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Abstract. Nrf2 is a crucial transcription factor that controls a critical anti-oxidative stress defense system

and is implicated in skin homeostasis. Apigenin (API), a potent cancer chemopreventive agent, protects

against skin carcinogenesis and elicits multiple molecular signaling pathways. However, the potential

epigenetic effect of API in skin cancer chemoprotection is not known. In this study, bisulfite genomic

DNA sequencing and methylated DNA immunoprecipitation were utilized to investigate the

demethylation effect of API at 15 CpG sites in the Nrf2 promoter in mouse skin epidermal JB6 P+

cells. In addition, qPCR and Western blot analyses were performed to evaluate the mRNA and protein

expression of Nrf2 and the Nrf2 ARE downstream gene, NQO1. Finally, the protein expression levels of

DNA methyltransferases (DNMTs) and histone deacetylases (HDACs) were evaluated using API and

the DNMT/HDAC inhibitor 5-aza/ trichostatin A. Our results showed that API effectively reversed the

hypermethylated status of the 15 CpG sites in the Nrf2 promoter in a dose-dependent manner. API

enhanced the nuclear translocation of Nrf2 and increased the mRNA and protein expression of Nrf2 and

the Nrf2 downstream target gene, NQO1. Furthermore, API reduced the expression of the DNMT1,

DNMT3a, and DNMT3b epigenetic proteins as well as the expression of some HDACs (1–8). Taken

together, our results showed that API can restore the silenced status of Nrf2 in skin epidermal JB6 P+

cells by CpG demethylation coupled with attenuated DNMT and HDAC activity. These results may

provide new therapeutic insights into the prevention of skin cancer by dietary phytochemicals.
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INTRODUCTION

Skin cancers are the most common types of cancer in the
US and worldwide (1,2). It is estimated that 81,220 men and
women will be diagnosed with the disease in 2014 and that
12,980 will die (3). Ultraviolet radiation (UVR) between 200
and 400 nm is the most important risk factor leading to DNA
damage, inflammation, immune impairment, and epigenetic
modifications (4–6). Accumulating evidence shows that
epigenetic silencing of critical tumor suppressor genes plays
a role in cancer development and that enhanced DNA
methylation at the C5 cytosine position of the CpG dinucle-
otides in the CpG island is associated with a transformed
phenotype (7). In epidermis that is chronically exposed to
UVR, there is a strong correlation among DNA methylation,
augmented activity of DNA methyltransferases (DNMTs),
and histone modifications (7). Thus, DNA methylation
represents an early molecular event that precedes the
observation of actual neoplastic lesions on the epidermis

(8). In this context, diverse studies have revealed aberrant
promoter methylation of many genes involved in critical
cellular processes, including CDH1, CDH3, LAMA3,
LAMC2, RASSF1A, BCL7a, PTPRG, thrombospondin 4,
p73, p16, CHFR, p15, and TMS1 (6,8–10).

The deregulation of the antioxidant defense system has
been gaining increased attention because it promotes toxicity
and the neoplastic progression of cancer (11–13). In this
context, we have reported that erythroid 2p45 (NF-E2)-
related factor 2 (Nrf2), a basic region leucine zipper (bZIP)
transcription factor that regulates the expression of many
phase II detoxifying/antioxidant enzymes, is suppressed
epigenetically by promoter CpG methylation/histone modifi-
cations in association with MBD2 in prostate tumors from
TRAMP mice and tumorigenic TRAMP C1 cells (14). In
addition, we have recently demonstrated that Nrf2 is down-
regulated in 12-O-tetradecanoylphorbol-13-acetate (TPA)-
induced neoplastic transformation of mouse skin epidermal
JB6 P+cells (12). Thus, the reversible nature of epigenetic
modifications is an attractive strategy to correct abnormal
skin DNA methylation patterns using DNMT inhibitors, such
as 5-azadeoxycytidine (5-aza) and 5-aza′-2-deoxycytidine
(decitabine), or histone deacetylase (HDAC) inhibitors, such
as romidepsin, trichostatin A (TSA), or vorinostat. However,
the therapeutic use of these agents has been limited because
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of unacceptable toxic effects and the lack of gene modulation
specificity (15). Thus, phytochemicals with minor side effects
that have DNA methylation modulating properties are a
promising alternative for skin cancer chemoprevention (16).

Apigenin (API) is the most important and active
flavonoid present in chamomile flowers (Matricaria recutita

L.), a common component of many skin formulations used in
folk medicine since the time of Hippocrates in 500 BC (17).
API has long been recognized to be active against skin
carcinogenesis, exerting a broad spectrum of activities,
including DNA damage prevention, cell cycle arrest, and
apoptosis induction, as well as immunomodulatory and anti-
inflammatory effects with high tumor specificity activity, low
toxicity, and the ability to penetrate deep skin layers in mice
and humans (18–22). Thus, topical application of API
potently suppresses epidermal ornithine decarboxylase activ-
ity, which directly promotes skin carcinogenesis by enhancing
cell proliferation, angiogenesis, and metastasis in susceptible
mouse strains after administration of TPA or UV irradiation
(23,24). Moreover, API treatment of SENCAR mice reduces
p a p i l l om a i n c i d e n c e i n d u c e d b y TPA / 7 , 1 2 -
dimethylbenz(a)anthracene (DMBA) by more than 50%,
thereby reducing the conversion from papilloma to carcinoma
and increasing the latency period for tumor conversion (23).
Similarly, a reduction in tumorigenesis has been observed
after topical application of API in SKH-1 mice exposed to
chronic UV irradiation (24) and in intraperitoneal adminis-
tration in syngeneic C57BL6 mice injected with B16–BL6
cells (25). Interestingly, API induces epigenetic modifications
due to its capacity to produce 5-methylcytosine inhibition in
the human KYSE-510 esophageal squamous cell carcinoma
cell line (26) and HDAC inhibition in PC3 and 22Rv1
prostate cancer cell lines (27). In this study, we investigated
the potential of API to restore the expression of Nrf2 through
DNA methylation in the preneoplastic epidermal JB6 P+cell
line.

MATERIALS AND METHODS

Reagents

All chemicals, including API, dimethyl sulfoxide
(DMSO), 5-aza-2′-deoxycytidine (5-aza), and TSA, were
purchased from Sigma (St. Louis, MO). The murine skin
epidermal JB6 P+cell line, Cl 41-5a, was purchased from
American Type Culture Collection (ATCC, Rockville, MD).
JB6 P+cells were maintained in minimum essential media
(MEM) supplemented with 5% (V/V) fetal bovine serum
(FBS; GiBco, Invitrogen Corp., USA), 100 U/ml penicillin
and 100 μg/ml streptomycin. Cells were maintained in a
humidified incubator with 5% CO2 at 37°C.

MTS Assay

JB6 P+cells were cultured in 96-well plates using MEM
containing 5% FBS at densities of 2×105 cells/ml for the 1-
and 3-day treatments and 5×104 cells/ml for the 5-day
treatment. After 24 h, the cells were treated with MEM/1%
FBS and various concentrations of API using 0.1% DMSO as
a control. For the 3- and 5-day treatments, the medium
containing drugs was changed every 2 days. The cytotoxicity

of API was tested using the CellTiter 96 aqueous non-
radioactive cell proliferation MTS assay [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium, inner salt; MTS] (Promega,
Madison, WI). After the 1-, 3-, and 5-day treatments, the
JB6 P+cells were treated with the MTS solution for 1 h at
37°C. Absorbance of the formazan product was read at
490 nm using a μQuant Biomolecular Spectrophotometer
(Bio-Tek Instruments Inc., Winooski, VT), and cell viability
was calculated in comparison with the control DMSO.

RNA Extraction and Quantitative Real-Time PCR

JB6 P+cells were cultured in 10-cm plates using MEM
containing 1% FBS at a density of 5×103 cells/ml. After 24 h,
the cells were treated with 1.56 or 6.25 μM API for 5 days
using 0.1% DMSO and 100 nM 5-aza as negative and positive
controls, respectively. The medium containing drugs was
changed every 2 days. For the 5-aza/TSA treatment, 100 nM
TSAwas added to the 5-aza-containing medium on day 4, and
the cells were cultured for an additional 24 h. The cells were
then harvested for RNA isolation. Total RNA was extracted
using the RNeasy Mini Kit (QIAGEN, Valencia, CA). First-
strand cDNA was synthesized from 1 μg of total RNA using
the SuperScript III First-Strand Synthesis System for RT-PCR
(Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. The cDNA was used as the template for
quantitative real-time PCR (qPCR) with Power SYBR
Green PCR Master Mix (Applied Biosystems, Carlsbad,
CA) in an ABI7900HT system. The following sequences for
the Nrf2 and NQO1 primers were used: Nrf2, 5′-
GGCAGAGACATTCCCATTTGTAG-3′ (sense) and 5′-
TCGCCAAAATCTGTGTTTAAGGT-3′ (antisense); and
NQO1, 5′-CAGAAATGACATCACAGGTGAGC-3′
(sense) and 5′-CTAAGACCTGGAAGCCACAGAAA-3′
(antisense). β-Actin was used as an internal control with

Fig. 1. API exhibits cytotoxicity against JB6 P+cells. Cells were

seeded in 96-well plates in 5% MEM for 24 h. The cells were then

incubated in fresh medium with API for 1, 3, or 5 days at different

concentrations (1.56 to 50 μM), as described in the “Materials and

Methods.” Cell viability was determined and calculated using the

MTS assay. The data are expressed as the mean±SD (n=3). Asterisk

indicates significant differences (p<0.05) in cell viability in compar-

ison with the control
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sense (5′-CGTTCAATACCCCAGCCATG-3′) and antisense
(5′-GACCCCGTCACCAGAGTCC-3′) primers.

Protein Lysate Preparation and Western Blotting

JB6 P+cells were treated using the procedures described
above. After the 5 days of treatment, cells were harvested
using RIPA buffer supplemented with a protease inhibitor
cocktail (Sigma, St. Louis, MO) to obtain whole protein
lysate. In the case of nuclear protein extraction, the NEPER
Nuclear and Cytoplasmic Protein Extraction Kit (Pierce,
Rockford, IL) was used according to the manufacturer’s
instructions. The protein concentrations of the cleared lysates
were determined using the bicinchoninic acid method (Pierce,
Rockford, IL), and 20 μg of total protein from each sample
was mixed with 5 μl of Laemmli’s sodium dodecyl sulfate
(SDS)-sample buffer (Boston Bioproducts, Ashland, MA,
USA) and denatured at 95°C for 5 min. The proteins were
separated using 4–15% SDS-polyacrylamide gel

electrophoresis (Bio-Rad, Hercules, CA) and were then
transferred to a polyvinylidene difluoride membrane
(Millipore, Bedford, MA) followed by blocking with 5%
BSA in Tris-buffered saline-0.1% Tween 20 buffer. The
membrane was then sequentially incubated with specific
primary antibodies and HRP-conjugated secondary antibod-
ies. The blots were visualized by the SuperSignal enhanced
chemiluminescence detection system and recorded using a
Gel Documentation 2000 system (Bio-Rad, Hercules, CA).
The primary antibodies were purchased from different
sources as follows: anti-Nrf2, anti-NQO1, anti-β-actin, and
anti-Lamin A antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA); anti-DNMT1, anti-
DNMT3a, and anti-DNMT3b antibodies were purchased
from IMGENEX (San Diego, CA); anti-HDAC1 to anti-
HDAC6 antibodies were purchased from Cell Signaling
(Boston, MA); anti-HDAC7 antibody was purchased from
Millipore (Bedford, MA); and anti-HDAC8 antibody was
purchased from Proteintech (Chicago, IL).

Fig. 2. API decreases the methylation level of 15 CpG sites in the Nrf2 promoter in JB6 P+cells. The

methylation level at the 15 CpG sites in the Nrf2 promoter was determined using bisulfite genomic

sequencing (BGS), as described in the “Materials and Methods.” The 15 CpGs sites were located between -

1226 and -863 of the murine Nrf2 gene with the translational start site defined as +1. The cells were seeded

and treated for 5 days with 1.56 and 6.25 μM API as well as the combination of 5-aza/TSA. Black dots

indicate methylated CpGs, and open circles indicate non-methylated CpGs. The values are the mean±SD of

at least ten clones from three independent experiments. Asterisk and number sign indicate significant

differences (p<0.05 and p<0.01, respectively) in methylation level in comparison with control DMSO
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Bisulfite Genomic Sequencing (BGS)

Genomic DNA was isolated from DMSO-, API-, or 5-aza/
TSA-treated JB6 P+cells using the QIAamp® DNA Mini Kit
(Qiagen, Valencia, CA). The bisulfite conversion was performed
using 500 ng of genomic DNA with the EZ DNA Methylation
Gold Kit (Zymo Research Corp., Orange, CA) following the
manufacturer’s instructions. The converted DNA was amplified
by PCR using Platinum Taq DNA polymerase (Invitrogen,
Grand Island, NY) and primers that amplify the 15 CpG sites
located between -1226 and -863 of the murine Nrf2 gene with the
translational start site defined as +1. The sequences of the primers
were as follows: 5′-AGTTATGAAGTAGTAGTAAAAA-3′
(sense) and 5′-AATATAATCTCATAAAACCCCAC-3′ (anti-
s e n s e ) f o r t h e fi r s t fi v e CpG s i t e s ; a n d 5 ′ -
TTAAAAATAGTTTGAGAGGTG-3′ (sense) and 5′-
ACCCCAAAAAAATAAATAAATC-3′ (antisense) for the
next ten CpG sites. The PCR products were cloned into the
pCR4 TOPO vector using a TOPO™ TA Cloning Kit
(Invitrogen, Carlsbad, CA). Plasmids from at least ten colonies
of each treatment group were prepared using the QIAprep Spin
Miniprep Kit (Qiagen, Valencia, CA) and were sequenced
(Genwiz, Piscataway, NJ).

Methylated DNA Immunoprecipitation (MeDIP) Analysis

MeDIP analysis was performed with a MagMeDIP
Kit (Diagenode, Denville, NJ) according to the

manufacturer’s instructions as described previously
(14,28). Briefly, the extracted DNA from the treated JB6
P+cells was sonicated on ice to approximately 100–500 bp.
The fragmented DNA was denatured at 95°C for 3 min
and subjected to immunoprecipitation overnight at 4°C.
After incubation, the DNA contained on the magnetic
beads with an anti-methylcytosine antibody (Anaspec,
Fremont, CA), and an anti-c-Myc antibody (as a negative
control; Santa Cruz, Santa Cruz, CA) was isolated for use
in PCR and qPCR assays . The pr imer s , 5 ′ -
TTTCTAGTTGGAGGTCACCACA-3′ (sense) and 5′-
CCCAGGGAGATGGATGAGT-3′ (antisense), were used
to cover the DNA sequence of the 15 CpG sites of
murine Nrf2 from position -1,226 to -863 with the
translational start site defined as +1. The enriched MeDIP
DNA content was calculated on the basis of the calibra-
tion of the serial dilution of input DNA by qPCR, and the
relative methylated DNA ratios were calculated on the
basis of the control, which was defined as 100% methyl-
ated DNA (29).

Statistical Analysis

All experiments were performed at least three times with
similar results. Statistical tests were performed using Stu-
dent’s t test. All pvalues were two-sided, and a pvalue<0.05
was considered statistically significant.

RESULTS

API Exhibits Cytotoxicity Against JB6 P+Cells

The cell viability of JB6 P+cells was analyzed to
determine the cytotoxic effect of API using a MTS assay.
The results showed that API treatments decreased cell
viability in a dose-dependent manner at 1, 3, and 5 days after
treatment (Fig. 1). Low concentrations of API (<6.25 μM)
were much less toxic than higher concentrations (50 μM).
Because the viability of cells treated with 6.25 μM API was
greater than 70%, API concentrations of 1.56 and 6.25 μM
were selected for subsequent studies of epigenetic modifica-
tions of the Nrf2 gene promoter.

API Decreases the Methylation Level of 15 CpG Sites in the

Nrf2 Promoter in JB6 P+Cells

We previously demonstrated that the transcriptional
activity of Nrf2 is significantly downregulated when the
firs t 15 CpG sites of the Nrf2 promoter are
hypermethylated in JB6 P+cells (12). Therefore, we
performed bisulfite genomic sequencing (BGS) to deter-
mine whether API treatment demethylated these CpG
sites during a 5-day treatment with 0.1% DMSO and the
combination of 5-aza/TSA (100/100 nM) as controls. We
found that JB6 P+cells treated with DMSO were highly
methylated (85%; Fig. 2), which was in agreement with
our previous studies (12). Treatments with API signifi-
cantly decreased (p<0.05) the methylation status of these
CpG sites in a dose-dependent manner (Fig. 2). Similarly,
the combination of the DNMT/HDAC inhibitors (5-aza/
TSA) showed significant demethylation (p< 0.05)

Fig. 3. API significantly decreases the binding of anti-methyl cytosine

antibody to the 15 CpGs sites in the Nrf2 promoter in JB6 P+cells.

Methylated DNA immunoprecipitation (MeDIP) was performed as

described in the “Materials and Methods” using the MagMEDIP kit.

The immunoprecipitated DNA and inputs were analyzed by qPCR

using primers covering the 15 CpG sites in the Nrf2 promoter. The

relative amount of MeDIP DNA was calculated using a standard

curve of delta CT values obtained by serial dilution of the inputs. The

relative values were then compared with the DMSO control, which

was defined as 100% of methylated DNA. The values are expressed

as the mean±SD of three separate samples. Asterisk and number sign

indicate significant differences (p<0.05 and p<0.01, respectively) in

the relative methylated DNA ratio in comparison with control

DMSO
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compared with DMSO-treated cells (63%; Fig. 2). These
results strongly suggested that API demethylated the Nrf2
promoter in a dose-dependent manner and acted prefer-
entially on the last ten CpG sites analyzed (Fig. 2).

API Significantly Decreases the Binding of Anti-methyl

Cytosine Antibody to the 15 CpG Sites in the Nrf2

Promoter in JB6 P+Cells

To confirm our findings, we performed a methylated
DNA immunoprecipitation (MeDIP) assay in which meth-
ylated DNA fragments are enriched via immunoprecipita-
tion with an anti-methylcytosine (anti-MeCyt) antibody
that binds specifically to methylated cytosine. The
enriched methylated DNA was used as the template for
qPCR analysis to amplify the Nrf2 promoter region
containing the CpG sites of interest (Fig. 3). The qPCR
results showed that API and the 5-aza/TSA combination
significantly reduced the total amount of MeCyt enrich-
ment of the 15 CpG sites in the Nrf2 promoter compared
to the control (p<0.05). Thus, these results strongly
suggested that API can reverse the methylation level of
these specific CpG sites in the Nrf2 promoter in JB6 P+
cells.

API Increases mRNA and Protein Expression Levels of Nrf2

and Nrf2 Downstream Genes

We have previously demonstrated that Nrf2 and Nrf2
downstream genes are decreased in JB6 P+cells (12). To
evaluate whether the demethylation induced by API in
the promoter region of Nrf2 contributed to the transcrip-
tional activation of Nrf2 and Nrf2 downstream genes, we
first examined the expression of Nrf2 and NQO1 by
qPCR (Fig. 4a). The results revealed that the gene
expression levels of Nrf2 and the ARE-mediated gene
NQO1 were significantly (p<0.05) increased in API-
treated JB6 P+cells in a dose-dependent manner com-
pared with the control. Similarly, the gene expression
levels of Nrf2 and NQO1 were also significantly (p<0.05)
increased in the 5-aza/TSA treatment. We next assessed
the protein levels of Nrf2 and NQO1 by Western blot
analysis. Figure 4b shows that the protein levels of the
Nrf2 and the Nrf2 downstream gene NQO1 were in
agreement with the previous findings, especially at the
higher dose of API for Nrf2. Interestingly, NQO1 protein
expression was high in the 5-aza/TSA treatment. In order
to confirm the effect of API in JB6 P+cells, we assessed
the nuclear translocation of Nrf2 induced by API. After
5 days of treatment, API at 1.56 and 6.25 μM significantly

Fig. 4. API increases the level of mRNA and protein expression of Nrf2 and the Nrf2

downstream gene, NQO1. a Relative fold changes of mRNA expression of Nrf2 and

NQO1 in JB6 P+cells treated with API, DMSO, and the DNMT/HDAC inhibitor (5-aza/

TSA) combination. After 5 days of treatment, mRNA expression was determined using the

ABI7900HT qPCR system. Normalization of gene expression data was performed using β-

actin as an internal control. The data are expressed as the mean±SD of three independent

experiments. The primer sequences are described in the “Materials and Methods.” Asterisk

and number sign indicate significant differences (p<0.05 and p<0.01, respectively) in

relative mRNA expression level in comparison with control DMSO. b Protein expression

level of Nrf2 and the downstream gen NQO1 in JB6 P+cells treated with DMSO, API, and

the DNMT/HDAC inhibitor (5-aza/TSA) combination for 5 days. Asterisk and number sign

indicate significant differences (p<0.05 and p<0.01, respectively) in relative protein

expression in comparison with control DMSO. The images were analyzed using ImageJ

software (NIH, http://rsbweb.nih.gov/ij/). The protein expression level was normalized with

β-actin (a complete description of the procedure and antibodies used is presented in the

“Materials and Methods”)
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increased the nuclear translocation of the Nrf2 protein in
JB6 P+cells compared with the control group (Fig. 5).
These results suggest that API has the potential to
increase the Nrf2-mediated mRNA and protein expression
of Nrf2 downstream genes, which might be correlated with
the increased cellular expression and nuclear translocation
of Nrf2 in JB6 P+cells.

API Induces Modifications in the Expression of DNMT

and HDAC Proteins

Because DNA methylation occurs at the 5′ position of
the cytosine residue within CpG dinucleotides through the
addition of a methyl group by DNA methyltransferases
(DNMTs), including DNMT1, DNMT3A, and DNMT3B
(11), we next evaluated the effect of API on DNMT protein
expression. Figure 6a shows that API decreased the expres-
sion of all DNMTs, especially DNMT1 and DNMT3b, at the
higher dose. Furthermore, the expression of all DNMTs was
also decreased by the combination treatment of 5-aza/TSA as
expected.

Previous studies have reported that API decreases
HDAC class I activity, specifically HDAC1 and HDAC3
proteins, in prostate cancer cells with a concomitant global

acetylation of histones H3 and H4 (27). To assess the effect of
API on HDAC proteins in JB6 P+cells, we evaluated HDAC
class I and class II proteins. We observed that API decreased
the expression of HDACs (1–8) in a dose-dependent manner
(Fig. 6b). Nevertheless, HDAC1 and HDAC5 proteins were
slightly decreased at the higher dose of API, but the
expression of HDAC3, HDAC4, HDAC6, and HDAC8
was affected by both doses. Interestingly, the combination
of 5-aza/TSA dramatically decreased the protein expres-
sion of all HDAC proteins assessed, except for HDAC7,
which was not affected compared with the control. Taken
together, API decreased DNMT and HDAC expression in
a dose-dependent manner, which was in general compara-
ble with the 5-aza/TSA combination treatment at the
higher dose.

DISCUSSION

The generation of reactive oxygen species (ROS) is an
essential metabolic process for maintaining homeostasis in the
human body, and it serves as an important sensor in skin
(11,30). Thus, ROS at low levels initiate cell cycle arrest and
promote DNA repair mechanisms, but ROS at high levels
initiate apoptosis though activation of death receptor signal-
ing (30). The imbalance between the generation of ROS and
the anti-oxidative stress defense systems in the body can be
highly deleterious to the cells because they need effective
mechanisms for detoxification, such as the ARE gene
machinery orchestrated by Nrf2, which contributes to the
preservation of skin homeostasis (11,31). Previously, we have
reported the critical role of Nrf2, a key transcription factor
that regulates the expression of many phase II detoxifying/
antioxidant enzymes, in the classical 2 stage carcinogenesis
model with the DMBA chemical carcinogen and the tumor
promoter TPA-induced skin cancer in Nrf2 KO mice (32).
Thus, the transcriptional repression of Nrf2 and ARE target
genes contributes to cell transformation allowing enhanced
effects of carcinogens due to impaired functional protection
(33,34). We have also demonstrated that Nrf2 expression is
regulated by epigenetic mechanisms during tumor promoter
TPA-induced mouse skin cell transformation, thereby sug-
gesting the epigenetic reactivation of Nrf2 and the subsequent
induction of Nrf2 downstream target genes involved in
cellular protection (12).

In contrast, in vitro and in vivo studies have shown that
API is an active compound against skin carcinogenesis (19)
and targets many pathways as follows: G1 cell cycle arrest
with the induction of p21/WAF1 (35) and G2/M cell cycle
arrest inducing the inhibition of the p34 (cdk2) kinase

Fig. 5. API increases the level of the nuclear translocation of the

Nrf2 protein. JB6 P+cells were treated with DMSO and API for

5 days. Asterisk and number sign indicate significant differences (p<

0.05 and p<0.01, respectively) in relative protein expression in

comparison with control DMSO. The images were analyzed by

ImageJ software (NIH, http://rsbweb.nih.gov/ij/). The protein expres-

sion level was normalized with Lamin A (a complete description of

the procedure and antibodies used is presented in the “Materials and

Methods”)

Fig. 6. API changes the expression of DNMT and HDAC proteins. a

Protein expression level of DNMT1, DNMT3a, and DNMT3b. b

Protein levels of the HDAC (1–8) enzymes. JB6 P+cells were treated

with DMSO, API, or the DNMT/HDAC inhibitor (5-aza/TSA)

combination for 5 days. Asterisk and number sign indicate significant

differences (p<0.05 and p<0.01, respectively) in relative protein

expression in comparison with control DMSO. The images were

analyzed by ImageJ software (NIH, http://rsbweb.nih.gov/ij/). The

protein expression level was normalized with β-actin (a complete

description of the procedure and antibodies used is presented in the

“Materials and Methods”)

b
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independent activation of p21/WAF1 (36), p53 stabilization,
and p53 expression through the modulation of p53–HuR
protein interaction (37), blockade of protein kinase C activity
(38), inhibition of inducible cyclo-oxygenase-2 (COX-2)
(39,40), and inhibition of Src kinase (41). Thus, more than
150 human cellular targets associated with API have been
identified revealing the complex biological network targeted
by this flavone (42). In addition, API induces epigenetic
modifications that inhibit 5-cytosine DNA methyltransferase
activity in human KYSE-510 esophageal squamous cell
carcinoma cells and HDAC inhibition in PC3 and 22Rv1
prostate cancer cells (26,27,43). However, there are no data
revealing the molecular mechanisms of API behind the
epigenetic regulation of Nrf2 in mouse skin cells. In this
study, we presented data demonstrating that API reversed the
methylation status of 15 specific CpG sites in the promoter
region of the Nrf2 gene in JB6 P+cells by BGS and MeDIP
analyses (Figs. 2 and 3). Moreover, the results from this study
also revealed that the expression of Nrf2 and Nrf2 down-
stream targets, namely NQO1, in JB6 P+cells was restored
after treatment with API and the DNMT/HDAC inhibitors
(5-aza/TSA) (Fig. 4) and that API was able to induce the
nuclear translocation of Nrf2 in a dose-dependent manner
(Fig. 5).

To elucidate the specific demethylation effects of API on

the CpG sites in the Nrf2 promoter, we evaluated the protein

expression of DNMT1, DNMT3a, and DNMT3b. The

decreased DNMT expression, especially DNMT1 and

DNMT3b (Fig. 6a), observed in the present study was in

agreement with previous studies indicating that API has high

affinity for GC-rich DNA in the GSTP-1 promoter sequence

of prostate cancer cells, thus preventing the methylation of

this promoter sequence when incubated with the MssI

enzyme (44). Similarly, API has been reported to inhibit the

5-cytosine DNA methyltransferase activity in nuclear extracts

of KYSE 510 cells (26). Nevertheless, the specific effect on

the maintenance of DNMT1 and the de novo methyltransfer-

ases, namely DNMT3a and DNMT3b, has not been fully

elucidated.
It has been observed that UVB-induced skin tumors in

mice show elevated expression and activity of the DNMT1,

DNMT3a, and DNMT3b with potential role in the suppres-

sion of the immune system and inflammatory response (6).

Similarly, DNMT3a and DNMT3b have been reported highly

expressed in human metastatic melanoma, and they are

associated with poor prognosis (45). This suggests that API

could potentially may play an important role in controlling

the expression of DNMTs during UVB-induced skin cancer.
We also evaluated the effect of API on the expression of

HDAC proteins in JB6 P+cells because API has been
reported to inhibit HDAC1 and HDAC3 proteins in human
prostate cancer cells, resulting in global histone H3 and H4
acetylation as well as localized hyperacetylation of histone H3
on the p21/waf1 promoter, leading to induction of growth
arrest and apoptosis (27). Although studies of histone
modifications are scarce in non-melanoma skin cancer, it has
been reported that elevated expression of HDACs is
associated with closed chromatin and transcriptional

repression which may play an important role in DNA repair
mechanisms after environmental insults such as ultraviolet
radiation (6,46). Our results revealed that API is not only
able to target HDAC class I proteins (HDAC1, HDAC2,
HDAC3, HDAC8) but also class IIA (HDAC4, HDAC7)
and class IIB (HDAC6) proteins, thereby inhibiting almost all
HDACs evaluated (1–8), except for HDAC5, in a dose-
dependent manner (Fig. 6b).

CONCLUSIONS

The results of this study demonstrated that API
demethylates the Nrf2 gene promoter at 15 specific CpG sites
in JB6 P+cells in vitro and that its activity is mediated though
the inhibition of DNMT and HDAC proteins, which restore
the cellular expression and nuclear translocation of Nrf2 and
the Nrf2 downstream target, NQO1. These findings provide
new insights into earlier observations that have shown
differential Nrf2 expression during tumor promoter TPA-
induced mouse skin cell transformation (12). In sum, the
present study supports the conclusion that API may play an
important role in the prevention and treatment of skin cancer
by epigenetic modifications, leading to therapeutic develop-
ment as a primary chemopreventive agent and/or as an
adjuvant therapy.
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