior to the measurement of caspase-3/7
activity. The blot was then stripped and reprobed with an anti-E-actin antibody as a loading control. Error bars represent the mean r
S.D. for three independent experiments. *P <
#
0.05 for respective control cells. P < 0.05 for
siNrf2-transfected cells vs. respective siCtransfected cells.

A

B

Fig. 5. Effects of Nrf2 knockdown and pan-caspase inhibitor on cell distribution at sub-G0/G1, G1, S, and G2/M phases in quercetin-treated MM
cells. Cells were transfected with 10 nM Nrf2-targeting siRNA (siNrf2) or Stealth RNAi control (siC) for 24 h, after which cells were incubated
with quercetin (20 PM) for 48 h in the presence or absence of Z-VAD (10 PM). (A) Cells were then analyzed using a flow cytometry after staining with propidium iodide (20 Pg/ml). The percentages of cell population in sub-G0/G1 phase were calculated from three independent experiments. Representative results were obtained from one of three independent experiments. (B) The quantitative data are shown as mean r S.D.
#
*P < 0.05 for Z-VAD-treated cells vs. respective control cells. P < 0.05 for siNrf2-transfected cells vs. respective siC-transfected cells.

ing increases apoptosis in a caspase-dependent manner, further supporting the antiapoptotic role of Nrf2 protein in MM cells.
Nrf2 silencing sensitizes MM cells to cisplatin
To examine the specific role of Nrf2 in the control of drug resis-
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tance, MSTO-211H and H2452 cells were transfected with
Nrf2-targeted siRNA for 24 h, followed by treatment with cisplatin. As shown in Fig. 7A, exposure of cells to increasing concentrations of cisplatin for 72 h inhibited cell viability with an
average IC50 of 76.1 PM in MSTO-211H, whereas H2452 cells
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Fig. 6. Effects of Nrf2 knockdown and pan-caspase inhibitor on quercetin-induced apoptosis in MM cells. Cells were transfected with 10 nM
Nrf2-targeting siRNA (siNrf2) or Stealth RNAi control (siC) for 24 h, after which cells were incubated with quercetin (20 PM) for 48 h in the
presence or absence of Z-VAD (10 PM). (A) The percentage of apoptotic cells after annexin V binding was analyzed by a Muse cell analyzer.
(B) The quantitative data are shown as mean r S.D. for three independent experiments. *P < 0.05 for Z-VAD-treated cells vs. respective con#
trol cells. P < 0.05 for siNrf2-transfected cells vs. respective siC-transfected cells.

were much more resistant to the same concentrations of cisplatin. However, Nrf2 knockdown led to a significant decrease in
cell survival, as compared with cells treated with cisplatin after
transfection with control siRNA. These results suggest that Nrf2
activation plays an important role in enhancing cell survival
against cisplatin-mediated cytotoxicity in MM cells. Next, the
antioxidative role of Nrf2 in the generation of ROS by cisplatin
treatment was examined using a flow cytometry. As indicated in
the representative histogram, an increase in the ROS levels
was indicated as a shift of cellular DCF fluorescence to the right.
As shown in Fig. 7B, treatment with 80 PM cisplatin alone for 24
h increased ROS production from approximately 0.14% to 34%
in MSTO-211H cells and from 0.4% to 9% in H2452 cells, and
they were augmented following Nrf2 knockdown to 45.9% and
33.7%, respectively. Collectively, these data indicate that decreased Nrf2 activity further increases the amount of cellular
ROS generated by cisplatin, thus strengthening its effectiveness to kill the MM cells.

DISCUSSION
In contrast to the growth-inhibiting and apoptosis-inducing effects of quercetin in various cancer cell types, it is also known
to protect cells against oxidative damage by inducing the expression of antioxidant proteins involved in scavenging ROS.
The apparent opposite double action of quercetin has been
shown to be presumably dependent on the concentration and
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duration of exposure; nonetheless, the mechanism(s) of these
multiple effects have not yet been clearly determined. Among
the different molecules produced intracellularly, the transcription
factor Nrf2 plays a vital role in the prevention of cell dysfunction
in response to oxidative stress and in protection against exposure to toxins and carcinogens through the ARE-mediated
expression of a battery of cytoprotective genes (Lee et al.,
2014). We present here the first evidence that the quercetininduced activation of Nrf2 may provide an advantage for MM
cell survival. At toxic doses  60 PM leading to cytotoxicity,
quercetin did not influence on the Nrf2 levels, however, quercetin at subtoxic doses elicited evident accumulation of Nrf2 in the
nucleus, along with upregulation of Nrf2 on both the mRNA and
protein levels, In turn, this led to the increased affinity of Nrf2 for
binding to its consensus sequence, and, consequently, enhanced expression of the ARE-driven reporter genes. These
responses could be antagonized by Nrf2 knockdown using an
siRNA-based technique.
An increase in the nuclear localization of Nrf2 protein, enhancement in its DNA binding and reporter gene activities, as
well as corresponding up-regulation of a well-known transcriptional target of Nrf2 protein, HO-1, were prominent in quercetintreated MM cells. The overall response indicated that the quercetin-induced expression of Nrf2 protein was transcriptionally active
in both MM cell lines. Increased production of Nrf2 protein or its
increased stability can contribute to the increased activity of Nrf2
as a transcriptional factor. We previously observed that

http://molcells.org

Nrf2 Knockdown, Apoptosis and Cisplatin Sensitivity
Yoon-Jin Lee et al.
G

A

B

Fig. 7. Effects of Nrf2 knockdown on cisplatin-induced cytotoxicity in MM cells. Cells were transfected with 10 nM Nrf2-targeting siRNA (siNrf2)
or Stealth RNAi control (siC) for 24 h. (A) Cells were incubated with the indicated concentrations of cisplatin for the indicated times, after which
cell viability was measured by MTT assay. Error bars represent the mean r SEM for three independent experiments. *P < 0.05 for respective
#
control cells. P < 0.05 for siNrf2-transfected cells vs. respective siC-transfected cells. (B) Cells were incubated with cisplatin (0, 40, and 80
PM) for 24 h, after which the levels of cellular ROS were measured using a flow cytometry after staining with DCF-DA (10 PM). A shift of DCF
fluorescence to the right indicates an increase of ROS. The quantitative data in the ROS levels were presented as the mean value from three
#
independent experiments. The quantitative data are shown as mean r S.D. *P < 0.05 for cisplatin-treated cells vs. respective control cells. P <
0.05 for siNrf2-transfected cells vs. respective siC-transfected cells.

MSTO-211H cells have the potential to regulate the levels of Nrf2
at multiple steps, including at the levels of transcription, protein
synthesis, and posttranslation (Lee et al., 2012). In the present
study, quercetin treatment induced the concomitant increase of
total cellular amounts of Nrf2 protein with its nuclear accumulation, whereas untreated cells had low levels of Nrf2 protein.
Moreover, no difference on the ubiquitination of Nrf2 was noticed
among cells cultured with or without quercetin. Thrower et al.
reported that the binding of four or more ubiquitin monomers to
substrate serves as a signal for efficient targeting to the proteasome (Thrower et al., 2000). The size (~100 kDa) of ubiquitinated
Nrf2 molecule was consistent with the addition of four ubiquitin
moieties to Nrf2 (67 kDa). According to the decay curve, quercetin treatment caused no apparent delay in the half-life of endogenous Nrf2 protein. In particular, it is also important to note
that the expression of Nrf2 mRNA correlated with the expression of the encoded protein. In this regard, the stability of the
Nrf2 protein was unlikely to be relevant to the quercetin-induced
upregulation. Therefore, the nuclear accumulation of Nrf2 at
later time points after quercetin treatment mainly appears to be
due to an increase in its de novo synthesis, although quercetininduced activation of the existing Nrf2 may lead to an initial
elevation of Nrf2 in the nucleus.
Nrf2 activation plays a potential role in tumor cell growth and
survival, whereas its depletion contributes to activation of the
intrinsic apoptotic pathway (Ji et al., 2013). Recently, the potential of Nrf2 to induce Bcl-2 protein has been demonstrated to be
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associated with decreased apoptosis, cancer cell survival, and
drug resistance (Niture and Jaiswal, 2013). Consistent with
these observations, gene silencing of Nrf2 with siRNA induced
spontaneous apoptosis of MM cells, which was accompanied
by downregulation of the antiapoptotic protein Bcl-2 and upregulation of the proapoptotic protein Bax. Activation of procaspases plays an important role in the classical apoptosis pathway. Of these, the cleavage of caspase-3 and its substrate
PARP serve as a biochemical hallmark of apoptosis. In this
study, quercetin treatment significantly increased the caspase3/7 activity, along with the resultant cleavage of caspase-3 and
PARP, the appearance of a sub-G0/G1 peak in DNA flow cytometric assay, and the increased percentage of apoptotic propensities in the annexin V binding assay. In addition, the observed apoptosis was effectively reversed when the cells were
pretreated with the pan-caspase inhibitor Z-VAD. These findings indicate that the apoptosis-inducing effect of quercetin
proceeded dependently of caspase activation. Although the
inhibition of percentage viability by quercetin (20 PM) treatment
during Nrf2 knockdown was similar with that of siNrf2 alone,
compared to respective control siRNA group, Nrf2 knockdown
augmented the apoptosis caused by quercetin. This finding
suggests that quercetin-induced upregulation of Nrf2 expression could contribute to inhibiting apoptosis rather than promoting MM cell proliferation. Thus, the apoptosis-inducing effects
incurred by quercetin treatment may be counteracted as a result of activation of the Nrf2/ARE pathway. These data could be
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contradictory regarding quercetin’s ability to induce MM cell
death, which apparently would be Nrf2-independent. Given the
complexity of physiologic functions of quercetin, it is likely that
quercetin regulates various molecular pathways at a different
dose-response reaction in mediating this cytotoxic effect. The
effect of quercetin like a double-edged sword may be due to its
unique characteristic, in that it behaves as an antioxidant and/or
pro-oxidant depending on the concentration and duration of
exposure. Moreover, quercetin regulates the expression of
numerous genes and mediates the effects through its direct
targets and their crosstalks with other pathways in cells depending on cell type and cell context. Further studies are
needed to address the precise mode of the multiple action of
quercetin for inducing cell death through apoptotic signals or
favoring cell protection via Nrf2 induction in MM cells.
The cytoprotective roles of Nrf2 may confer protection
against carcinogensis; however, new emerging data has revealed the deleterious effects of the Nrf2 signal, such as advantages for growth and resistance to chemotherapy in cancer
cells (Lau et al., 2008). Nrf2 can protect cancer cells from the
oxidative damage induced by chemotherapeutic drugs and
irradiation (Zhang et al., 2010). Merikallio et al reported that
strong expression of Nrf2 was associated with poor survival in
lung tumors (Merikallio et al., 2012). Yang et al. suggested the
role of Nrf2 as a potential marker for the prediction of chemoresistance and tumor progression in patients with advanced-stage
non-small-cell lung cancer (Yang et al., 2011). Given this significant role of Nrf2 in the resistance of MM cells against apoptosis, the inhibition of Nrf2 may provide an effective tool to overcome resistance and sensitize MM cells to anticancer therapy.
It has been shown that cisplatin, one of the standard drugs in
chemotherapy for MM patients, causes significant oxidative
stress via the generation of ROS as one of its anticancer mechanisms (Chung et al., 2014). This is consistent with the data
of our study. The suppression of Nrf2 production with Nrf2specific siRNA in combination with cisplatin treatment proved to
be much more effective in potentiating cytotoxicity and enhancing the levels of ROS than treatment of cisplatin alone, particularly in H2452 cells showing resistance to cisplatin. This finding
indicates that the toxic effect of cisplatin is associated with ROS
production, and suggests that Nrf2 activation may contribute to
a reduced response to conventional chemotherapy in MM cells.
In this regard, it seems that overproduction of Nrf2 protein has
a beneficial effect for the protection of normal cells from harmful
stimuli; however, its presence in cancer patients may be an
untoward situation that favors the survival of cancer cells, potentially making tumor cells more refractory to treatment by
undermining the free radical mechanism of existing chemotherapy. Previous studies have shown that an association exists
between the coordinated overexpression of Nrf2-regulated
proteins and resistance to chemotherapeutic drugs. As an example, the overexpression of MRP and gammaglutamylcysteine synthetase has been reported to be correlated
with doxorubicin resistance in MM cells (Ogretmen et al., 1998),
and increases in HO-1 and NQO1 have been associated with
resistance to cisplatin in ovarian carcinoma (Bao et al., 2014). It
has been recently reported that acquired resistance of human
breast cancer MCF-7/DOX cells to doxorubicin was linked to
increases in the endogenous expression of Nrf2 and Nrf2regulated genes (Zhong et al., 2012). They found that treatment
with wogonin, one of active flavonoids isolated from the root of
Scutellaria baicalensis Georgi, diminished the amount of total
and nuclear Nrf2 and restored sensitivity to doxorubicin. These
observations support a critical role of Nrf2 in overcoming the
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acquisition of drug resistance.
In conclusion, our data demonstrated a significance of Nrf2
targeting as a promising strategy for inducing oxidative stress
and MM cell killing, and this strategy represents a potential
efficient way to overcome resistance to some chemotherapeutic
drugs and enhance the efficacy of these compounds in MM.
Nrf2 may be a determining factor for the sensitivity of some
tumors to various chemotherapeutic agents. Therefore, the
development of an evidence-based guidance on antioxidant
supplementation in cancer therapy through further assessment
for their efficacy and safety are worth to be carried out in relevant animal models or human study, in order to obtain an optimal therapeutic output.
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