1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Nutr Biochem. Author manuscript; available in PMC 2017 July 01.

-, HHS Public Access
«

Published in final edited form as:
J Nutr Biochem. 2016 July ; 33: 54-62. doi:10.1016/j.jnutbio.2015.09.014.

Epigenetic modifications of triterpenoid ursolic acid in activating
Nrf2 and blocking cellular transformation of mouse epidermal
cells

Hyuck Kim&P* Christina N. RamirezP¢*, Zheng-Yuan Sud, and Ah-Ng Tony Kong2b™
aCenter for Cancer Prevention Research, Ernest Mario School of Pharmacy, Piscataway, NJ
08854, USA

bDepartment of Pharmaceutics, Earnest Mario School of Pharmacy, Rutgers, The State
University of New Jersey, Piscataway, NJ 08854, USA

¢Cellular and Molecular Pharmacology Program, Rutgers Robert Wood Johnson Medical School,
Piscataway, NJ 08854, USA

dDepartment of Bioscience Technology and Center for Nanotechnology, Chung Yuan Christian
University, Taoyuan City, Taiwan 32023, R.O.C

Abstract

Ursolic acid (UA), a well-known natural triterpenoid found in abundance in blueberries,
cranberries and apple peels, has been reported to possess many beneficial health effects. These
effects include anti-cancer activity in various cancers, such as skin cancer. Skin cancer is the most
common cancer in the world. Nuclear factor E2-related factor 2 (Nrf2) is a master regulator of
anti-oxidative stress response with anti-carcinogenic activity against UV- and chemical-induced
tumor formation in the skin. Recent studies show that epigenetic modifications of Nrf2 play an
important role in cancer prevention. However the epigenetic impact of UA on Nrf2 signaling
remains poorly understood in skin cancer. In this study, we investigated the epigenetic effects of
UA on mouse epidermal JB6 P+ cells. UA inhibited cellular transformation by 12-O-
tetradecanoylphorbol-13-acetate (TPA) at a concentration at which the cytotoxicity was no more
than 25%. Under this condition, UA induced the expression of the Nrf2-mediated detoxifying/
antioxidant enzymes heme oxygenase-1 (HO-1), NAD(P)H:quinone oxidoreductase 1 (NQO1),
and UDP-glucuronosyltransferase 1A1 (UGT1A1). DNA methylation analysis revealed that UA
demethylated the first 15 CpG sites of the Nrf2 promoter region, which correlated with the re-
expression of Nrf2. Furthermore, UA reduced the expression of epigenetic modifying enzymes,
including the DNA methyltransferases (DNMTs) DNMT1 and DNMT3a and the histone
deacetylases (HDACs) HDAC1, 2, 3, and 8 (Class I) and HDAC6 and 7 (Class 11), and HDAC
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activity. Taken together, these results suggest that the epigenetic effects of the triterpenoid UA
could potentially contribute to its beneficial effects, including the prevention of skin cancer.
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1. Introduction

Ursolic acid (UA) is a lipophilic pentacyclic triterpenoid derived from apple peels, basil
(Ocimum basilicum), blueberry (Vaccinium spp.), cranberry (Vaccinium macrocarpon),
heather flower (Calluna vulgaris), labrador tea (Ledum groenlandicum Retzius), olive (Olea
europaed), pear (Pyrus pyrifolid), and rosemary (Rosmarinus officinalls) [1, 2]. UA exerts
various biological effects, including anti-inflammatory, anti-atherosclerosis, anti-diabetic,
anti-viral, and anticancer activities. Additionally, UA has the ability to decrease reactive
oxygen species (ROS) toxicity and increase the activity of antioxidant enzymes [1]. In vivo
and /n vitro studies have shown that UA inhibits B[a]P- and 7,12-dimethylbenz[a]-
anthracene (DMBA)-induced tumor initiating activity, suppresses 12-O-
tetradecanoylphorbol-13-acetate (TPA)-induced skin inflammation and tumor promotion in
CD-1 and ICR mice, and induces apoptosis in M4Beu human melanoma cells [3-5].
Additionally, UA hinders UVA-induced ROS production, lipid peroxidation, MMP-2
expression, and DNA damage in human keratinocyte HaCaT cells [6]. Recently, studies have
revealed that UA protects the brain against cerebral ischemia and protects the liver against
CCly-induced damage in mice via the nuclear factor E2-related factor 2 (Nrf2) pathway [7,
8]. Notably, we have previously shown that dietary phytochemicals, such as apigenin,
curcumin, 3,3’-diindolylmethane, y-tocopherol-rich mixture of tocopherols, sulforaphane,
tanshinone I1A, Z-ligustilide and radix angelica, regulate Nrf2 activation via epigenetic
modifications [9—16]; however, the effect of UA on the epigenetic regulation of Nrf2 has not
been previously examined.

Skin cancer is one of the most prevalent malignant tumors, contributing to the increasing
mortality rate of cancer in the US [17]. An imbalance between the production and removal
of ROS in the epidermis and dermis may lead to skin tumorigenesis. Exposure to ultraviolet
(UV) radiation, ozone layer depletion, excessive time spent outdoors, indoor tanning, and
noxious environmental insults induce ROS overproduction [18]. Cells contain a self-defense
mechanism that removes ROS through the synthesis of detoxifying/antioxidant enzymes,
which include heme oxygenase-1 (HO-1), NAD(P)H:quinone oxidoreductase 1 (NQO1),
uridine 5’-diphospho-glucuronosyltransferase (UDP-glucuronosyltransferase, UGT), and
glutathione-S-transferase (GST) [19]. Unfortunately, these antioxidant defenses have limited
capacity and can be impaired during certain conditions, thereby leading to a redox
imbalance that promotes the development of skin cancer.

The genes encoding cytoprotective detoxifying/antioxidant enzymes are controlled by the
transcription factor Nrf2. Under homeostatic conditions, Nrf2 is bound to Kelch-like ECH-
associated protein 1 (Keapl) in the cytoplasm. Nrf2 is targeted for polyubiquitination and
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proteasomal degradation through the formation of a Keapl- and Cullin 3-based-E3/Rbx1
ligase complex. Under stress conditions, Nrf2 dissociates from Keapl and translocates to the
nucleus, where it binds to the antioxidant response elements (ARESs) of target protective
genes and activates transcription [20]. Nrf2 has long been recognized as a pivotal player in
the prevention of many diseases, including skin cancer. Nrf2 knockout mice are more
susceptible to airway inflammation and asthma, striatal toxicity and behavioral dysfunction,
colorectal carcinogenesis, gastric neoplasia, and skin carcinoma upon DMBA/TPA exposure
compared with wild-type mice [21-25]. Moreover, a recent study demonstrated that low Nrf2
expression is associated with the oncogenic transformation of mesenchymal stem cells and
poor survival in patients with skin cutaneous melanoma, kidney clear cell carcinoma, and
prostate cancers [26]. Therefore, understanding the molecular mechanisms by which Nrf2
expression can be altered to slow or prevent the progression of skin cancer is of great
importance.

Frequent epigenetic changes during the early stages of tumorigenesis lead to genetic
aberrations and promote cancer development [27]. Epigenetics refers to changes in gene
expression by DNA methylation and/or post-translational histone modification without
alterations of the DNA sequence. The modifications to DNA and histones are driven by
DNA methyltransferases (DNMTSs) and histone deacetylases (HDACS), respectively [28].
DNA methylation occurs at the 5" position of cytosines within CpG dinucleotides found in
CpG islands. The silencing of tumor suppressor genes by the hypermethylation of CpG
islands within promoter regions is a hallmark of cancer. Such methylation in CpG islands
impedes the binding of transcription factors and represses transcription. Moreover, protein
complexes, such as the methyl-CpG binding domain (MBD) family and HDACs, are
recruited to specific loci where they alter the structure of the chromatin and facilitate gene
silencing [28-30]. As such, epigenetic modifications as preventive targets have been the
focus of numerous studies in cancer, largely due to the notion that epigenetic changes are
reversible and affect numerous cellular events in tumorigenesis. The US FDA has approved
four epigenetic agents for clinical use: the DNMT inhibitors 5-azacytidine (5-aza,
azacytidine) and 5-aza-2’-deoxycytidine (decitabine) and the HDAC inhibitors
suberoylanilide hydroxamic acid (vorinostat) and depsipeptide (romidepsin) [31]. However,
off-target action, drug resistance and their selective applicability to selective cancers have
mitigated their use in treating cancer [31, 32]. As a way of circumventing this challenge,
natural compounds found in fruits, vegetables, teas, and medicinal plants have attracted
considerable interest due to their ability to overcome oxidative stress and regulate epigenetic
events at non-toxic concentrations [33—36]. The aim of this study is to demonstrate the
chemopreventive effect of UA and identify UA-induced epigenetic modifications in mouse
epidermal cells. We demonstrated that UA activated the Nrf2 pathway by demethylating the
Nrf2 promoter and reducing the expression of DNMTs and HDACs, resulting in the
inhibition of TPA-induced cell transformation.
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2. Materials and Methods

2.1. Reagents and Antibodies

Minimum essential medium (MEM), fetal bovine serum (FBS), penicillin-streptomycin
(10,000 U/ml), versene, and Trypsin-EDTA were supplied by Gibco (Grand Island, NY). A
Cell-Titer 96 Aqueous One Solution Cell Proliferation Assay Kit was obtained from
Promega (Madison, WI). Platinum Tagq DNA polymerase was purchased from Invitrogen
(Grand Island, NY). Tris-HCI precast gels, turbo transfer buffer, and PVDF membranes were
obtained from Bio-Rad (Hercules, CA). Tris-Glycine-SDS running buffer was from Boston
BioProducts (Ashland, MA). Super Signal enhanced chemiluminescent substrate, NE-PER
Nuclear and Cytoplasmic Extraction Reagents, and BCA Protein Assay Kit were purchased
from Thermo (Rockford, IL). Antibodies against Nrf2 (C-20), HO-1 (C-20), NQO1 (H-90),
UGT1A1 (V-19), and actin (1-19) were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA) and Abcam (Cambridge, MA). Anti-acetyl histone H3 was from Millipore
(Billerica, MA). The protease inhibitor cocktail, radioimmunoprecipitation (RIPA) buffer,
and antibodies against HDACs (HDAC1, HDAC2, HDAC3, HDAC4 and HDACG6) were
supplied by Cell Signaling Technology (Beverly, MA). The anti-HDACS antibody was
obtained from Proteintech Group (Chicago, IL), and the anti-HDACS5, -HDAC?7, -DNMT3a
and -DNMT3b antibodies were from Abcam (Cambridge, MA). Anti-DNMT1 was supplied
by Novus Biologicals (Littleton, CO). All other chemicals, unless otherwise noted, were
obtained from Sigma (St. Louis, MO).

2.2. Cell culture

JB6 P+ mouse epidermal cells were obtained from the American Type Culture Collection
(Manassas, VA). The cells were cultured in MEM supplemented with 5% FBS and
penicillin-streptomycin (100 units/ml) at 37°C under a 5% CO, atmosphere. JB6 P+ cells
stably transfected with shMock and shNrf2-knockdown (KD) were maintained in the same
medium as JB6 P+ cells and 2 pg/mL puromycin was added.

2.3. Cell viability assay

JB6 P+ cells were seeded at a density of 5 x 10* cells/well into 96-well plates in 5% FBS/
MEM. After 24 h, the medium was removed, and the cells were treated with UA (1 and 2.5
uUM) in 1% FBS/MEM, where 0.1% DMSO was used as the vehicle control group. The
medium containing UA was changed every 2 days for 3 and 5 days. On the day of the assay,
20 pl of Cell Titer 96 Aqueous One Solution in 100 pl of 1% FBS/MEM was added to each
well, and the cells were then incubated for 1 h at 37°C in a 5% CO, incubator. The
absorbance was measured at 490 nm.

2.4. Anchorage-independent cell transformation assay

JB6 P+ cells (8 x 103/ml) were suspended in 1 ml of basal medium Eagle (BME) containing
0.33% agar and plated over 3 ml of a solidified BME consisting of 0.5% agar and 10% FBS
in 6-well plates in the presence of TPA (20 ng/ml) alone or together with 1 or 2.5 uM UA.
The cells were maintained at 37°C in a 5% CO5 incubator for 2 weeks. The cell colonies
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were photographed using a Nikon ACT-1 microscope (Version 2.20; LEAD Technologies)
and counted using Image J (NIH, Bethesda, MD).

2.5. RNA extraction and quantitative real-time PCR (qPCR)

Total RNA was extracted from JB6 P+ cells on days 3 and 5 after treatment using the
RNeasy mini kit (Qiagen, Valencia, CA). For cDNA synthesis, 0.5 ug of total RNA was
incubated with oligo (dT)16 primers and MultiScribe reverse transcriptase (TagMan reverse
transcription reagents, Applied Biosystems, Grand Island, NY) with the following reaction
conditions: 10 min at 25°C, 30 min at 48°C and 5 min at 95°C. The qPCR was performed
with an ABI ViiA7 real-time PCR system (Applied Biosystems, Carlsbad, CA, USA) using
synthesized cDNA, Power SYBR Green PCR Master Mix (Applied Biosystems, Carlsbad,
CA), and a pair of gene-specific primers. f-actin was used as an internal control gene. Each
sample was prepared in triplicate and normalized to B-actin. The primers for each gPCR
reaction are as follows: Nrf2, 5-AGCAGGACTGGAGAAGTT-3’ (sense) and 5’-
TTCTTTTTCCAGCGAGGAGA-3’ (antisense); HO-1, 5’-
CCTCACTGGCAGGAAATCATC-3 (sense) and 5-CCTCGTGGAGACGCTTTACATA-3’
(antisense); NQOL1, 5-AGCCCAGATATTGTGGCCG-3’ (sense) and 5’-
CCTTTCAGAATGGCTGGCAC-3 (antisense); UGT1AL, 5'-
GAAATTGCTGAGGCTTTGGGCAGA-3’ (sense) and 5'-
ATGGGAGCCAGAGTGTGTGATGAA-3 (antisense); B-actin, 5'-
AGAGGGAAATCGTGCGTGAC-3 (sense) and 5’-CAATAGTGATGACCTGGCCGT-3’
(antisense)

2.6. Western blot analysis

JB6 P+ cells were seeded at a density of 1 x 10° cells in 100-mm dishes with 5% FBS/
MEM. After 24 h, the cells were treated with either 0.1% DMSO, 5-azacytidine (5-aza, 250
nM), or each concentration of UA in 1% FBS/MEM. The medium containing each agent
was changed every 2 days. The cells incubated with 5-azacytidine (5-aza) serving as a
positive control were treated with trichostatin A (TSA, 50 nM) 24 h before harvest. On the
day of the harvest, the cells were rinsed with cold PBS and resuspended in 100 pl of RIPA
buffer containing a protease inhibitor cocktail and agitated on ice for 30 min. The cells were
then centrifuged at 13,000 xg for 15 min at 4°C, and only a clear supernatant was obtained.
The total protein fraction (25 pg of protein) was separated by 4-15% Tris-HCI precast gels.
The separated proteins were transferred onto PVDF membranes, which were blocked with
PBS containing 0.05% Tween 20 (PBST) and 5% skim milk. After a sequential incubation
of the membranes with the primary antibodies and the appropriate secondary antibodies, the
immunoreactive bands were detected with the Super Signal enhanced chemiluminescent
system and visualized using the Bio-Rad ChemiDoc imaging system (Bio-Rad, Hercules,
CA). The band intensity was analyzed using Image J. The protein concentrations were
determined using the bicinchoninic acid (BCA) assay.

2.7. DNA isolation and bisulfite genomic sequencing

Genomic DNA was isolated from each group of treated cells using the QlAamp DNA Mini
Kit (Qiagen). Then, 500 ng of DNA was subjected to bisulfite treatment using the EZ DNA
Methylation Gold Kit (Zymo Research, Irvine, CA). The converted DNA was amplified by
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touchdown PCR using bisulfite sequencing-specific primers for the first 15 CpG sites of the
murine Nrf2 gene. Then, the PCR products were gel extracted using the DNA Extraction Kit
(Qiagen) and cloned into pCR4 TOPO vectors (TA cloning kit, Invitrogen). Ten clones per
group were sequenced using T7 primers (GeneWiz, South Plainfield, NJ). The sequences for
the PCR are as follows: sense, 5-AGTTATGAAGTAGTAGTAAAAA-3’; anti-sense, 5'-
ACCCCAAAAAAATAAATAAATC-Z.

2.8. HDAC activity assay

Nuclear extracts from the treated cells were isolated using NE-PER Nuclear and
Cytoplasmic Extraction Reagents. HDAC activity was measured in nuclear extracts using
Epigenase HDAC Activity/Inhibition Direct Assay Kit (Epigentek Inc, Farmingdale, NY)
following the manufacturer's protocol.

2.9. Statistical analysis

All of the quantitative results are expressed as the mean values + SD of three independent
experiments. Statistical significance was determined by one-way ANOVA and a p value of
<0.05 was considered statistically significant in all analysis.

3. Results
3.1 UA inhibits the growth of JB6 P+ cells

We first examined the dose and time-dependent cytotoxicity of UA using mouse epidermal
JB6 P+ cells. The cells were treated with six different concentrations of UA (0, 2.5, 0.5, 1,
2.5, 5 or 10 pM, final concentration) dissolved in DMSO (vehicle) for 3 and 5 days. Our
previous studies and others have shown that it needs at least 3 days to have cells
epigenetically altered [9—16, 37, 38]. UA was not cytotoxic up to 1 uM (Fig. 1); however, at
2.5 pM the cell viability decreased approximately 23% in comparison with vehicle (0.1%
DMSO). No difference was observed between 3 and 5 days of treatment, and concentrations
greater than 2.5 uM were found to be toxic. Because cell viability was greater than 70% at
<2.5 pM and cytotoxicity was not time-dependent, the cells were treated with 1 and 2.5 uM
UA for 3 days to study the chemopreventive efficacy of UA in the subsequent experiments.

3.2 UA inhibits TPA-induced transformation of JB6 P+ cells

To determine whether UA exhibits anti-cancer and chemopreventive effects in skin, we
studied the effects of UA on the tumor promotion of JB6 P+ cells induced by TPA. The
anchorage-independent cell transformation assay is an /n vitro system that allows only cells
transformed by tumor promoters such as TPA to grow and form colonies. As expected, the
cells treated with TPA alone for 2 weeks developed a significant amount of colonies in the
soft agar (Fig. 2). The cells treated with TPA and 2.5 pM UA inhibited TPA-induced
transformation by 30% compared with the cells treated with TPA alone. Incubation with 1
UM UA did not significantly inhibit transformation (16%). These results demonstrate the
chemopreventive effects of UA against TPA-induced transformation in JB6 P+ cells.
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3.3 UA upregulates Nrf2 and its downstream detoxifying/antioxidant target genes

TPA-induced ROS production stimulates the neoplastic transformation of JB6 P+ cells [39].
To test whether UA inhibits TPA-induced transformation through the induction of
detoxifying/antioxidant enzymes, we investigated the expression levels of HO-1, NQO1 and
UGT1A1 at the mRNA and protein levels using gPCR and Western blotting. The cells
treated with 2.5 pM UA showed an increase in HO-1, NQO1 and UGT1A1 mRNA
expression, whereas 1 pM UA did not (Fig. 3A). Similarly, protein expression was elevated
by 2.5 uM UA treatment, but not by 1 uM UA (Fig. 3B).

Nrf2 is regarded as an essential regulator of cytoprotective detoxifying/antioxidant enzymes.
As such, we then determined whether UA increases Nrf2 expression in JB6 P+ cells. As
expected, 2.5 UM UA treatment increased Nrf2 expression; however, 1 pM UA did not result
in a significant increase in Nrf2 expression. These results demonstrate that UA inhibits TPA-
induced transformation of JB6 P+ cells by, at least in part, augmenting detoxifying/
antioxidant enzymes, which is mediated by enhanced Nrf2 expression.

3.4. Expression of Nrf2 downstream target genes by UA is Nrf2 dependent

Next, we clarified whether Nrf2 is required for induction of cytoprotective detoxifying/
antioxidant genes by UA treatment. We used Nrf2-Mock and Nrf2-KD stable JB6 P+ cells
established in our laboratory [14]. The basal expression of Nrf2 was decreased by about
70% in Nrf2-KD JB6 P+ cells compared with control Nrf2-Mock (Fig. 4). 2.5 uM UA
treatment significantly increased protein expression of Nrf2, HO-1, NQO1 and UGT1 Al in
Nrf2-Mock JB6 P+ cells. Conversely, the inducing effects of 2.5 uM UA on the expression
of Nrf2 downstream target genes was much smaller in Nrf2-KD compared to those in Nrf2-
Mock treated; 30%, 52%, and 51% decrease of HO-1, NQO1, and UGT1AL, respectively.
The results indicate that Nrf2 is a direct regulator driving expression of cytoprotective
detoxifying/antioxidant genes by UA in JB6 P+ cells.

3.5 UA decreases Nrf2 promoter methylation

We previously showed that promoter demethylation of Nrf2 is an important epigenetic
mechanism underlying Nrf2 activation in prostate cancer TRAMPCL cells and JB6 P+ cells
treated with phytochemicals [9, 10, 12, 14 15]. To determine whether Nrf2 was
epigenetically regulated by UA, we determined the methylation status of the Nrf2 promoter
using bisulfite genomic DNA sequencing. The first 15 CpG sites located between -1226 and
-863 of the mouse Nrf2 gene promoter relative to the translation start site (+1) were
analyzed [40]. As previously reported, the Nrf2 promoter was hypermethylated in JB6 P+
cells (89.3%) (Fig. 5). The cells treated with 5-aza and TSA, well-known inhibitors of DNA
methylation and histone deacetylation, respectively, reduced methylation by 46.6%, which is
similar to the results from previous studies [14]. Treatment of JB6 P+ cells with 2.5 uM UA
decreased methylation by 17% compared with JB6 P+ cells treated with vehicle. Treatment
with 1 uM UA resulted in only a 7% decrease in methylation. These results are in
accordance with Fig. 3, which shows that the levels of Nrf2 mRNA and protein were
increased by 2.5 uM UA treatment, but they were unchanged by 1 uM UA treatment. These
findings suggest that UA induces Nrf2 expression by altering the methylation status of the
Nrf2 promoter.
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3.6 UA alters the levels of epigenetic modifying enzymes

To understand the mechanisms by which UA decreases Nrf2 promoter methylation in JB6 P
+ cells, we determined an impact of UA on DNMTs and HDACSs, which are involved in
methylation-induced gene silencing [28]. The family of DNMTSs consists of three members,
DNMT1, DNMT3a, and DNMT3b. Treatment with 2.5 uM UA resulted in a significant
reduction in DNMT1 and DNMT3a protein levels (Fig. 6A). In addition, 1 pM UA treatment
also slightly decreased both DNMT1 and DNMT3a. No significant difference was found
between the effects of treatment with 2.5 and 1 uM UA. The DNMT3b protein levels were
unaffected by UA treatment. HDACs are classified into four groups: Class | (HDACL, 2, 3,
and 8), Class Il (HDAC4, 5, 6, 7, 9, and 10), Class Il (SIRT1-7), and Class IV (HDAC 11).
UA has previously been reported to increase histone acetylation by strongly inhibiting
HDACL, 3, 4, 5, and 6 [41]. We examined the expression levels of HDAC 1, 2, 3 and 8
(Class I) and HDAC 4, 5, 6 and 7 (Class I1). The protein expression levels of all HDACs
were diminished in the JB6 P+ cells treated with 2.5 pM UA (Fig. 6B and 6C). Among
them, HDAC?2 and 8 showed a dose-dependent reduction. The expression of HDAC4 was not
affected by UA treatment and HDACS was not detected. The decrease of HDAC expression
confirmed the inhibition of HDAC activity, whereas the levels of acetylated histone H3
(H3ac), an epigenetic marker for active genes, was increased by 2.5 uM UA treatment (Fig.
6D). Taken together, these results indicate that UA-induced demethylation of the Nrf2
promoter is mediated by the negative regulation of epigenetic modification enzymes.

4. Discussion

A variety of external stimuli continuously make contact with the skin and accelerate the
formation of ROS, impairing cellular metabolism, signal transduction, and genomic stability,
and ultimately contributing to the development of skin cancer [42]. Therefore, inhibiting
and/or reducing oxidative stress by ROS is crucial in preventing skin cancer. Many dietary
phytochemicals eliminate ROS toxicity by inducing detoxifying/antioxidant enzymes via
Nrf2 activation, which has led to a decrease in cancer development [34]. We have previously
shown that curcumin, 3,3’-diindolylmethane, and a y-tocopherol-rich mixture of tocopherols,
sulforaphane, Z-ligustilide and radix angelica regulate Nrf2 activation through an epigenetic
pathway in a prostate cancer model [10—13, 16]. Moreover, studies have shown that a variety
of natural compounds interact with epigenetic regulators [30]. These studies suggest that
natural dietary compounds that are able to epigenetically regulate gene expression are
promising chemopreventive agents. Our findings demonstrate that UA, a naturally occurring
triterpenoid in fruits and plants, restores the expression of the epigenetically silenced Nrf2
gene by demethylating CpG islands of the Nrf2 promoter, leading to upregulated Nrf2
expression. As a result, the expression of its target genes increases. Subsequently, this results
in the inhibition of the TPA-induced neoplastic transformation in JB6 P+ cells.

JB6 P+ mouse epidermal cells, unlike P- cells, are susceptible to tumor promoter-induced
transformation and are a suitable /7 vifro model to study progression in carcinogenesis and
the molecular mechanisms of cancer chemoprevention [43]. Previous studies have used JB6
P+ cells to investigate whether dietary agents have the capacity to suppress transformation
induced by tumor promoters [14, 15 44-46]. Thus, we treated JB6 P+ cells with UA to test
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the chemopreventive potential of UA in TPA-induced transformation. The inhibitory effects
of UA on tumor promotion by TPA and B[a]P or DMBAJ/TPA have been described in mouse
skin [3, 4 47]. Consistent with these reports, we found that UA was effective in inhibiting
the transformation-inducing effects of TPA in JBP+ cells at a concentration in which the
cytotoxicity was no more than 25% (Fig. 1 and 2). The cumulative ROS production is
detected in TPA-induced transformation [43]. In addition, ROS inhibition by detoxifying/
antioxidant enzymes attenuates TPA-induced transformation of JB6P+ cells [14, 48].
Conversely, several reports indicate that UA remarkably reduces oxidative stress and
increases the activity of antioxidant enzymes [49-51]. We observed that the expression of
HO-1 (antioxidant), NQO1, and UGT1A1 (detoxification) noticeably increased at both the
mRNA and protein levels in the JB6 P+ cells treated with UA; however, TPA activated AP-1,
NF-kB, and ERK 1/2 as well [43, 52]. Moreover, UA targets AP-1, NF-xB, and ERK 1/2
[2]. Hence, our observations suggest that the inhibition of TPA-induced transformation of
JB6 P+ cells by UA is partially reliant on ROS reduction through the accumulation of
antioxidative/detoxifying enzymes. How UA alters the expression and activity of AP-1, NF-
kB, and ERK in TPA-induced transformation remains to be elucidated.

The production of phase Il detoxifying/antioxidant enzymes is an innate cellular event that
provides protection against deleterious endogenous and exogenous substances. In general,
the genes encoding such cytoprotective enzymes are postulated to be regulated in an Nrf2-
dependent manner. Thus, Nrf2 is central to the prevention of deleterious diseases, such as
skin cancer. We have provided evidence that TPA-induced cell transformation is increased in
Nrf2-KD JB6 P+ cells. Furthermore, the inhibitory effect of sulforaphane on TPA-induced
cell transformation is blocked upon Nrf2-KD [14]. Many cancer chemopreventive agents
acting via Nrf2 activation are phytochemicals. Some examples include carnosol, curcumin,
epigallocatechin-3-gallate (EGCG), phenethyl isothiocyanate (PEITC), sulforaphane, and
resveratrol [53, 54]. In our study, UA elevated the levels of Nrf2 mRNA and protein (Fig. 3).
Additionally, Nrf2 deficiency in Nrf2-KD JB6 P+ cells lowered the effects of UA on the
protein expression of detoxifying/antioxidant genes (Fig. 4). These results imply that UA is a
chemopreventive dietary phytochemical that targets Nrf2. Our data are strongly supported by
recent findings demonstrating that UA-driven activation of Nrf2 protects mice from neuronal
defects induced by cerebral ischemia, and hepatotoxicity and fibrosis caused by CCly, [7, 8].

Furthermore, an isomer of UA, oleanolic acid, and the synthetic oleanane triterpenoid
CDDO (2-cyano-3,12-dioxoolean-1,9-dien-28-oic acid), and its methyl (CDDO-Me) and
imidazolide (CDDO-Im) derivatives have been shown to be potent Nrf2 inducers [55].
Upregulated Nrf2 expression can in part be achieved by the increased half-life of Nrf2,
which is mediated by the reduction of Keapl-dependent ubiquitin/proteasome degradation of
Nrf2 [56]. Keapl is a suppressor protein of Nrf2. Under normal circumstances, Keapl binds
to Nrf2 and causes rapid Nrf2 degradation via polyubiquitination. By contrast, upon high
oxidative stress, a subset of cysteine residues in Keapl are modified, which perturbs the
Keapl/Nrf2 interaction and hinders Nrf2 ubiquitination. This enables the accumulation and
translocation of Nrf2 into the nucleus where it triggers the transcription of various phase Il
cytoprotective genes [53]. Sulforaphane modifies cysteine 151 within the BTB (Broad
complex, Tramtrack, and Bric-a-brac) domain of Keapl, which results in lowered Nrf2
ubiquitination/degradation and increased stabilization [57]. Moreover, a previous study
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revealed that Keapl allows common inducers of phase Il genes to alter its cysteine
sulfhydryl groups regardless of the inducers' structures [58]. As such, UA might modify
cysteine residues in Keapl, resulting in an increase of Nrf2, which facilitates detoxifying/
antioxidant expression by binding to the AREs in the promoters of its target genes.

DNA hypermethylation is the most common epigenetic modification in degenerative
diseases such as cancer. This modification influences the depression of tumor suppressor
genes. To date, many genes have been shown to be silenced by CpG hypermethylation
within the promoter region during tumor progression. For example, in skin cancer,
14-3-3sigma (cell cycle), MGMT (DNA repair), RASSF1 (signal transduction), PTEN
(apoptosis), and others have been shown to be hypermethylated [29]. Thus, discovering
compounds that are able to reduce hypermethylation is an attractive strategy for the
prevention of skin cancer. Studies by our group and others have revealed that Nrf2
expression is altered by methylation of CpG sites in the Nrf2 promoter region [9-16, 59].
These studies suggest that the epigenetic modulation of Nrf2 is likely to be a critical
mechanism for Nrf2 activation. The present study demonstrates that UA decreased the
methylation of the Nrf2 promoter in JB6 P+ cells. Although the effects were not comparable
with those of the well-known epigenetic inhibitors 5-aza and TSA in combination, 2.5 yM
UA treatment showed similar efficacy to that of 2.5 umol/L sulforaphane and 6.25 M
apigenin in JB6 P+ cells (20% decrease compared with control in both). Notably, UA
induces the expression of SHP-1, a tyrosine-specific protein phosphatase silenced by
methylation in leukemias and lymphomas, in human multiple myeloma U266 cells [60].
These results suggest that UA has the potential to modulate DNA methylation, which is
implicated in carcinogenesis. Concomitantly, we found that UA decreased the protein levels
of DNMT1 and DNMT3a. DNMT1 preserves DNA methylation patterns across generations,
whereas DNMT3a and 3b act as de novo methyltransferases [28]. The levels of DNMT1,
DNMT3a, and DNMT3b are upregulated in UVB-induced murine skin tumors, and
DNMT3a and DNMT3b are increased in stage 111 and 1V cutaneous melanoma patients [61,
62]. Hence, our observations indicate that UA functions as a natural DNMT inhibitor to
reduce DNA methylation in the skin. In cancer cells, DNMT1 and DNMT3b collaborate to
maintain hypermethylation in the CpG islands of promoters [63]; however, UA did not have
a significant effect on DNMT3b expression in JB6 P+ cells. This result may account for the
weaker than expected inhibitory effect of UA on TPA-induced transformation and
methylation of the Nrf2 promoter.

Hypermethylation in promoter regions provides binding sites for MeCP2, one of the MBD
proteins, which subsequently recruits HDACs. HDACs remove acetyl groups from histones,
mainly histone H3 and H4. This removal accelerates the formation of a compact chromatic
structure, which drives the repression of transcription and causes gene silencing [28, 29].
Because HDACSs such as HADC1, HDAC?2, HDAC3, HDACS6, and HDCS are overexpressed
in many cancers [64], the discovery of selective HDAC inhibitors has had significant
implications for cancer therapy. As natural HDAC inhibitors for skin cancer, EGCG and
grape seed proanthocyanidins have been reported to decrease the level of HDAC1 and
HDAC activity, accompanied by reduced expression and activity of DNMTSs in squamous
cell carcinoma [29, 37]. Recently, sulforaphane has been shown to reduce the protein levels
of HDAC1-4 and 6 in human keratinocytes [65]. Interestingly, UA from Microtropis

J Nutr Biochem. Author manuscript; available in PMC 2017 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 11

Japonica significantly decreases the protein levels of HDAC1, 3, 4, 5, and 6 in HL-60
myeloid leukemia cells [41]. Similarly, in our experiments, UA downregulated all Class |
HDACS, including HDAC1, 2, 3 and 8, and two from Class Il HDACs, HDACG6 and 7 in JB6
P+ cells. Although HDAC4 expression did not decrease, similar results were found in JB6 P
+ cells when treated with apigenin, sulforaphane, and tanshinone 1A [9, 14 15]. A decrease
of HDAC expression was linked to a reduced HDAC activity and a dramatic increase of
H3ac (Fig. 6). Thus, UA-induced HDACs reduction results in a reduction of HDAC activity
and, in turn, an enhanced acetylation of histone, which leads to epigenetic gene activation.
Further, these data, together with the DNMTSs results, imply that UA prevents DNA
hypermethylation through the regulation of DNMTs and HDACs, unlike 5-aza and TSA,
which are only specific for the inhibition of DNA methylation and histone deacetylation.

In summary, we demonstrate for the first time that UA restores the expression of Nrf2 by
demethylating CpG islands in the Nrf2 promoter in mouse epidermal cells. This alteration is
mediated by the reduced expression of enzymes involved in DNA methylation and histone
deacetylation and the increased level of histone acetylation. The response to epigenetic
alterations of Nrf2 by UA induced an increase in the expression of cytoprotective
detoxifying/antioxidant enzymes, which resulted in the suppression of tumor promoter-
induced cell transformation. Collectively, our data provide new insight into the function of
UA as an epigenetic regulator for the prevention of skin cancer.
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Effects of UA on the growth of JB6 P+ cells. Cells grown in a 96-well plate were treated
with the indicated concentrations of UA, and cell viability was analyzed with an MTS assay

after 3 and 5 days of treatment. The results are shown as the mean £ SD of triplicate

experiments. *p < 0.05 compared with vehicle control (0.1% DMSO).
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UA inhibits TPA-induced transformation in JB6P+ cells. Cells (8 x 10%/ml) in 1 ml of BME
containing 0.33% agar were maintained in the presence of DMSO (control, a), TPA alone
(b), UA 1 uM plus TPA (c) and UA 2.5 uM plus TPA. After 2 weeks, the cell colonies were
counted. The data are presented as the mean + S.D. ***p < 0.0001 compared with TPA
alone.
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UA upregulates the expression of Nrf2 and its downstream target genes. Cells were treated
with each concentration of UA for 3 days, and the total cells were divided for RNA and
protein extraction. (A) Total 0.5 ug of RNA was reverse transcribed for cDNA synthesis. The
cDNAs were then used to perform qPCR by adding SYBR Green and a pair of gene-specific

primers. (B) Western blots and quantification of protein levels. The data shown were

normalized to -actin and expressed as the relative fold change compared with the control.
The values are the mean * SD of three independent experiments. *p < 0.05, **p < 0.001,

*** < 0.0001 compared with vehicle control (0.1% DMSO).
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Fig. 4.

N?fz knockdown decreases expression of Nrf2 downstream target genes. Cells were treated
with each concentration of UA for 3 days, and whole-cell extracts were prepared as
described in Materials and Methods. Then, the proteins were subjected to Western blot to
analyze the expression of Nrf2 and its downstream target genes indicated. The protein
amounts were normalized to the levels of B-actin and expressed as the relative fold change
compared with JB6-Mock control. The values are the mean + SD of three independent
experiments. *p < 0.05, **p < 0.001, and ***p < 0.0001 vsJB6-Mock control. #p < 0.05,
###p < 0.0001 vsJIB6-Mock UA 2.5 uM.

J Nutr Biochem. Author manuscript; available in PMC 2017 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kim et al. Page 19

Methyiated CpG ratio (%)

-
i

Control E
UA 1 uM E
UA 2.5 uM g g

82.0

|

5-aza + TSA 42.7

Fig. 5.
UA decreases Nrf2 promoter DNA methylation in JB6 P+ cells. The cells were treated with

each concentration of UA for 3 days, and then the genomic DNA was isolated for bisulfite
conversion. The methylation status of the first 15 CpG sites, the region between -1226 and
-863 relative to the translational start site, within the promoter of Nrf2, was analyzed.
Positive control cells were treated with 5-aza (250 nM) for 48 h and TSA (50 nM) for 24 h.
Ten individual clones were analyzed. The filled and open dots indicate methylated and
unmethylated CpG. The data are expressed as a percentage of the total number of
methylated cytosines vs. total 15 CpGs of three independent experiments.
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Fig. 6.

UA decreases the expression of DNMTSs (A), Class | and |1 HDACs (B & C), inhibits HDAC
activity, and increases H3ac levels (D) in JB6 P+ cells. The cells were treated with the
indicated concentration of UA for 3 days, and the total cell lysates and nuclear proteins were
harvested at the end of the treatment. Total protein (25 pg per lane) was separated by SDS-
PAGE, and the levels of each protein of interest were determined by Western blot analysis.
The isolated nuclear extracts from each group were used to determine total HDAC activity.
The protein amounts in Western blot analysis were normalized to the levels of -actin and
data are expressed as the relative fold change compared with the control. The values are the
mean + SD of three independent experiments. The figure H3ac is a representative of three
individual experiments. *p < 0.05 and **p < 0.001 vscontrol. #p< 0.05 vs UA 1 uM.
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