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Purpose: Nuclear factor (erythroid-derived 2)-like 2, also known as NFE2L2 or NRF2, a

transcription factor capable of upregulating antioxidant response element (ARE)-mediated

expression and cytoprotective proteins, plays critical roles in chemoprevention, inflammation

and aging. NRF2 has recently been proposed as a novel target for cancer chemoprevention.

The fungicide miconazole has shown promising antiproliferative effects in cancer cells.

Materials and Methods: After miconazole treatment, the p62-KEAP1-NRF2 activation

was analyzed by qPCR and Western blot. The nuclear translocation indicating NRF2 activa-

tion was further confirmed by immunofluorescence. Finally, the ROS production was

detected by CM-H2DCFDA staining.

Results: We demonstrate in this study that miconazole dramatically increases NRF2 activation in

bladder cancer cells, in a dose- and time-dependent manner. Interestingly, levels of expression of

p62, a noncanonical pathway that mediates NRF2 activation, appeared to increase in accordance

withNRF2.We also investigated levels of the negative regulator kelch-like ECH-associated protein

1 (KEAP1), which is involved in NRF2 activation. As expected, a decrease in KEAP1 expression

was found after miconazole exposure. Confirmation of NRF2 nuclear translocation was monitored

by immunofluorescence. Miconazole-induced generation of reactive oxygen species (ROS) pro-

moted NRF2 activation. Pretreatment of bladder cancer cells with ROS scavengers abolished

NRF2 expression and nuclear translocation, indicating that miconazole activates the noncanonical

p62-KEAP1-NRF2 pathway, which is regulated by ROS production.

Conclusion: Our study elucidates the mechanisms through which miconazole stimulates

NRF2 which may contribute to cancer chemopreventive effects.
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Introduction
Nuclear factor erythroid 2-related factor 2 (NRF2) is a 66-kDa transcription factor that

coordinates cellular stress response thus against oxidative stress.1 Considerable evi-

dence shows that NRF2 activators can prevent not only tumor progression but also

various chronic diseases in which oxidative and inflammatory stress are crucial for

pathogenesis.2–4 Ongoing clinical trials are investigating the antitumor activity of

several NRF2 activators, including sulforaphane,5 curcumin,6 dimethyl fumarate,7

bardoxolone methyl8 and resveratrol.9 These agents may offer new a strategy for

preventing tumor progression.10

It is well established that kelch-like ECH-associated protein 1 (KEAP1)-NRF2

system activation is the major oxidative stress response pathway.11 Analyses of the
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molecular components involved in NRF2 activation have

demonstrated that its transcriptional activity is inhibited by

KEAP1, a cytoplasmic, cysteine-rich, actin-bound protein

that sequesters NRF2 in the cytoplasm. Under normal

conditions, the transcription factor NRF2 is constitutively

inactivated by ubiquitin-proteasome degradation. KEAP1,

an adaptor of the ubiquitin ligase complex that targets

NRF2, plays a major role in NRF2 degradation.12 When

cells encounter oxidative stress or NRF2 activators, NRF2

quickly disassociates from KEAP1 and inhibits NRF2

degradation.13 Subsequently, the NRF2 translocates to the

nucleus and regulates anti-oxidative stress genes by bind-

ing to antioxidant response elements (AREs).14 The non-

canonical pathway by which p62/sequestosome 1

(SQSTM1), a key autophagy adaptor, promotes NRF2

nuclear translocation and activates ARE-related genes

was reported in 2007.15 Subsequent investigations found

that the interaction between p62 and KEAP1 enables p62

to sequester KEAP1 into autophagosomes and abrogate

the ubiquitin-proteasome degradation of NRF2, preventing

NRF2 activation.16,17 Previous findings have indicated that

overexpression of p62 increases the degradation of

KEAP1, suggesting that p62 plays a critical role in reg-

ulating KEAP1 turnover.18

Miconazole has long been used as an effective antifungal

drug in humans.19 Systemic fungal infection is themajor cause

of morbidity and mortality in cancer patients, especially those

with neutropenia. Antifungals, including miconazole, have

been used as adjuvant therapy to decrease mortality in cancer

patients with neutropenia.20,21 Miconazole exhibits antiproli-

ferative effects in cancer cells.22 In an antitumor drug screen-

ing study, miconazole inhibited cell proliferation in breast

cancer and bladder cancer.23 In preclinical testing, miconazole

demonstrated antitumor effects through promoting cell apop-

tosis and G0/G1 cell cycle arrest in colon cancer.24

Miconazole has an inhibitory effect on melanogenesis in

B16 melanoma cells25 and its antioxidative effects have

already been investigated.26 However, the mechanisms

involved in NRF2 activation of miconazole have not been

well described. This study describes how miconazole

Figure 1 Miconazole promotes protein expression of NRF2 in bladder cancer cells. (A and B; upper panels) T24 and 5637 BC cells were treated with increased

concentrations of miconazole for 24 h, total proteins were extracted and expression levels of NRF2 were detected by Western blot. (A and B; lower panels) The relative

band intensities of proteins presented in (A and B) were quantitated by densitometric scanning and are presented as the fold of control group; and the statistical calculation

from blots more than three independent experiments are shown (n=4). The results are presented as the means ± S.D. *P<0.05 compared with Con. group.
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promotes NRF2 activation and the key role played by the p62-

KEAP noncanonical pathway in this activation.

Materials and Methods
Materials
Anti-mouse and anti-rabbit IgG-conjugated horseradish per-

oxidase, rabbit polyclonal antibodies specific for p62 (Abcam;

Cambridge, UK; cat. No. ab109012), KEAP1 (Cell Signaling

Technology, Inc.; Danvers, MA, USA; cat. No. #8047), NRF2

(GeneTex, Inc.; San Diego, CA, USA; cat. No. GTX103322)

and β-Tubulin (Cell Signaling Technology, Inc.; Danvers,

MA, USA; cat. No. #2146) were purchased from commercial

companies. All other chemicals were obtained from Sigma-

Aldrich (St Louis, MO, USA).

Cell Culture
Human bladder cancer cell lines (5637 and T24) were

obtained from Bioresource Collection and Research Center

(BCRC; Hsinchu, Taiwan) and maintained at 37°C under 5%

CO2. 5637 and T24 cells were cultured in RPMI-1640 and

McCoy’s 5a media, respectively. Culture media were supple-

mented with 10% FBS, 2 mM GlutaMAX-1, 100 units/mL

penicillin and 100 μg/mL streptomycin. Cells were seeded on

96-well plates (5 x 103/well) or 6-well plates (5 x 105/well) or

10-cm dishes, 2 x 106/dish for cell viability assays and

collection of RNA or protein samples.

Western Blot Analysis
The cellular lysates were prepared and proteins were

resolved on SDS-PAGE and transferred to Immobilon

polyvinyldifluoride (PVDF) membranes. The blots were

blocked with 4% BSA for 1 hr at room temperature and

then probed with mouse or rabbit primary antibodies

(1:1000) overnight at 4°C. After undergoing three TBST

washes, the blots were incubated with anti-rabbit or

-mouse peroxidase-conjugated secondary antibody

(1:1000) for 1 hr at room temperature. After another

Figure 2 Miconazole stimulates noncanonical p62-KEAP1 pathway in bladder cancer cells. (A and B; upper panels) T24 and 5637 BC cells were treated with increased

concentrations of miconazole for 24 h, total proteins were extracted and expression levels of p62 and KEAP1 were detected by Western blot. (A and B; lower panels) The
relative band intensities of proteins presented in (A and B) were quantitated by densitometric scanning and are presented as the fold of control group; and the statistical

calculation from blots more than three independent experiments are shown (n=4). The results are presented as the means ± S.D. *P<0.05 compared with Con. group.
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three washes with TBST, the blots were visualized with

enhanced chemiluminescence using a ChemiDoc-It®

Imaging System (UVP Inc., Upland, CA, USA). ImageJ

software (National Institutes of Health, USA) was used to

quantify Western blot results.

Quantitative Real-Time PCR
Quantitative real-time PCR (qPCR) analysis was car-

ried out using Taqman® one-step PCR Master Mix

(Applied Biosystems, Foster City, CA, USA). One

hundred ng of total cDNA was added per 20-µL reac-

tion with sequence-specific primers and Taqman

probes. Sequences for all target gene primers and

probes were purchased commercially (β-actin served

as the internal control) from Applied Biosystems.

Quantitative RT-PCR assays were carried out in tripli-

cate on a StepOnePlus sequence detection system

(Applied Biosystems). Cycling conditions consisted of

10 min of polymerase activation at 95°C followed by

40 cycles at 95°C for 15 sec and 60°C for 60 sec. The

threshold was set above the non-template control

background and within the linear phase of target gene

amplification to calculate the cycle number at which

the transcript was detected (denoted as CT).

Immunofluorescence Staining
BC cells were seeded on chamber slides (5 x 103 cells/

well) for 24 hrs before the experiment. After treatment

with miconazole alone or in the presence with ROS

inhibitors (catalase, DPI and NAC) for 24 hrs. Cells

were washed three times with PBS and fixed in 3.7%

formaldehyde for 10 mins at room temperature. Cells

were washed three times with PBS and blocked with 4%

BSA for 15 mins. Cells were then incubated with the

p62 (Abcam; Cambridge, UK; cat. No. ab109012) or

NRF2 (Genetex; cat. No. GTX103322) primary antibo-

dies (1:100) overnight at 4°C. Twenty-four hour later,

the cells were washed again by PBS for three times and

incubated with Alexa Fluor 488 secondary antibody

(1:100) for 1 hr. Finally, cells were washed, mounted

with DAPI-containing solution, and photographed with a

Nikon Ti2 microscopy System.

Figure 3 Miconazole activates p62-KEAP1-NRF2 pathway in a time-dependent manner in bladder cancer cells. (A and B; upper panels) T24 and 5637 BC cells

were treated with the increased time course of miconazole (25 μM), total proteins were extracted and expression levels of p62, KEAP1 and NRF2 were detected

by Western blot. (C; upper panel) T24 BC cells were transfected with p62 siRNA or negative control siRNA for 24 h, followed by treated with miconazole (25

μM) for further 24 hrs, and expression levels of p62 and NRF2 were evaluated by Western blot. (A–C; lower panels) The relative band intensities of proteins

presented in (A–C) were quantitated by densitometric scanning and are presented as the fold of control group; and the statistical calculation from blots of three

independent experiments are shown (n=3). The results are presented as the means ± S.D; *P<0.05 compared with Con.; #P<0.05 compared with the miconazole

treatment group.
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ROS Detection
Molecular Probes™ CM-H2DCFDA was purchased from

Thermo Fisher Scientific (Waltham, MA, USA) to exam-

ine the production of ROS in bladder cancer cells. The

cells were incubated with different concentrations of mico-

nazole (0, 12.5, 25, or 50 μM) for 24 hrs, were washed

twice with PBS, trypsinized into PBS and centrifuged at

5000 g for 3 mins at 4°C. Then, collected cells were

incubated with 25 μM CM-H2DCFDA for 45 mins at

37°C. The cells were washed, and CM-H2DCFDA fluor-

escence in the cells was monitored using a flow cytometer.

Statistics
All experiments were performed at least three times, each

time in triplicate. Data from two experimental groups were

analyzed using the Student’s t test and multiple group

comparisons were performed using one-way analysis of

variance (one-way ANOVA) with Bonferroni’s post hoc

tests. Statistical significance was expressed as the mean ±

standard deviation (S.D.). A p-value of <0.05 was consid-

ered statistically significant.

Results
Miconazole Treatment Contributes to

NRF2 Protein Expression in Bladder

Cancer Cells
To examine the effects of miconazole on NRF2 expression,

T24 and 5637 bladder cancer cells were incubated with

miconazole (24 hrs) in different concentrations (0, 6.25,

12.5, or 50 μM). Levels of NRF2 protein expression were

Figure 4 Miconazole promotes NRF2 nuclear translocation in bladder cancer cells. (A and B) T24 and 5637 bladder cancer cells were treated with increased

concentrations of miconazole for 24 h, then subjected to immunofluorescence staining by anti-p62 and -NRF2 antibodies. Nuclei were counterstained with DAPI.

Representative microscopy images were shown.
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investigated by Western blot. As shown in Figure 1, the

treatment of bladder cancer cells with miconazole increased

NRF2 protein expression in a dose-dependent manner.

Miconazole Treatment Activates a P62-

KEAP1 Noncanonical Pathway

Responsible for NRF2 Activation
To explore the mechanism that regulates NRF2 activation,

we investigated levels of KEAP1 and p62 expression,

which lead to noncanonical activation of NRF2 after mico-

nazole incubation. We found that miconazole treatment

inhibited KEAP1 protein expression and increased p62

expression, suggesting the activation of the p62-KEAP1

noncanonical pathway (Figure 2). When we examined the

effect of miconazole on NRF2 expression in bladder can-

cer cells incubated with miconazole (25 μM) for different

time intervals (0, 12, 24, or 48 h), miconazole promoted

NRF2 protein expression level in a time-dependent man-

ner (Figure 3A and B), via the p62-KEAP1 noncanonical

pathway examined by p62 siRNA (Figure 3C). In order to

confirm NRF2 activation after miconazole treatment, we

investigated NRF2 nuclear translocation by cell immuno-

fluorescence. The data revealed dose-dependent increases

in NRF2 nuclear translocation and p62 protein expression

in the presence of miconazole in bladder cancer cells

(Figure 4).

Miconazole Increases P62 and NRF2

Transcription Levels in Bladder Cancer

Cells
We next evaluated the transcription levels of NRF2 and its

corresponding regulators, p62 and KEAP1, after micona-

zole treatment in bladder cancer cells. The cells were

treated with miconazole in dose- and time-course experi-

ments as described in Figures 1 and 3, and real-time qPCR

determined NRF2, p62 and KEAP1 mRNA expression.

Miconazole promoted increases in mRNA expression

levels of NRF2 and p62 (Figures 5 and 6), although no

Figure 5 Miconazole increases transcriptional levels of NRF2 and p62 but not KEAP1 in a dose-dependent manner. (A and B) T24 and 5637 bladder cancer cells were

treated with different concentrations of miconazole for 24 hrs, total mRNA were extracted from cells, and expression levels of NRF2, p62 and KEAP1 were detected by

qPCR. Results are expressed as the mean ± S.D of triplicate samples (n=6). *P < 0.05 compared to the Con. group.
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significant changes in KEAP1 transcription levels were

observed following miconazole exposure. This lack of

response suggests that miconazole may suppress KEAP1

protein expression through post-translation regulation such

as p62-dependent proteasomal degradation.

ROS Generation Is Required for

Activation of the P62-KEAP1-NRF2

Noncanonical Pathway After Miconazole

Exposure
NRF2 activation is the major regulator of cytoprotective

responses to ROS-induced oxidative stress and restores

redox balance.27 We, therefore, evaluated ROS production

after miconazole incubation. We found that miconazole

increased ROS levels in bladder cancer cells, and pretreat-

ment with the ROS scavenger N-acetylcysteine (NAC)

reversed ROS production (Figure 7A). To ascertain whether

ROS production is responsible for the p62-KEAP1 nonca-

nonical pathway that activates NRF2, we pretreated bladder

cancer cells with ROS scavengers including catalase, diphe-

nyleneiodonium (DPI) and NAC, followed by miconazole

exposure. Levels of p62 and NRF2 expression were

assessed by Western blot and real-time qPCR. We found

that NAC and DPI, but not catalase, dramatically abrogated

p62 and NRF2 up-regulation after miconazole treatment,

suggesting that miconazole-induced NRF2 activation is

mediated through the superoxide-generating NADPH oxi-

dase (NOX) (Figure 7B–D).

Discussion
It is well established that NRF2 plays a critical role in

adaptive cellular responses to oxidative stress.1 The discov-

ery of novel NRF2 activators has attracted attention for their

therapeutic potential in chronic inflammation and cancer.

Our present study shows that miconazole, a widely used

antifungal agent, promotes NRF2 expression through the

noncanonical p62-KEAP1 pathway in bladder cancer cells.

Miconazole also promotes ROS generation, which is

Figure 6 Miconazole increases transcriptional levels of NRF2 and p62 but not KEAP1 in a time-course investigation. (A and B) T24 and 5637 bladder cancer cells were

treated with 25 μM of miconazole for 0 hrs, 12 hrs, 24 hrs and 48 hrs, total mRNA were extracted from cells, and expression levels of NRF2, p62 and KEAP1 were detected

by qPCR. Results are expressed as the mean ± S.D of triplicate samples (n=6). *P < 0.05 compared to the Con. group.
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responsible for p62-KEAP1-NRF2 expression in bladder

cancer. Many natural and synthetic compounds have been

identified as NRF2 activators and implicated in cancer

therapy including sulforaphane, curcumin, resveratrol,

lycopene, oleanane triterpenoid.28 Our findings conclu-

sively support the use of miconazole in a novel application,

as an NRF2 activator in the treatment of bladder cancer.

Typical NRF2 activation is accompanied by modifica-

tion of KEAP1 cysteine residues that protect NRF2 from

ubiquitylation, allowing NRF2 accumulation and subse-

quently nuclear translocation. Finally, NRF2 binds to its

responsible DNA element AREs and exerts cytoprotective

functions.29,30 Here, we found that miconazole improved

levels of p62 protein expression, whereas miconazole sup-

pressed KEAP1 in bladder cancer cells. qPCR results indi-

cated a close alignment between p62 mRNA expression and

protein levels. However, transcription levels of KEAP1

were not decreased after treatment with miconazole. This

Figure 7 ROS scavengers reverse p62-KEAP1-NRF2 pathway activation in bladder cancer cells. (A) T24 cells were pretreated with or without ROS scavenger NAC (1mM)

for 1 hr, followed by incubated with different concentrations of miconazole for 24 hrs. The cells were stained with ROS detection probe, then subjected to flow cytometry

to analyze ROS generation. The quantification of relative intensity was shown in the lower panel. (B and C) T24 cells were pretreated with different ROS scavengers

(catalase, an H2O2 scavenger, 3500 U; DPI, a NOX-specific inhibitor, 10 μM; NAC, a general ROS scavenger, 1 mM) for 1 hr followed by treated with miconazole (25 μM) for

24 hrs. The protein and mRNA expression of p62, NRF2 and KEAP1 were evaluated by Western and qPCR. (D) T24 cells were pretreated as described above, then

immunofluorescence staining was performed with anti-p62 and -NRF2 antibodies. Nuclei were counterstained with DAPI. Representative microscopy images were shown.

Results are expressed as the mean ± S.D of triplicate samples (n=5). *P<0.05 compared with Con.; #P<0.05 compared with the miconazole treatment group.
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finding does not match with our investigations in protein

expression levels, revealing that KEAP1 down-regulation is

caused by translational or post-translational regulation. A

previous report indicates that p62 accumulation in the non-

canonical pathway interacts with KEAP1, sequestering

KEAP1 into the autophagosomes, abrogating the ubiqui-

tin-proteasomal degradation of NRF2 and leading to activa-

tion of the NRF2 response genes.31 Moreover, a previous

study has indicated that KEAP1 serves as a p62-regulated

substrate for autophagy-mediated degradation.18 Our

results suggest that miconazole-induced inhibition of

KEAP1 protein expression may be controlled by p62-

mediated degradation. The detailed mechanisms need to

be explored in future research.

NRF2 is a major cellular defense regulator responsible

for controlling those genes whose biological functions par-

ticipate in the elimination of reactive oxidants. Through

binding to its cis-acting element ARE, NRF2 can drive the

expression of various antioxidant enzymes such as glu-

tathione-s-transferase (GST), NAD(P)H quinone reductase

1 (NQO1) and heme oxygenase (HO-1).32 Alteration of the

cellular redox balance elevates ROS and triggers the tran-

scriptional activity of NRF2.1 Our results demonstrate that

miconazole improved ROS production in bladder cancer

cells, which in turn elicited NRF2 activation. Pretreatment

with ROS scavengers abolished NRF2 expression and

nuclear translocation, revealing the pivotal role of ROS in

miconazole-induced NRF2 activation. Interestingly, only

the ROS scavenger NAC and the NOX-specific inhibitor

DPI reversed this response, whereas hydrogen peroxide

(H2O2) scavenger catalase had no such effect, suggesting

that miconazole triggered the NRF2 pathway via NOX-

dependent regulation.

Conclusion
Miconazole is a commonly used antifungal agent in the

treatment of fungal infection, and more recently, has been

used in the treatment of different tumors.23–25 We have

identified that miconazole is a novel NRF2 activator that

may possess chemoprotective properties against antioxi-

dant stress as well as chemopreventive properties. Our

study confirms that miconazole promotes NRF2 activation

through the p62-KEAP1 noncanonical pathway. In conclu-

sion, our data add to the growing body of evidence indi-

cating that NRF2 activators could be used as safe and

effective agents for the chemoprevention of cancer and

many other diseases.33 Preclinical testing of miconazole

is warranted.
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