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Abstract

Colorectal cancer remains a leading malignancy in humans. The importance of epigenetic
modification in the development of this disease is now being recognized. The reversible and
dynamic nature of epigenetic modifications provides a promising strategy in colorectal cancer
chemoprevention and treatment. Luteolin (LUT), a flavone dietary phytochemical, can modulate
various signaling pathways involved in carcinogenesis. Many studies have demonstrated that LUT
inhibits colorectal carcinogenesis by activating the Nrf2/ARE pathway. However, the potential
epigenetic mechanism underlying Nrf2/ARE pathway activation remains unclear. In this study, we
aimed to explore the anticancer potential of LUT in human colon cancer cells and the epigenetic
regulation of the Nrf2/ARE pathway. Specifically, our data showed that LUT suppressed cell
proliferation and cellular transformation of HCT116 and HT29 cells in a dose-dependent manner.
Additionally, gPCR and western blotting were performed to determine the mRNA and protein
expression of Nrf2 and its downstream genes after LUT treatment. Bisulfite genomic sequencing
revealed that methylation of the Nrf2 promoter region was decreased by LUT, corresponding with
the increased mRNA expression of Nrf2. Decreased protein levels and enzyme activities of
epigenetic modifying enzymes, such as DNMTs and HDACs, were also observed in LUT-treated
HCT116 cells. In summary, our findings suggest that LUT may exert its anti-tumor activity in part
via epigenetic modifications of the Nrf2 gene with subsequent induction of its downstream
antioxidative stress pathway.
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1. Introduction

Colorectal cancer (CRC) remains one of the leading contributors to cancer-related mortality
and morbidity worldwide [Siegel et al., 2017]. Increasing evidence has revealed that
accumulation of genetic and epigenetic alterations in colon epithelial cells transform them
into adenocarcinomas [Guo et al., 2018; van Engeland et al., 2011]. Accumulating evidence
has shown that high DNA methylation patterns within background mucosa might predispose
patients to CRC [Ally et al., 2009; Figueiredo et al., 2009]. Emerging studies have indicated
that aberrant DNA methylation serves as a crucial driving factor in CRC progression and
metastasis. For example, the aberrant methylation of the CXCL12 gene can catalyze the
metastatic behavior of colon cancer cells [Figueiredo et al., 2009], and multiple inactive
genes, including CSLC12, TIMP3, ID4, and IRF8, with methylated promoter regions
provide a clonal growth advantage, resulting in greater malignant phenotypes [Kim et al.,
2010]. Epidemiological evidence indicates that the majority of CRC cases are sporadic,
which may be greatly attributable to nutritional factors, and these dietary influences may
account for oxidative metabolism by inducing a cascade of molecular alterations in cells and
tissues [Pandurangan and Esa, 2013; Stigliano et al., 2014]. Increasing reports have
demonstrated that oxidative stress can induce various types of cell dysregulation, such as
DNA damage, mutagenesis and lipid peroxidation [Mathers et al., 2007]. Additionally,
clinical studies have revealed a close link between oxidative stress biomarkers and the status
and development of CRC [Aguirre-Portoles et al., 2017; Souglakos, 2007; Wu et al., 2017].

Nuclear factor erythroid 2-related factor 2 (Nrf2) has long been regarded as an important
factor in protecting cells from oxidant stress, due to its regulation of various phase Il
detoxifying enzymes, such as hemeoxygenase-1 (HO-1), NADP(H):quinone
oxidoreductase-1 (NQOL), glutathione S-transferase (GST), UDP-glucuronosyltransferase
(UGT) and glutamate-cysteine ligase (GCL) [Leinonen et al., 2014; Na and Surh, 2014;
Shelton and Jaiswal, 2013]. Ishaq et al. reported that Nrf2 plays a defensive role in HT29
cancer cells by inducing apoptosis via activating caspase-3/7 [Ishaq et al., 2014] and protects
against oxidative stress-induced genotoxicity [Wondrak et al., 2010]. Furthermore, Nrf2-
deficient (Nrf27/7) mice are more susceptible to oxidative stress-induced diseases and
chemical-induced DNA damage, which increases their risk for certain types of cancers (e.g.,
stomach, colorectal and skin) compared with that of wild-type mice [Khor et al., 2008; Saw
etal., 2011; Xu et al., 2006]. For example, Khor et al. reported that compared with
azoxymethane- and DSS-treated wild-type (WT) mice, azoxymethane- and DSS-treated
Nrf2-knockout mice exhibited a higher tumor incidence (80% versus 29%, respectively) and
the Nrf2-knockout mice had increased expression of inflammatory markers in tumor tissues
(cyclooxygenase-2, 5-lipoxygenase, prostaglandin E2, and leukotriene B4 expression) and in
inflamed colonic mucosa (nitrotyrosine expression). The underlying mechanism by which
Nrf2 protects against chemical-induced carcinogenesis may be partly due to its ability to

J Cell Biochem. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zuo et al.

2.

Page 3

decrease cellular reactive oxygen species (ROS) levels and DNA damage [Morito et al.,
2003], protecting cells against potentially harmful entities.

Luteolin (LUT), a common flavonoid derived from vegetables, fruits, and herbs, exerts
various biological effects, including anti-inflammatory, anti-allergic, anticancer, antioxidant,
and other beneficial activities. LUT inhibits critical events associated with carcinogenesis,
including cell invasion, metastasis, transformation, and angiogenesis, by inhibiting
transcription factors, kinase modification, and cell cycle arrest and inducing apoptosis [Birt
etal., 2001; Lin et al., 2008]. Pandurangan AK et al. reported that LUT induced growth
arrest in colon cancer HCT15 cells through the Wnt/p-catenin/GSK-3p signaling pathway.
LUT was also found to effectively induce apoptosis through caspase-3/7-dependent
pathways [Pandurangan et al., 2013; Wang et al., 2004].

Studies have also suggested that LUT could significantly decrease the number and size of
colon polyps. When administered as a supplementation to aspirin in an animal study, LUT
significantly decreased CEA, COX-2, and oxidative stress and increased antioxidant markers
[Osman et al., 2015]. The anti-tumorigenesis effect was further demonstrated in a series of
azoxymethane-induced mouse colon carcinogenesis models [Pandurangan et al., 2014b;
Pandurangan et al., 2014c]. Interestingly, the anti-tumor activity of LUT is involved in
oxidative stress homeostasis.

Recently, investigations have revealed that epigenetic modifications may be the underlying
mechanism of the anti-neoplastic nature of LUT. For example, LUT has anticancer activity
by up-regulating p16 expression through epigenetic alterations [Krifa et al., 2014]. In our
previous study, LUT showed a dose-dependent activation of the Nrf2/ARE pathway in
HepG2 cells [Paredes-Gonzalez et al., 2015]. However, it remains unclear how LUT
modulates the CpG methylation of the Nrf2 gene and other epigenetic enzymes. This study
aimed to investigate the effect of LUT in inhibiting the viability and colony formation of
HCT116 cells and to determine the potential epigenetic mechanisms by which LUT activates
the Nrf2/ARE pathway.

Materials and Methods

2.1 Materials and Chemicals

LUT (Figure 1A for structure; purity: > 98%) was obtained from Dalian Meilun Biotech
Corp (Dalian, China). Dulbecco’s Modified Eagle’s Medium (DMEM), fetal bovine serum
(FBS), penicillin-streptomycin (10,000 U/ml), and trypsin-EDTA were supplied by Gibco
(Grand Island, NY, USA). A Cell-Titer 96 Aqueous One Solution Cell Proliferation (MTS)
Assay Kit was obtained from Promega (Madison, WI, USA). Platinum Tag DNA
polymerase was purchased from Takara (Mountain View, CA, USA). Power SYBR Green
PCR Master Mix was purchased from Applied Biosystems (Carlsbad, CA, USA). Tris-HCI
precast gels, turbo transfer buffer, and PVDF membranes were obtained from Bio-Rad
(Hercules, CA, USA). Tris-Glycine-SDS running buffer and Super Signal enhanced
chemiluminescent substrate were purchased from Boston BioProducts (Ashland, MA, USA)
and Thermo Scientific (Rockford, IL, USA), respectively. An antibody against Nrf2 was
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Protease inhibitor
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cocktail, radioimmunoprecipitation assay (RIPA) buffer, and antibodies against HO-1,
NQOL1, p-actin, HDACs (HDAC1-7) and DNMTs (DNMT1, DNMT3a/b) were supplied by
Cell Signaling Technology (Beverly, MA, USA).

All other chemicals, unless otherwise noted, were obtained from Sigma (St. Louis, MO,
USA).

2.2 Cell Culture and Treatment

The human colorectal adenocarcinoma HCT116 cell line was obtained from American Type
Culture Collection (ATCC, Manassas, VA, USA). HCT116 cells were routinely maintained
in DMEM supplemented with 10% FBS at 37°C in a humidified 5% CO, atmosphere.

HCT116 cells were seeded in 10-cm plates, incubated overnight to allow for adherence and
then exposed to either 0.1% DMSO (vehicle control), 2.5 uM 5-Aza, or various
concentrations of LUT in a 5% FBS-containing DMEM for 3 or 5 days. The medium was
changed every other day. One day prior to cell harvesting, 100 nM TSA was added to the 5-
Aza group. Then, all cells were collected for isolation of DNA, RNA, and protein.

2.3 Cell Viability Assay

HCT116 cells were seeded in 96-well plates at an initial density of 3000 cells/well for 1-, 3-
or 5-day treatments. After a 24-h incubation, the cells were treated with either 0.1% DMSO
(control) or LUT at various concentrations in DMEM with 5% FBS for 1, 3, or 5 days, and
the medium was changed every other day. The cytotoxicity of LUT was determined using a
Cell Titer 96 AQueous One Solution Cell Proliferation (MTS) assay kit (Promega, Madison,
WI, USA) according to the manufacturer’s instructions.

2.4 Anchorage-Independent Growth Assay

HCT116 cells (2 x 10 cells/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 7.5 uM, 15 uM or 30 uM LUT. Then, the
cells were maintained at 37°C in a humidified 5% CO, incubator for 2 weeks. Images of cell
colonies were captured by the ACT-1 software (Version 2.20) using a Nikon microscope.
Colonies were counted with the ImageJ program (Version 1.48d; NIH, Bethesda, MD,
USA).

2.5 RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (qPCR)

HCT116 cells were seeded in 6-well plates at a density of 2 x 10° cells/well. After
incubation for 24 h, the cells were treated with 0.1% DMSO (control), 2.5 pM 5-Aza and
100 nM TSA, or LUT at 15 and 30 uM for 3 days. The medium was changed every other
day. Total RNA was extracted from the treated HCT116 cells using the RNeasy Mini Kit
(Qiagen, Valencia, CA, USA), and 1 ug of total RNA was reverse-transcribed to cDNA
using the SuperScript 11 First-Strand Synthesis System (Invitrogen, Carlsbad, CA, USA).
The relative mRNA expression levels of Nrf2, HO-1, and NQO1 were determined by gPCR
on an ABI7900HT system. The primer sequences for Nrf2, HO-1 and NQO1 are shown in
Table 1.
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2.6 Preparation of Protein Lysates and Western Blotting

Following treatment for 3 days, protein lysates of the treated cells were collected using RIPA
buffer supplemented with a protein inhibitor cocktail (Sigma), and the concentration was
measured using the BCA kit ((Pierce, Rockford, IL, USA). Identical concentrations of
protein (20 ug) were separated by 4% to 15% SDS-polyacrylamide gel (Bio-Rad, Hercules,
CA, USA) electrophoresis (SDS-PAGE) and then electro-transferred to PVDF membranes
(Millipore, Billerica, MA, USA). After blocking with 5% BSA (Fisher Scientific, Pittsburgh,
PA, USA) in Tris-buffered saline-0.1% Tween 20 (TBST) buffer (Boston BioProducts,
Ashland, MA, USA), the PVDF membranes were incubated with a specific primary
antibody and sequential horseradish peroxidase-conjugated secondary antibodies. The blots
were visualized using Super Signal West Femto chemiluminescent substrate (Pierce,
Rockford, IL, USA) and measured using a Gel Documentation 2000 system (Bio-Rad,
Hercules, CA, USA).

2.7 DNA Isolation and Bisulfite Genomic Sequencing (BGS)

HCT116 cells were seeded in 10-cm plates for 24 h and then exposed to 0.1% DMSO, 2.5
UM 5-Aza and 100 nM TSA or LUT at 15 uM and 30 uM for 5 days. The medium was
changed every 2 days. On day 5, the cells were collected to perform DNA isolation using the
QlAamp DNA Mini Kit (Qiagen, Valencia, CA, USA). Then, 750 ng of genomic DNA was
subjected to bisulfite conversion using EZ DNA Methylation Gold Kits (Zymo Research
Corp., Orange, CA, USA) following the manufacturer’s instructions. To obtain products for
sequencing, the converted DNA was amplified by PCR using Platinum PCR Tagq DNA
polymerase (Invitrogen, Carlsbad, CA, USA) and primers including the first three CpGs of
the human Nrf2 gene spanning methylated CpG sites from —1576 to —1165, with the
translational start sites (TSS) referenced as +1, as previously described [Khor et al., 2014;
Yang et al., 2017b]. The forward and reverse primer sequences were 5'-TGT AAT TTA
GAG AAA GTA AGT TTT GT-3’and 5'-ATT TCT CCT TAT TAC TTC CAA AT-3". A
TOPO TA Cloning kit (Invitrogen, Grand Island, NY, USA) was used to clone the PCR
products into vector pCR4 TOPO. Plasmid DNA from at least 10 colonies per group from
three independent repeats was amplified and purified with a QlAprep Spin Miniprep Kit
(Qiagen) before sequencing (GeneWiz, South Plainfield, NJ, USA).

2.8 DNMT and HDAC Activity Assay

DNMT and HDAC activity/inhibition assay kits (EpiGentek, Farmingdale, NY, USA) were
used to determine the activities of these enzymes. Nuclear protein extraction was conducted
using the NEPER Nuclear and Cytoplasmic Protein Extraction Kit (Thermo Scientific,
Pittsburgh, PA, USA), and the relative enzyme activity was estimated based on the ratio of
the LUT treatment group to the control group with normalization to the protein amount.

2.9 Statistical Analyses

The data are presented as the mean + SD. The statistical analyses were performed by
Student’s t-test, and P values less than 0.05 were considered significant and are indicated
with *; Pvalues less than 0.01 are indicated with **,
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3. Results

3.1 Inhibitory effect of LUT on cell viability and anchorage-independent growth capacity
of human colon cancer cells

The LUT structure is shown in Figure 1A. To determine the cytotoxicity of LUT, an MTS
assay was performed to analyze the viability of HCT116 cells after treatment with LUT for
1, 3, and 5 days. The results of the MTS assay showed that LUT reduced cell viability in a
dose-dependent manner (Figure 1B). One-day and 3-day treatments with LUT were less
toxic than the 5-day treatment. Anchorage-independent growth capacity is an indicator of
tumorigenic and metastatic potential. A soft agar assay was employed to investigate the
effect of LUT on inhibiting the colony formation of HCT116 cells. As shown in Figure 1C
and 1D, LUT at 7.5, 15, and 30 uM significantly decreased the colony formation ability to
85.45%, 61.40%, and 15.41%, respectively. These results indicate that LUT plays an
important role in inhibiting the cell viability and tumorigenicity of HCT116 cells. We also
performed the same experiments in human colon adenocarcinoma HT29 cells and similar
results were observed (Figure S1).

3.2 LUT activated Nrf2 and its target genes on both mRNA and protein levels

We previously demonstrated that both protein and mRNA expression of Nrf2 and Nrf2
downstream genes negatively correlate with the methylation ratio of the Nrf2 gene promoter
region in colon cancer cells [Kang et al., 2016; Zhao et al., 2015]. In this study, the
quantification of the mRNA level of Nrf2 and its target enzymes in HCT116 cells was
performed by gPCR. As shown in Figure 2A-C, LUT increased the mRNA expression of
Nrf2, HO-1, and NQOL in a dose-dependent manner. Consistent with the qPCR results, LUT
increased the protein levels of Nrf2 and NQOL1 in a dose-dependent manner. However, no
significant difference of HO-1 protein expression was observed between control and LUT-
treated groups (Figure 2E). Representative images of western blots are shown in Figure 2D.
These data suggest that LUT can increase mRNA and protein expression and thereby
activate the expression of Nrf2-target antioxidant detoxifying enzymes in HCT116 cells.

3.3 LUT reduced the CpG methylation of the Nrf2 gene promoter region

In this study, we performed bisulfite sequencing to investigate whether LUT could affect the
methylation status of the Nrf2 promoter region. Previous reports have demonstrated that
LUT can inhibit DNMT enzyme activity and reverse the CpG hypermethylation of DNA
[Kanwal et al., 2016]. In our study, hypermethylation of the three CpGs (59.2% methylation)
was observed in HCT116 cells without LUT treatment. Treatment with a combination of 5-
Aza and TSA, a positive control of demethylation, significantly decreased the CpG
methylation level to 41%. Treatment with LUT at 15 pM and 30 uM also showed a
pronounced reduction in the methylation of these CpG sites from 59.2% to 55.5% and 48%,
respectively (Figure 3A and 3B).

J Cell Biochem. Author manuscript; available in PMC 2019 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zuo et al.

Page 7

3.4 LUT altered the expression and activities of epigenetic modification enzymes in
HCT116 cells

We performed western blotting to examine the effect of LUT on the protein expression and
enzyme activity of epigenetic modifying enzymes to investigate the epigenetic mechanism
by which LUT demethylated the Nrf2 promoter and increased Nrf2 transcription. DNMT1,
DNMT3A, and DNMT3B are the most well-known DNA methyltransferases. As shown in
Figure 4A and 4B, LUT at 15 pM and 30 pM significantly decreased the expression of
DNMT1, DNMT3A and DNMT3B protein. Consistently, we found that the protein levels of
HDAC1, HDAC2, HDAC3, HDACS6, and HDACTY were significantly decreased by treatment
with LUT for 5 days in HCT116 cells, while decreased expression of HDAC3, HDACS6, and
HDACT was observed in a concentration-dependent manner (Figure 5A and 5B). In addition
to the protein expression, the activities of these enzymes were also measured. As shown in
Figure 4C and 5C, the combination of 5-Aza (2.5 pM) and TSA (100 nM) reduced the
activities of DNMT and HDAC enzymes in HCT116 cells, and LUT also induced a
comparable decrease in DNMT and HDAC activities. Interestingly, LUT at a low dose (15
UM) decreased HDAC activity more than LUT at a high dose (30 uM), while no such effect
of higher inhibition was observed in DNMT activity.

4. Discussion

According to the latest report of Cancer Statistics in 2017, CRC remains among the top three
types of tumors in all cancer incidence and deaths, in addition to nearly one million new
cases of CRC diagnosed in 2017. Meanwhile, an estimated half of the new cases will turn
into deaths and approximately 10% of cancer-caused deaths are due to CRC, suggesting that
CRC is one of the most prevalent malignancies in humans [Siegel et al., 2017].

LUT is a bioflavonoid widely distributed in various fruits and vegetables. There are several
reports suggesting the multiple actions of LUT in CRC [Osman et al., 2015; Pandurangan et
al., 2014b; Xiao et al., 2017]. Previous reports have shown that LUT exerts dramatic
inhibitory effects on colon carcinogenesis in an AOM-induced model, due to its strong
antioxidant properties [Pandurangan et al., 2014a]. In our study, we employed an anchorage-
independent colony assay to evaluate the tumorigenic and metastatic potential of HCT116
and HT29 cells /n vitro. We found that the colony formation of HCT116 and HT29 was
considerably attenuated by LUT in a dose-dependent manner (Figure 1C and S1), which is
consistent with other published data and suggests, for the first time, that LUT has the
potential to prevent colon carcinogenesis in vitro.

A large case-controlled study has revealed that a diet rich in fruit and vegetables has
increased antioxidant potential, thus significantly decreasing the risk of CRC [La Vecchia et
al., 2013]. Usually, the cellular levels of ROS are automatically altered by a natural
antioxidant defense system to maintain redox homeostasis. Alternatively, ROS levels
accumulate in breast, colon, pancreatic, prostate and other cancers [Afanas’ev, 2011; Kumar
et al., 2008]. Nrf2, a redox-sensitive transcription factor, is stimulated by the presence of
electrophonic chemicals and ROS, which contribute to the translocation of Nrf2 into the
nucleus where it binds to antioxidant-responsive elements (ARES) and activates a series of
cytoprotective genes, such as HO-1 and NQO1. The protective properties of Nrf2 have been
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supported by observations of decreased genotoxic damage, reduced cell proliferation and
increased apoptosis of colon cancer cells [Tan et al., 2015; Trivedi et al., 2016; Xu et al.,
2015], in addition to lower ROS levels in a carcinogen-induced CRC mouse model [Xi et al.,
2013]. Recent studies have recognized the effect of LUT in modulating epigenetic
mechanisms. For example, Kanwall et al. explored the dual interactions of three flavones
with the methylation of genomic DNA, together with the trimethylation of lysine 27 at
histone H3, and the results showed that dietary flavones could alter DNMT and HMT
activities, which methylate DNA and histone proteins that regulate epigenetic modifications
[Kanwal et al., 2016]. However, studies on the ability of LUT to epigenetically modify
certain genes in CRC are relatively scarce. Thus, our present work provides evidence that
LUT decreases the CpG methylation of the Nrf2 promoter and regulates an antioxidant gene
potentially involved in the anchorage-independent growth of HCT116 cells. Furthermore,
our data revealed that the demethylation phenomenon may be associated with LUT-mediated
inhibition of DNMTs. DNMTs catalyze DNA methylation by transferring methyl groups to
cytosine nucleotides. In mammals, DNMT1 is the most abundant enzyme and maintains
methylation patterns following DNA replication and shows a preference for hemi-
methylated DNA. The DNMT3a/b enzymes are responsible for de novo DNA methylation
which is an essential mechanism of embryonic development and cell differentiation. DNA
methylation in gene promoters correlates with low or no transcription by blocking
transcription factors from binding.

In our previous study, curcumin, sulforaphane, and 3,3"-diindolylmethane were found to
demethylate the Nrf2 promoter and re-stimulate Nrf2 signaling in the prostate of TRAMP
mice and in TRAMP C1 cells, partly through the suppression of DNMTs and HDACs
[Huang et al., 2017; Kong et al., 2013; Li et al., 2017; Su et al., 2013; Wu et al., 2013; Yang
etal., 2017a; Zhang et al., 2016]. FN1, a curcumin analogue, restored Nrf2 expression and
its downstream detoxification enzymes, which suppressed the colony formation of prostate
cancer cells via epigenetic modification [Zhang et al., 2016]. Here, we showed that LUT
suppressed either the protein expression or enzyme activity of DNMT1, DNMT3A, and
DNMT3B in a dose-dependent manner in HCT116 cells, which in turn led to activation of
Nrf2 and its downstream genes by demethylation of Nrf2 promoter.

Histone acetylation and deacetylation are the processes by which the lysine residues within
the histone core of the nucleosome are acetylated and deacetylated as essential gene
regulation. Acetylation removes the positive charge on the histones, thereby decreasing the
interaction of the N termini of histones with the negatively charged phosphate groups of
DNA. As a result, this relaxed chromatin structure facilitates gene transcription. The
relaxation can be reversed by HDAC activity. HDAC inhibitors, such as TSA, suppress
activity of HDACs and keep chromatin in a relaxed structure, which leads to increased
transcription of the gene. In addition to DNA methylation, there is evidence that HDAC
inhibitors activate the Nrf2/ARE signaling pathway and up-regulate Nrf2 downstream
targets HO-1 and NQOL in a cerebral ischemia mouse model [Wang et al., 2012]. Thus,
histone deacetylation may also be involved in regulating the Nrf2/ARE pathway. Liu et al.
reported the direct involvement of HDAC3 in the negative regulation of the Nrf2 pathway
through NF-xB in response to inflammation-related stimuli [Liu et al., 2008]. Similarly, the
impact of HDACs on the inhibition of Nrf2-mediated antioxidant defense in
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neuroinflammation has also been investigated [Correa et al., 2011]. In the present study, we
found that LUT significantly down-regulated the enzyme expression and activity of HDACs
in HCT116 cells (Figure 5A-C), possibly due to compromised HDAC activity after LUT
treatment. Although the accurate mechanism underlying the interaction between LUT and
Nrf2 activation requires further exploration, our results suggest that LUT may regulate the
transcriptional activity of Nrf2 through epigenetic modifications.

In conclusion, our work confirmed the inhibitory role of LUT in the cell growth and colony
formation of HCT116 cells. This work also confirmed the activation effect of LUT on the
mMRNA and protein expression of Nrf2 and its downstream phase Il detoxifying and
antioxidant enzymes HO-1 and NQO1. Most importantly, we demonstrated that LUT could
epigenetically regulate Nrf2 expression through inhibiting DNMT and HDAC activities.
These findings provide new insights into utilizing LUT for cancer prevention and treatment.
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Figure 1.

LUT inhibited the cell viability and anchorage-independent growth of HCT116 cells. (A)
Structure and molecular weight of LUT. (B) LUT inhibited HCT116 cell viability in a dose-
dependent manner. HCT116 cells were plated in 96-well plates at an initial density of 3000
cells/well then treated with various concentrations of LUT for 1, 3, or 5 days. Cell viability
was detected using the MTS assay. (C, D) LUT inhibited the anchorage-independent growth
of HCT116 cells. Eight thousand cells were seeded in soft agar containing 0.1% DMSO or
various concentrations of LUT in 6-well plates for 14 days. Representative images of
colonies are shown in C. The relative colony numbers from three independent experiments
are shown in D. The data are presented as the mean £ SD. * P < 0.05 and ** P < 0.01 versus
the control group.
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Figure 2.
LUT activated Nrf2 and its downstream genes. (A-C) mRNA expression of Nrf2, HO-1, and

NQOL1 in HCT116 cells treated with LUT. HCT116 cells were treated with various
concentrations of LUT for 3 days, and total RNA was extracted and converted to cDNA.
Relative gene expression was assessed by gPCR. (D-E) Protein expression of Nrf2, HO-1,
and NQO-1 in HCT116 cells treated with LUT. HCT116 cells were treated with various
concentrations of LUT for 3 days, and then protein levels were measured by western
blotting. Representative images of blots are shown in D. The relative densities of the blots
were measured by ImageJ software. The data are presented as the mean + SD from three
independent experiments, as shown in E. * P < 0.05 and ** P < 0.01 versus the control

group.
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Figure 3.

LUT reduced the CpG methylation ratio of the Nrf2 promoter region. (A-B) Detailed
methylation patterns of 3 selected CpG sites (=1576 to —1165) in the promoter region of the
Nrf2 gene in HCT116 cells were determined by bisulfite genomic sequencing. Filled dots
indicate the methylated CpG sites, and open circles indicate the unmethylated CpG sites.
HCT116 cells were treated with various concentrations of LUT or a positive control, 5-Aza
and TSA, for 5 days, and genomic DNA was then bisulfite converted. Methylated cytosine
was determined by Sanger sequencing. Ten clones were selected to represent three
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independent experiments. The methylation percentage was calculated from three
independent experiments as the number of methylated CpG sites over the total number of
CpG sites examined. The data are presented as the mean + SD. * P < 0.05 and ** P < 0.01
versus the control group.

J Cell Biochem. Author manuscript; available in PMC 2019 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Zuo et al. Page 17
A B
1.5 5 mm Control e LUT 15 pM
=1 5-Aza 2.5 uM +TSA 100nM mm LUT 30 pM
Cm 2
Q
e
[=]
('
PR |— P—— N B
DNMT3B 66 kD c DNMT1 DNMT3A DNMT3B
2 100 4
g "
B-actin 43 kD B ok
" ; S 50 - T _l_
= S & [=]
o SN ¥ 2
& S 3 \9« 5
HJ\G—’Y o 0 = T T
N S N
c,°<§ 'I:,Q&!\ &% S
> y S
(g,Yﬂ" ke ~ b
rea
Figure 4.

LUT decreased protein expression and enzyme activities of DNMTs in HCT116 cells. (A-B)
Protein expression of DNMT1, DNMT3A, and DNMT3B in HCT116 cells treated with
LUT. HCT116 cells were treated with various concentrations of LUT or 5-Aza and TSA for
3 days, and protein levels were measured by western blotting. Representative images of blots
are shown in A. The relative densities of the blots were measured by the ImageJ software.
The data are presented as the mean + SD from three independent experiments. (C) Relative
DNMT activities in HCT116 cells treated with various concentrations of LUT or 5-Aza and
TSA for 3 days. The data are presented as the mean £ SD. * P < 0.05 and ** P < 0.01 versus
the control group.
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Figure 5.

LUT decreased protein expression and enzyme activities of HDACs in HCT116 cells. (A-B)
Protein expression of HDAC1/2/3/6/7 in HCT116 cells treated with LUT. HCT116 cells
were treated with various concentrations of LUT or 5-Aza and TSA for 3 days, and protein
levels were measured by western blotting. Representative images of blots are shown in A.
The relative densities of the blots were measured by the ImageJ software. The data are
presented as the mean + SD from three independent experiments, as shown in B. (C)
Relative HDAC activities in HCT116 cells treated with various concentrations of LUT or 5-
Aza and TSA for 3 days. The data are presented as the mean + SD. * P < 0.05 and ** P <
0.01 versus the control group.
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Table 1.

gPCR primers used in the study

Gene Sequence (5’ - 3%)
sense CAAAAGGAGCAAGAGAAAGCC
Nrf2 antisense  TCTGATTTGGGAATGTGGGC
sense GTGATGGAGCGTCCACAGC
HoL antisense TTGGTGGCCTCCTTCAAGG
sense TCACCGAGAGCCTAGTTCC
NQo1 antisense  TCATGGCATAGTTGAAGGAACG
sense ACATCGCTCAGACACCATG
Gapdh

antisense

TGTAGTTGAGGTCAATGAAGGG
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