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EFFECTS OF PROANTHOCYANIDINS IN COMBINATION WITH RESVERATROL
AND SULFORAPHANE RESPECTIVELY ON HUMAN BREAST CANCER CELLS

YIFENG GAO
BIOLOGY
ABSTRACT

Breast cancer is the second most common cancer and the second leading cause of
death from cancer among women in the United States. Cancer prevention and therapy
through use of phytochemicals that have epigenetic properties has gained considerable
popularity during the past few decades. Such dietary components include but are not lim-
ited to grape seed proanthocyanidins (GSPs), resveratrol (Res) and sulforaphane (SFN).
Here we report for the first time that GSPs and Res in combination dose- and time-
dependently inhibited cell viability and posttreatment colony forming ability synergisti-
cally in MDA-MB-231 and MCF-7 human breast cancer cells, while GSPs and SFN in
combination antagonistically inhibited these two cell lines in a dose- and time-dependent
manner. Additional analyses suggest that the synergism between GSPs and Res in MDA-
MB-231 cells could be as a result of the enhancement of signal transmission in apoptosis
as the combinational treatment with GSPs and Res synergistically up-regulated the ex-
pression of proapoptotic protein Bax and down-regulated the expression of antiapoptotic
protein Bcl-2. In MCF-7 cells, however, Bax expression was greatly down-regulated by
GSPs regardless of the presence of Res or SFN. Furthermore, DNA methyltransferase
(DNMT) and histone deacetylase (HDAC) activity assays were conducted. The results
show that the combinational treatment with GSPs and Res led to greater inhibition in
DNMT and HDAC activities compared with treatment with either GSPs or Res alone in

MDA-MB-231 and MCF-7 cells, whereas GSPs and SFN antagonistically inhibited



DNMT and HDAC activities in both cell lines. These findings suggest that the synergism
between GSPs and Res in MCF-7 cells and the antagonism between GSPs and SFN in
both MDA-MB-231 and MCF-7 cells could be associated with the regulation of DNA

methylation and/or histone modifications.

Keywords: grape seed proanthocyanidins, resveratrol, sulforaphane, human breast cancer,
synergism/antagonism, epigenetics



DEDICATION
This graduate research is dedicated to my entire family in China, especially to my
parents, who supported their only child to study abroad, who have spent countless days
and nights in front of a computer screen which was the closest they could get to their son.
It is dedicated to my dear aunt, who died from lung cancer two years ago at the age of 53,
who had loved me like her own. It is also dedicated to my grandmother, who passed away

peacefully last year at the age of 88, who | had spent a great deal of my childhood with.



ACKNOWLEDGMENTS

I thank our Graduate Program Director Dr. Stephen A. Watts for his support and
assistance during my graduate years. | thank my mentor Dr. Trygve Tollefsbol, from
whom | have learned a great deal over the years, not only scientific ideas, but writing and
social skills as well. I thank the rest of my committee members, including Drs. Asim
Kumar Bej, Yuanyuan Li, Christine Skibola and Thane Wibbels, for their guidance and
support. I specially thank Dr. Christine Skibola who was so kind as to go through the
trouble of attending my meetings remotely via Skype a couple of times.

I also thank the Tollefsbol lab members for the time we spent together. I thank Dr.
Rishabh Kala for getting me started with basic cell culture skills and MTT assay skills. |
thank Dr. Michael Daniel for many other research techniques and suggestions. | thank
Drs. Samantha Martin and Kendra Royston for their encouragement and moral support in
my time of greatest need. | thank Dr. Bidisha Paul and Ms Kayla Lewis for their many
advices and kind assistance. | thank Dr. Shizhao Li for helping analyze data. Last but not
least, | thank any person not specifically mentioned above, if any, who has aided to make

this dissertation possible.

vi



TABLE OF CONTENTS

Page

ABSTRACT ..ottt bbbt bbbttt bbbt i
DEDICATION ...ttt ettt bbbttt b bbb bbb enes %
ACKNOWLEDGMENTS ...ttt vi
LIST OF TABLES ... .ottt bbbttt bbbt X
LIST OF FIGURES ...ttt bbbt Xi
LIST OF ABBREVIATIONS ... .ottt e Xii
INTRODUGCTION ...ttt ettt bbbttt ettt st sb bbb eneas 1
BrEaST CANCET ......eiiiiee e 1
EPIGENEtICS ANT CANCET ....c.uiiiiieieitieie ettt sttt sb e nneenes 1
Phytochemicals and CanCEr .........ccueeiiiiieiecie e 2
Grape seed proanthocyaniding (GSPS)........cccuiueiirieiiienenie e 2
RESVEIAIIOl (RES) ...vviveeiice ettt ne e 4
SUITOrapNaNe (SFN) ....ei i 5

GSPs and SFN in COMDBINALION .......ooueiviiiiiiiiiieiee e 5
GSPs and Res in ComMbBINALION .........cuiiiiiiii e 6
MATERIALS AND METHODS.......cci ittt st 7
Cell Culture and TreatMENT.......cuoieeriee et ae s 7
CRBIMICAIS. ...ttt bbbt enes 8
IMITT ASSAY .ttt s e e e e e e et e e e snn e e e anne s 9
ClONOYENIC ASSAY ...vveuvierieeieeiieeseestee st este e e steeae s e steetesseesaeeeeaseesseeseeaseesreeseaneeaseeseas 9
AAPOPLOSTS ASSAY ... veentiieesreesteastesteesteestesteesteastesteesbeeseesseesbeesbeaseesbeebesseesbeebeaneesreenbeas 10
WESEErN BIOt ANAIYSIS ..ottt enne e 11
DINMT ACLVITY ASSAY ...eeiveiiiieieiiiesieesie et e et sbeestesseesieestesseesaeesbesseesbessaesneesseensens 11
HDAGC ACHVILY ASSAY ...vievveiieeieiriesieeseeiesteesieestesseestessaesseesseassssseessessssssesssessesessses 12
COMPUSYN ANAIYSIS. ....eiiiiiiiieieeiie ittt et e be b sneenes 12
StAtiIStICAl ANAIYSIS....ecviiiieiiece e es 13

Vii



RESULTS s 14

Combinational Treatment with Proanthocyanidins and Sulforaphane

Inhibit Human Breast Cancer Cells Antagonistically...........cccoooeiininniiiiiniennn 14
GSPs and SFN antagonistically inhibit cell viability and proliferation
in MDA-MB-231 and MCF-7 human breast cancer cells with no

apparent toxicity in MCF10A human mammary epithelial cells....................... 14
CompuSyn software analysis proves an antagonistic effect of the
GSPs and SFN combination treatment on breast cancer cells.............ccccue...... 18

GSPs and SFN antagonistically reduce posttreatment colony forming

ability in MDA-MB-231 and MCF-7 human breast cancer cells but

not in MCF10A human mammary epithelial cells.............ccoooiviniiiniini 20
GSPs and SFN induce apoptosis in MDA-MB-231 human breast

cancer cells, whereas GSPs and their combination with SFN inhibit

apoptosis in MCF-7 human breast cancer CellS ..........cccovvvvviieiieiieie e, 25
GSPs, SFN and their combination upregulate Bax expression and
down-regulate Bcl-2 expression in MDA-MB-231 human breast

cancer cells, whereas GSPs and their combination with SFN down-

regulate Bax expression in MCF-7 human breast cancer cells.............c.ccc........ 29
GSPs and SFN antagonistically reduce DNMT activity and HDAC
activity in MDA-MB-231 and MCF-7 human breast cancer cells .................... 31
Combinational Proanthocyanidins and Resveratrol Synergistically Inhibit
Human Breast Cancer Cells and Impact Epigenetic-mediating Machinery .............. 34
GSPs and Res synergistically inhibit cell viability and proliferation
in MDA-MB-231 and MCF-7 human breast cancer cells ........ccccovevveiniennnn. 34
GSPs and Res synergistically inhibit posttreatment colony forming
ability in MDA-MB-231 and MCF-7 human breast cancer cells ..................... 38

GSPs and Res synergistically induce apoptosis in MDA-MB-231

human breast cancer cells, whereas GSPs and their combination with

Res inhibit apoptosis in MCF-7 human breast cancer cells...........ccccvvvevvrnenee. 43
GSPs, Res and their combination upregulate Bax expression and

down-regulate Bcl-2 expression in MDA-MB-231 human breast

cancer cells, whereas GSPs and their combination with Res down-

regulate Bax expression in MCF-7 human breast cancer cells............c.cco........ 47
GSPs, Res and their combination decrease DNMT activity as well

as HDAC activity in MDA-MB-231 and MCF-7 human breast

CANCET CRIIS .. 49
D S C U S S ION oottt nnnnnnnnnnnnnn 53
CON CLUSIONS . .. 60

IMPACT OF EPIGENETIC DIETARY COMPONENTS ON CANCER
THROUGH HISTONE MODIFICATIONS ..o 62

viii



LIST OF REFERENCES



LIST OF TABLES

Tables Page
1 Antagonism between GSPs and SFN Indicated by Combination

INAEX (C1) VAIUEBS........eeiieieee e e 19
2 Synergism between GSPs and Res Indicated by Combination

INAEX (C1) VAIUES........eeiieececee ettt ae s 37



Figure

10
11
12

13

LIST OF FIGURES

Page
ChemiCal STTUCTUIES .......c.ooiiiieieece e 4
IMITT ASSAY ..ttt ettt ettt ettt ettt sab e srb e e e nnb e e e nbbe e e nnreas 17
ClONOYENIC ASSAY ...vveuiierieeieesieeiesteesteetesreesteeste s esseesteeseesreesteaseesseesseeneesseesseenee e 24
Morphological Change and APOPLOSIS ASSAY ......ccvveuereereeriesieseeieseesseeeesaesaens 28
Western Blot Analysis and Bax:BCl-2 RatIO .........ccocevveveiieiiese e 31
DNMT ACHVITY ASSAY ...viiveiiieeieeiiesieeiesiesteessesseesssasesseesseessesseessesssssseessessesessses 32
HDAGC ACHVILY ASSAY ...vevveieerieeiieiteeiesieesieeiesseesssasesseesseessessesssessssssessesssessassses 33
IMITT ASSAY ..ttt ettt ettt e st nab e e et e e e nbbe e e nnneas 36
(O (o g o0 T g ol T | SO 42
Morphological Change and APOPLOSIS ASSAY ......ccvveverrerrieereeriereerieseesseeeeseesaens 46
Western Blot Analysis and Bax:BCl-2 RatiO .........cccccevveiviiieiieie e 49
DNMT ACHVITY ASSAY ...veiveiieerieeiieitieiesiesteesseseesssassesseesseasesseesseassesseessessessessses 51
HDAGC ACHVILY ASSAY ...veveeiveeieiiieiteeieseestaetesseesteaaesseesseessesseesseassssaessesssessasssens 52

Xi



DMSO

DNMT

ER

GSPs

HDAC

PR

Res

SFN

LIST OF ABBREVIATIONS

Combination index

Dimethyl sulfoxide

DNA methyltransferase
Estrogen receptor

Grape seed proanthocyanidins
Histone deacetylase
Progesterone receptor
Resveratrol

Sulforaphane

Xii



INTRODUCTION

Breast Cancer

Breast cancer is the development of tumor in the tissues of the breast. It is the sec-
ond most common cancer and the most common invasive cancer among women in the
United States, exceeded only by skin cancer which is non-invasive. In addition, breast
cancer is the second leading cause of death from cancer in women with more than
200,000 new cases and a mortality rate of about 40,000 women per year, preceded only
by lung cancer.* According to current projections, approximately one in eight women
(12.3%) will be diagnosed with breast cancer at some stage of their lives. Breast cancer

can also occur in men, though it is a hundred times less likely.

Epigenetics and Cancer

Epigenetics, the study of heritable changes in gene expression without modifying the
nucleotide sequence, is among the most important topics in medicinal chemistry and

cancer chemoprotection.? Such changes include DNA methylation, histone modification
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and microRNA expression that have been shown to be associated with various types of
cancer, including breast cancers.® A number of phytochemicals from fruits and vegetables,
which include but are not limited to proanthocyanidins, sulforaphane and resveratrol,

have been shown to modulate these epigenetic changes.

Phytochemicals and Cancer

Breast cancer development varies among different ethnic groups. Apart from genetic
factors, another risk factor is believed to be the dietary differences between developed
countries and developing countries. In the Western world, people tend to consume a
meat- and calorie-rich diet, while people in the Eastern world generally have a
plant-based diet. Many of these fruits, vegetables and cereals are rich in anticancer and/or
anti-oxidative dietary components that can cause epigenetic changes, such as curcumin,
genistein, isothiocyanates (sulforaphane, benzyl isothiocyanate, phenylhexyl isothiocya-
nate, etc.), proanthocyanidins, resveratrol and epigallocatechin-3-gallate (EGCG). The
use of dietary components to regulate epigenetic modifications has gained substantial in-

terest in cancer prevention and therapy during the past few decades.*??

Grape seed proanthocyanidins (GSPs)
Proanthocyanidins refer to a large class of polyphenols called flavanols. Proantho-

cyanidins can be found in many plants, like apples, cinnamon, aronia fruit, and cocoa
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beans, but the powerful compound is most abundant in the bark of the maritime pine and
in grapes. Grapes are rich in proanthocyanidins with approximately 60—70% of the pro-
anthocyanidins being contained in the seeds. Grape seed proanthocyanidins predomi-
nantly consist of dimers, trimers, tetramers and oligomers of monomeric catechins (Fig-
ure 1A).% Studies have shown that GSPs are potent antioxidants with many biological
properties.?**® Chief among them are their anticancer effects which have also been re-
ported in various types of cancer, such as skin cancer and lung cancer as well as breast

cancer.t 273!

OH

OH

OH
(A)



OH

HO N

OH
(B)

Figure 1. Chemical Structures. The chemical structures of the building blocks of proan-
thocyanidins (A), resveratrol (B) and sulforaphane (C). Ry represents H or OH. R, repre-
sents H, OH or OG.

Resveratrol (Res)

3,5,4’-trihydroxy-trans-stilbene or resveratrol is a stilbenoid (Figure 1B), a poly-
phenol as well as a phytoalexin naturally produced by a number of plants such as grapes,
berries, peanuts and the roots of Japanese knotweed when under attack by pathogens.
However, it is most abundant in the skin of red grapes; thus, it is rich in red wine.3*3
Like other polyphenols, Res exhibits anticancer properties through a number of epigenet-
ic regulations, among which its ability to inhibit histone deacetylases (HDACSs) has been
well studied.>** Res and its analogues have also been reported to regulate histone phos-

phorylation in various cancers.***



Sulforaphane (SFN)

Sulforaphane, belonging to the isothiocyanate group (Figure 1C), can be found in
cruciferous vegetables including but not limited to broccoli, Brussels sprouts, kale, cauli-
flower and cabbages.**** It is produced from glucoraphanin, which is particularly rich in
young sprouts of broccoli and cauliflower, by the enzyme myrosinase upon damage to the
plant as a protective mechanism.* In vitro and in vivo studies have shown that SFN ex-
hibits anticancer properties through several mechanisms, such as cell cycle arrest and
apoptosis, activating checkpoint kinase 2 and acting as a HDAC inhibitor which increases

global and local histone acetylation of a number of genes.**™

GSPs and SFN in Combination

In recent years, effects of dietary components in combination on cancer have gained
increasing interest. Previous studies in our lab have shown that phytochemicals acting as
DNMT inhibitors as well as those with HDAC-inhibiting properties can work in synergy
in inhibiting human cancer.’* Since GSPs have been reported to down-regulate DNMTs
and SFN is a well-studied HDAC inhibitor, the combination of them, in theory, should
have additive effects at the least, if not synergistic effects, on cancer inhibition.>>>” Addi-
tionally, both GSPs and SFN are heavily consumed by the general population due to their
vast availability in fresh produce and products. It is reasonable to assume that they often

appear at the same time on people’s dining table. Therefore, it is practical and beneficial
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to investigate the health benefits of these dietary phytochemicals in combination in hu-

man breast cancer.

GSPs and Res in Combination

Dietary phytochemicals are believed to be easier to absorb and exhibit better effica-
cy in their natural form than in their purified form. It could be due to the fact that there
may be other natural compounds acting with the dietary phytochemicals of interest in
their natural form in a synergistic manner. We chose GSPs and Res for our second study
because they are both abundant in red grapes, which are some of the most consumed
fruits by humans and are known to have considerable health benefits. It is worth men-
tioning that red wine is an excellent source of GSPs and Res because grape seeds and
grape skin are preserved and utilized during red wine production. Red wine, which is
heavily consumed worldwide, also offers more concentrated GSPs and Res than do red
grapes. Collectively, we had decided to investigate the effects of GSPs and Res in com-

bination on human breast cancer cells.



MATERIALS AND METHODS

Cell Culture and Treatment

The estrogen receptor-negative (ER-), progesterone receptor-negative (PR-) and
HER2-negative (HER2-) MDA-MB-231 human breast cancer cells and the ER+, PR+
and HER2- MCF-7 human breast cancer cells were obtained from ATCC (Manassas, VA,
USA). The immortalized non-cancerous MCF10A human mammary epithelial cells,
which were also obtained from ATCC (Manassas, VA, USA), were used as the control.*®
Both MDA-MB-231 and MCF-7 cells were cultured in Dulbecco's Modified Eagle's Me-
dium (DMEM) (Mediatech Inc, Manassas, VA, USA) with 10% fetal bovine serum (FBS)
(Atlanta Biologicals, Lawrenceville, GA, USA) and 1% penicillin/streptomycin (Corning
Cellgro, Manassas, VA, USA). MCF10A control cells were cultured in DMEM/F12 me-
dium (Mediatech) with 5% donor horse serum (Atlanta Biologicals), 20 ng/mL of epi-
dermal growth factor (EGF) (Sigma), 100 ng/mL of cholera endotoxin (Sigma), 0.5
ug/mL of hydrocortisone (Sigma), 2 mM L-glutamine and 1% penicillin/streptomycin

(Mediatech). All three cell lines were cultured in a humidity-controlled incubator at 37°C

with 5% CO,, and sub-cultured at 85-90% confluence. After sub-culturing, all cells were
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given 24 h to adhere and to recover before they were treated with varying concentrations
of GSPs (20, 40, 60 pg/ml), Res (10, 20 uM), SFN (2.5, 5, 7.5 uM) and their combina-
tions (20 pg/ml GSPs with 10 uM Res, 40 pg/ml GSPs with 20 uM Res, 20 pg/ml GSPs
with 2.5 uM SFN, 20 pg/ml GSPs with 5 uM SFN, 40 pg/ml GSPs with 2.5 uM SFN, 40
ug/ml GSPs with 5 uM SFEN) for 24 h to 72 h. Media and treatment agents were refreshed
every 24 h. Dimethyl sulfoxide (DMSO) was used as the vehicle control at the concentra-

tion of 0.5% (v/v) in media.

Chemicals

Grape seed proanthocyanidins (GSPs) (> 95% pure) were purchased from Kikkoman
Corporation (Tokyo, Japan). Sulforaphane (SFN) (>98% pure) was purchased from LKT
Laboratories (Minneapolis, MN). Resveratrol (Res) (> 99% pure; HPLC) and dimethyl
sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, MO, USA). GSPs
were prepared in DMSO and were stored as a stock at the concentration of 100 mg/ml at
-20°C. Resveratrol (Res) was prepared in DMSO and was stored as a stock at the concen-

tration of 200 mM (mmol/L) at -20°C.



MTT Assay

The number of viable cells in each well was estimated by the uptake of the tetrazo-
lium salt, 3-(4, 5-dinethylthiazol-2-yl) -2, 5-diphenyltetrazolium bromide (MTT). Ap-
proximately 4000 cells per well of each cell line were plated in 96-well plates and incu-
bated for 24 h at 37°C with 5% CO; to allow the cells to adhere to the bottom. Then the
cells were treated with DMSO, GSPs, Res, SFN and their combinations at aforemen-
tioned concentrations for 24 h to 72 h. After the treatments, the cells were incubated with
100 pul of 1 mg/ml MTT solution for an additional 3.5 h at 37°C. Thereafter, the MTT so-
lution was aspirated and 150 ul of DMSO was added to each well to dissolve the forma-
zan crystals. Finally, the absorbance was read at 595 nm using a microplate reader (iMark,
Bio-Rad). Cellular viability was calculated as a percentage relative to the vehicle control

treated by DMSO.

Clonogenic Assay

Cells were treated with DMSO, GSPs, Res, SFN and their combinations at afore-
mentioned concentrations in 6-well plates for 48 h to 72 h at 37°C with 5% CO,. The
cells were then harvested and approximately 500 cells of each treatment were seeded in
6-well plates with fresh media and were incubated undisturbed at 37°C with 5% CO, for

7 days, during which time the cells were allowed for proliferation and colony formation.
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Afterwards, the media was aspirated, the colonies were washed with cold phosphate
buffer saline, fixed with cold 70% methanol and were stained with 0.25% trypan blue

solution. Finally, photographs were taken and colonies with over 50 cells were counted.

Apoptosis Assay

Apoptosis of breast cancer cells induced by GSPs, Res, SFN and their combinations
were quantitatively determined by flow cytometry using the Annexin V-conjugated
Alexafluor 488 (Alexa488) Apoptosis Vybrant Assay Kit (Life Technologies, Carsbald,
CA, USA). Approximately 2 x 10° cells were seeded in each well of 6-well plates and
were left for 24 h at 37°C with 5% CO, for adherence and recovery. The cells were then
treated using aforementioned method. Thereafter, the cells were harvested by brief tryp-
sinization, washed with PBS, and incubated with Alexa488 and propidium iodide for cel-
lular staining in Annexin-binding buffer at room temperature for 10 min in the dark. The
stained cells were analyzed by fluorescence-activated cell sorting (FACS) using a
FACS-caliber instrument (BD Biosciences, San Jose, CA, USA) equipped with cell quest

3.3 software (BD Biosciences).
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Western Blot Analysis

Cells were treated as mentioned above. The cells were then harvested, and protein
extracts were prepared by RIPA lysis buffer (Upstate Biotechnology, Lake Placid, NY)
following the manufacturer’s protocol. Protein concentrations were determined by Brad-
ford using the Bio-Rad protein assay (Bio-Rad, Hercules, CA). Protein extract (50 pg)
was loaded into a 4-15% Tris-HCI gel (Bio-Rad) and separated by electrophoresis at 200
V until the dye arrived near to the end of the gel. The separated proteins were transferred
to a nitrocellulose membrane at 25 V for 10 min by the Trans-Blot Turbo transfer system
(Bio-Rad). Afterwards, the membrane was blocked in Tris-buffered saline (TBS) solution
with 0.5% dry milk and 0.5% Tween (TBST) following the SNAP i.d. 2.0 protein detec-
tion system protocol (EMD Millipore, Billerica, MA). Primary and secondary antibody
incubations were performed according to the manufacturer’s protocol. Immunoreactive

bands were visualized using Clarity Western ECL Substrate (Bio-Rad).

DNMT Activity Assay

Cells were treated as mentioned above. The cells were then harvested, and nuclear
extracts were prepared using EpiQuik Nuclear Extraction Kit (EpiGentek, Farmingdale,

NY) following the manufacturer’s protocol. DNMT activity assay was performed using
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EpiQuik DNA Methyltransferase Activity/Inhibition Colorimetric Assay Kit (EpiGentek)

following the manufacturer’s protocol.

HDAC Activity Assay

Cells were treated as mentioned above. The cells were then harvested, and nuclear
extracts were prepared using EpiQuik Nuclear Extraction Kit (EpiGentek, Farmingdale,
NY) following the manufacturer’s protocol. HDAC activity assay was performed using
EpiQuik HDAC Activity/Inhibition Colorimetric Assay Kit (EpiGentek) according to the

manufacturer’s protocol.

CompuSyn Analysis

The CompuSyn software version 1.0 (http://www.combosyn.com/) was used to de-

termine synergism/antagonism of combinational treatments. Combination index (CI)

values were generated by the software. ClI < 1 indicates synergism, Cl = 1 indicates addi-

tive effect, Cl > 1 indicates antagonism.>*®°
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Statistical Analysis

All results were generalized from at least three independent experiments with very
similar observations. Error bars indicate standard deviation. Significance versus control
group (DMSO-treated) was calculated by Student's t-test, in which case, * indicated sta-

tistically significant (P < 0.05) and ** highly statistically significant (P < 0.01).
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RESULTS

Combinational Treatment with Proanthocyanidins and Sulforaphane Inhibit Human

Breast Cancer Cells Antagonistically

GSPs and SFN antagonistically inhibit cell viability and proliferation in MDA-MB-231
and MCF-7 human breast cancer cells with no apparent toxicity in MCF10A human
mammary epithelial cells

To determine the anti-carcinogenic effect of GSPs, SFN and their combinations on
cell viability in MDA-MB-231 and MCF-7 human breast cancer cells, MTT assays were
performed. The cells were treated with 0.5% (v/v) DMSO, GSPs (20, 40 and 60 pg/ml),
SFN (2.5, 5 and 7.5 uM) and their combinations (20 ug/ml GSPs with 2.5 uM SFN, 20
pug/ml GSPs with 5 uM SFN, 40 pg/ml GSPs with 2.5 uM SFN, and 40 pg/ml GSPs with
5 uM SFN) for 24 h, 48 h and 72 h. As shown in Figure 2A, treatment with GSPs, SFN
and their combinations all resulted in reduction in cell viability in a dose- and
time-dependent manner, respectively, in MDA-MB-231 cells. The treatment with GSPs
resulted in significant decreases in cell viability in a dose- and time-dependent manner

ranging from 2% to 11% after 24 h, 2% to 40% (P < 0.01) after 48 h and 15% (P < 0.05)
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to 55% (P < 0.01) after 72 h. The treatment with SFN led to significant decreases in cell
viability in a dose- and time-dependent manner ranging from 5% to 15% (P < 0.05) after
24 h, 11% to 20% (P < 0.05) after 48 h and 20% (P < 0.05) to 31% (P < 0.01) after 72 h.
The treatment with the combinations of GSPs and SFN resulted in significant decreases
in cell viability in a dose- (excluding the treatment for 24 h) and time-dependent manner
ranging from 2% to 28% (P < 0.05) after 48 h and 20% (P < 0.05) to 47% (P < 0.01) af-
ter 72 h. However, each combinational treatment exhibited not much more inhibitory ef-
fect than treatment with either GSPs or SFN alone as shown in Figure 2A. Figure 2B
shows that GSPs, SFN and their combinations inhibited MCF-7 cells in a similar manner
as they did in the MDA-MB-231 cells. The treatment with GSPs resulted in significant
decreases in cell viability in a dose- and time-dependent manner ranging from 6% to 31%
(P < 0.01) after 24 h, 20% (P < 0.05) to 50% (P < 0.01) after 48 h and 24% (P < 0.05) to
62% (P < 0.01) after 72 h. The treatment with SFN led to significant decreases in cell vi-
ability in a dose- and time-dependent manner ranging from 1% to 10% after 24 h, 0% to
25% (P < 0.05) after 48 h and 5% to 44% (P < 0.01) after 72 h. The treatment with the
combinations of GSPs and SFN resulted in significant decreases in cell viability in a
dose- (excluding the treatment for 24h) and time-dependent manner ranging from 0% to
24% (P < 0.05) after 24 h, 9% to 45% (P < 0.01) after 48 h and 24% (P < 0.05) to 51%
(P < 0.01) after 72 h. However, In MCF-7 cells, some combinational treatments exhibited

even less inhibitory effect than treatment with either GSPs or SFN alone as shown in
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Figure 2B. Collectively, these findings may suggest an antagonism between GSPs and

SFN in inhibiting cell viability in human breast cancer cells.
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Figure 2. MTT Assay. Inhibition of cell viability in MDA-MB-231 (A) and MCF-7 (B)
human breast cancer cells after treatment with GSPs (20, 40, 60 pg/ml), SFN (2.5, 5, 7.5
uM), and their combinations (20 pug/ml GSPs with 2.5 uM SFN, 20 pg/ml GSPs with 5
uM SFN, 40 pg/ml GSPs with 2.5 uM SFN, and 40 pg/ml GSPs with 5 uM SFN) com-
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pared with the DMSO-treated control cells for 24h, 48 h and 72 h. MCF10A human
mammary epithelial cells (C) were used as the control cells to determine the toxicity of
these phytochemicals of varying concentrations. Results were generalized from three in-
dependent experiments with very similar observations. The cell viability of each treat-
ment group is represented in percentage compared with the control group as the mean +
SD. *P <0.05,**P<0.01

We then conducted MTT assay on the immortalized non-cancerous MCF10A human
mammary epithelial cells to investigate the toxicity of GSPs, SFN and their combinations
in human mammary cells. The cells were treated with 0.5% (v/v) DMSO, GSPs (20, 40
and 60 pg/ml), SFN (2.5, 5 and 7.5 pM) and their combinations (20 pg/ml GSPs with 2.5
uM SEN, 20 pug/ml GSPs with 5 puM SFN, 40 pg/ml GSPs with 2.5 uM SFN, and 40
ug/ml GSPs with 5 uM SFEN) for 24 h, 48 h and 72 h. As shown in Figure 2C, no apparent
reduction in cell viability was observed in any treatment group compared with the
DMSO-treated control group in MCF10A cells, which demonstrates that GSPs, SFN or in

combination post no toxic effect on human mammary cells.

CompuSyn software analysis proves an antagonistic effect of the GSPs and SFN combi-
nation treatment on breast cancer cells

To confirm the antagonistic effect on human breast cancer cells between GPSs and
SFN, the results from the aforementioned MTT assays were further analyzed by the
CompuSyn software version 1.0. Combination index (CI) values were generated by the
software. ClI < 1 indicates synergism, Cl = 1 indicates additive effect, Cl > 1 indicates

antagonism.>**® As shown in Table 1, the CI values of all combinational treatments of the
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MTT assays in both cell lines, except the one treated with the combination of GSPs (40
ug/ml) and SFN (5 uM) for 72 h in MDA-MB-231 cells, exhibited antagonism (CI > 1)

suggesting antagonism between GSPs and SFN on the inhibition of human breast cancer.

Table 1. Antagonism between GSPs and SFN Indicated by CI Values.

Cell Line Treatment Dose GSPs Dose SFN  Normalized Cl Value

Time (h) (ug/ml) (LM) Effect
MDA-MB-231 24 20.0 2.5 0.94562 1.4719
MDA-MB-231 24 20.0 5.0 0.95000 2.54173
MDA-MB-231 24 40.0 2.5 0.98004 4.65108
MDA-MB-231 24 40.0 5.0 0.95585 3.52299
MDA-MB-231 48 20.0 2.5 0.97647 11.8078
MDA-MB-231 48 20.0 5.0 0.92907 4.6483
MDA-MB-231 48 40.0 2.5 0.75889 1.13195
MDA-MB-231 48 40.0 5.0 0.72304 1.20713
MDA-MB-231 72 20.0 2.5 0.76782 1.41959
MDA-MB-231 72 20.0 5.0 0.80091 2.80654
MDA-MB-231 72 40.0 2.5 0.60931 1.12602
MDA-MB-231 72 40.0 5.0 0.52802 0.97737
MCF-7 24 20.0 2.5 1.00000 25772.6
MCF-7 24 20.0 5.0 0.93561 1.87036
MCF-7 24 40.0 2.5 0.78726 1.20444
MCF-7 24 40.0 5.0 0.76207 1.33563
MCF-7 48 20.0 2.5 0.90874 2.50834
MCF-7 48 20.0 5.0 0.73707 1.51847
MCF-7 48 40.0 2.5 0.64031 1.43417
MCF-7 48 40.0 5.0 0.55448 1.52234
MCF-7 72 20.0 2.5 0.76241 1.51441
MCF-7 72 20.0 5.0 0.64210 1.46536
MCF-7 72 40.0 2.5 0.49904 1.25666
MCF-7 72 40.0 5.0 0.49295 1.53623

The Combination Index (CI) values were generated by the CompuSyn software from
calculating the normalized effect (the effect of treatment with phytochemicals compared
with that of treatment with DMSO) of the combinational treatments compared with the
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normalized effect of the treatments with GSPs and SFN alone (not shown in this table)
from the data of the MTT assays. CI < 1 indicates synergism. Cl = 1 indicates additive
effect. Cl > 1 indicates antagonism.

GSPs and SFN antagonistically reduce posttreatment colony forming ability in
MDA-MB-231 and MCF-7 human breast cancer cells but not in MCF10A human mam-
mary epithelial cells

To examine the long term anti-carcinogenic effect of GSPs, SFN and their combina-
tions on posttreatment cell proliferation and colony forming ability in MDA-MB-231 and
MCF-7 human breast cancer cells, clonogenic assays were conducted. The cells were
treated with 0.5% (v/v) DMSO, GSPs (20, 40 pg/ml), SFN (2.5, 5 uM) and their combi-
nations (20 ug/ml GSPs with 2.5 uM SFN, and 40 pg/ml GSPs with 5 uM SFN) for 72 h
before they were trypsinized, counted and the same number of cells were seeded in fresh
media to allow adherence, proliferation and colony formation for 7 days. After fixation
and staining, photographs were taken and colonies with over 50 cells were counted. As
shown in Figure 3A and 3B, GSPs (20, 40 pg/ml) and SFN (2.5, 5 uM) inhibited the
posttreatment colony forming abilities of MDA-MB-231 and MCF-7 cells in an antago-
nistic manner during a 7-day period compared with the DMSO-treated control groups af-
ter treatment for 72 h. The groups previously treated with GSPs led to significant de-
creases in colony formation by 26% (P < 0.05) to 46% (P < 0.01) in MDA-MB-231 cells
and 17% (P < 0.05) to 33% (P < 0.01) in MCF-7 cells. The groups formerly treated with

SFN exhibited significant decreases in colony formation by 16% (P < 0.05) to 40% (P <
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0.01) in MDA-MB-231 cells and 8% to 26% (P < 0.05) in MCF-7 cells. However, the
pretreatments with GSPs and SFN in combinations led to a less reduction in colony for-
mation by 29% (P < 0.05) to 45% (P < 0.01) in MDA-MB-231 cells and 8% to 24% (P <
0.05) in MCF-7 cells compared with the groups treated with GSPs or SFN alone, which
supports the antagonism between the two phytochemicals found in the previous MTT as-

says.
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Figure 3. Clonogenic Assay. Inhibition of colony forming ability in MDA-MB-231 (A)
and MCF-7 (B) human breast cancer cells as well as MCF10A (C) human mammary epi-
thelial cells in 7 days after treatment with GSPs (20, 40 ug/ml), SFN (2.5, 5 uM), and
their combinations (20 pg/ml GSPs with 2.5 uM SFN, 40 pug/ml GSPs with 5 uM SFN)
compared with the DMSO-treated control groups for 72 h. Results were generalized and
representative images were selected from three independent experiments with very simi-
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lar observations. The colony forming ability of each treatment group is represented in
percentage compared with the control group as the mean = SD. * P < 0.05, ** P < 0.01

We also conducted clonogenic assay on MCF10A human mammary epithelial cells.
As shown in Figure 3C, no apparent reduction in colony formation was observed in any
treatment group compared with the DMSO-treated control group in MCF10A cells, which
further indicates that GSPs, SFN or in combination post no toxic effect on human mam-

mary cells.

GSPs and SFN induce apoptosis in MDA-MB-231 human breast cancer cells, whereas
GSPs and their combination with SFN inhibit apoptosis in MCF-7 human breast cancer
cells

To investigate whether or not the antagonistic effects of GSPs and SFN on the inhi-
bition of cell viability and proliferation as well as on the reduction of posttreatment col-
ony forming ability in MDA-MB-231 and MCF-7 human breast cancer cells are associ-
ated with the induction of apoptosis, apoptosis analysis was performed by using the An-
nexin V-conjugated Alexafluor 488 (Alexa488) Apoptosis Whrant Assay Kit following
the manufacture’s protocol. Firstly, cell density was reduced in groups treated with GSPs
(40 pg/ml) and SFN (5 uM) alone but was reduced less in the group treated with their
combination after treatment for 72 h in both MDA-MB-231 and MCF-7 cells as shown in
Figure 4A and 4B. Morphological changes were also observed in the phytochemi-

cal-treated groups compared with the control group. Secondly, apoptosis was analyzed
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using flow cytometry as described above. Cells were counted in four quadrants in the
FACS histograms where Q1 (the upper left quadrant) represents dead cells (stained by
propidium iodide) that are not associated with apoptosis, Q2 (the upper right quadrant)
represents late apoptotic cells (stained by Alexa488 and propidium iodide), Q3 (the lower
left quadrant) represents live cells and Q4 (the lower right quadrant) represents early
apoptotic cells (stained by Alexa488). Q2 and Q4 were grouped together when the per-
centage of all four quadrants of cells from each treatment was illustrated in Figure 4C and
4D. Surprisingly, the results show that the combinational treatment of GSPs and SFN
significantly induced apoptosis by 20.7% (P <0.05) compared with 10.2% and 4.4% in-
duced by treatment with GSPs and SFN alone respectively in MDA-MB-231 cells (Fig-
ure 4A and 4C). However, non-apoptotic cell death (Q1) in the group treated with the
combination was less than that treated with GSPs alone. The evidence suggests that the
antagonism between GSPs and SFN in MDA-MB-231 cells is not due to the induction of
apoptosis. Moreover, Figure 4B and 4D indicate that GSPs and their combination with
SFN inhibited apoptosis in MCF-7 cells compared with the groups treated with DMSO
and SFN alone. Furthermore, GSPs and their combination with SFN led to no greater
than additive effect in non-apoptotic cell death in MCF-7 cells. These findings suggest
that the antagonism between GSPs and SFN in MCF-7 cells maybe as a result of the in-

duction of apoptosis.
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Figure 4. Morphological Change and Apoptosis Assay. Morphological and apoptotic
changes of MDA-MB-231 (A and C) and MCF-7 (B and D) human breast cancer cells
induced by GSPs (40 ug/ml), SFN (5 uM), and their combination compared with the
DMSO-treated control groups after treatment for 72 h. The images were taken at 40X
magnification under a microscope after the cells were treated for 72 h. Apoptosis analysis
was performed by the Annexin V-conjugated Alexafluor 488 (Alexa488) Apoptosis
Wybrant Assay Kit and analyzed by FACS. Q1 (the upper left quadrant) of the FACS his-
togram represents dead cells (stained by propidium iodide) that are not associated with

(D)

apoptosis. Q2 (the upper right quadrant) represents late apoptotic cells (stained by
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Alexa488 and propidium iodide). Q3 (the lower left quadrant) represents live cells. Q4
(the lower right quadrant) represents early apoptotic cells (stained by Alexa488). The
percentage of all four quadrants of cells from each treatment was indicated in C and D.
Results were generalized and representative images were selected from three independent
experiments with very similar observations.

GSPs, SFN and their combination upregulate Bax expression and down-regulate Bcl-2
expression in MDA-MB-231 human breast cancer cells, whereas GSPs and their combi-
nation with SFN down-regulate Bax expression in MCF-7 human breast cancer cells

To verify the results of the apoptosis analysis, western blot analysis was performed
to determine the expression of the pro-apoptotic protein Bax and the anti-apoptotic pro-
tein Bcl-2 in MDA-MB-231 and MCF-7 human breast cancer cells, as the induction of
apoptosis is linked to the upregulation of Bax and to the down-regulation of Bcl-2.%%% As
shown in Figure 5A, GSPs (40 pg/ml) and SEN (5 uM) increased Bax expression by 160%
and 80% respectively, and their combination increased Bax expression by 250% com-
pared with the control group treated with DMSO in MDA-MB-231 cells after treatment
for 72 h. GSPs and SFN decreased Bcl-2 expression by 35% and 20% respectively and
their combination more than additively decreased Bcl-2 expression by 70% in
MDA-MB-231 cells. While, in MCF-7 cells, Bax expression was reduced to less than 5%
in both GSPs treated group and the group treated with GSPs and SFN in combination
compared with the control group. Little or no change in the expression of Bcl-2 was de-
tected in the groups treated with GSPs either alone or in combination with SFN. Although,

SFN, as in MDA-MB-231 cells, increased Bax expression by 170% and resulted in a 40%
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decrease in Bcl-2 expression compared with the control group in MCF-7 cells. Bax:Bcl-2
protein ratio was further calculated in both cell lines, since the ratio is considered to play
a determinant role in signal transmission of apoptosis.®® As displayed in Figure 5B, the
Bax:Bcl-2 protein ratio from the combinational treatment group demonstrated a signifi-
cant increase (P < 0.05) compared with the other groups in MDA-MB-231 cells, while
the ratio from the groups treated with GSPs either alone or in combination with SFN ex-
pressed a significant decrease (P < 0.05) compared with the other groups in MCF-7 cells.

These results confirm the findings in the previous apoptosis assays.
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Figure 5. Western Blot Analysis and Bax:Bcl-2 Ratio. Change of expression of Bax and
Bcl-2 in MDA-MB-231 and MCF-7 human breast cancer cells induced by GSPs (40
pg/ml), SEN (5 uM) and their combination compared with the DMSO-treated control
groups after treated for 72 h (A). B-actin was used to confirm equivalent loading of the
protein samples. The relative density of each band was measured by ImageJ and was
shown under each blot of Bax and Bcl-2 after normalization to the control. A representa-
tive image was selected from three independent experiments with very similar results.
The Bax:Bcl-2 protein ratio is represented as the mean £ SD (B). * P <0.05, ** P < 0.01

GSPs and SFN antagonistically reduce DNMT activity and HDAC activity in
MDA-MB-231 and MCF-7 human breast cancer cells

To further explore the mechanisms of the inhibitory effects of GSPs and SFN on
MDA-MB-231 and MCF-7 human breast cancer cells, DNMT and HDAC activity assays
were performed. As shown in Figures 6 and 7, GSPs (40 pg/ml) significantly decreased
DNMT activity by 46% (P < 0.01) in MDA-MB-231 cells and 56% (P < 0.01) in MCF-7
cells, and significantly decreased HDAC activity by 48% (P < 0.01) in MDA-MB-231
cells and 52% (P < 0.01) in MCF-7 cells, compared with the DMSO-treated control
groups after treatment for 72 h. SEN (5 uM) significantly decreased DNMT activity by
28% (P < 0.05) in MDA-MB-231 cells and 16% (P < 0.05) in MCF-7 cells, and signifi-
cantly decreased HDAC activity by 17% (P < 0.05) in both cell lines. The combinational
treatment significantly decreased DNMT activity by 41% (P < 0.01) in MDA-MB-231
cells and 45% (P < 0.01) in MCF-7 cells, and significantly decreased HDAC activity by
46% (P < 0.01) in MDA-MB-231 cells and 47% (P < 0.01) in MCF-7 cells. The fact that
the combinational treatment led to less reduction in DNMT activity and HDAC activity

in both cell lines suggests that the antagonism between GSPs and SFN may result from
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their combinational effect on regulating DNMTs and HDACs in these human breast can-

cer cell lines.
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Figure 6. DNMT Activity Assay. Inhibition of DNMT activity in MDA-MB-231 (A) and

MCF-7 (B) human breast cancer cells after treatment with GSPs (40 pg/ml), SFN (5 uM)
and their combination compared with the DMSO-treated control groups for 72 h. Results
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were generalized from three independent experiments with very similar observations. The
DNMT activity of each treatment group is represented in percentage compared with the
control group as the mean £ SD. * P < 0.05, ** P <0.01
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Figure 7. HDAC Activity Assay. Inhibition of HDAC activity in MDA-MB-231 (A) and
MCF-7 (B) human breast cancer cells after treatment with GSPs (40 pg/ml), SFN (5 uM)
and their combination compared with the DMSO-treated control groups for 72 h. Results
were generalized from three independent experiments with very similar observations. The
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HDAC activity of each treatment group is represented in percentage compared with the
control group as the mean = SD. * P < 0.05, ** P <0.01

Combinational Proanthocyanidins and Resveratrol Synergistically Inhibit Human Breast

Cancer Cells and Impact Epigenetic-mediating Machinery

GSPs and Res synergistically inhibit cell viability and proliferation in MDA-MB-231 and
MCF-7 human breast cancer cells

To determine the anti-carcinogenic effect of GSPs, Res and their combinations on
human breast cancer cells, MTT assay was firstly performed. As shown in Figure 8A and
8B, all treatments with GSPs (20, 40 pug/ml), Res (10, 20 uM) and their combinations (20
ug/ml GSPs with 10 uM Res, and 40 pg/ml GSPs with 20 uM Res) resulted in reduction
in cell viability in a dose- and time-dependent manner compared with the DMSO-treated
control groups in MDA-MB-231 and MCF-7 cells. The treatments with GSPs resulted in
significant decreases in cell viability by 9% to 19% (P < 0.05) after 48 h and 30% (P <
0.05) to 41% (P < 0.01) after 72 h in MDA-MB-231 cells, 13% to 35% (P < 0.01) after
48 h and 28% (P < 0.05) to 44% (P < 0.01) after 72 h in MCF-7 cells. The treatments
with Res led to significant decreases in cell viability by 15% (P < 0.05) to 42% (P < 0.01)
after 48 h and 42% (P < 0.01) to 80% (P < 0.01) after 72 h in MDA-MB-231 cells, 18%
(P < 0.05) to 47% (P < 0.01) after 48 h and 44% (P < 0.01) to 78% (P < 0.01) after 72 h

in MCF-7 cells. The treatments with GSPs and Res in combinations resulted in signifi-
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cant decrease in cell viability by 44% (P < 0.01) to 79% (P < 0.01) after 48 h and 69% (P
<0.01) to 90% (P < 0.01) after 72 h in MDA-MB-231 cells, 41% (P <0.01) to 77% (P <
0.01) after 48 h.and 77% (P < 0.01) to 91% (P < 0.01) after 72 h in MCF-7 cells. Fur-

thermore, each combinational treatment exhibited a more significant (P < 0.05) reduction
in cell viability than treatment with either GSPs or Res alone in both cell lines suggesting

that GSPs and Res inhibited MDA-MB-231 and MCF-7 cells synergistically.
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Figure 8. MTT Assay. Inhibition of cell viability in MDA-MB-231 (A) and MCF-7 (B)
human breast cancer cells after treatment with GSPs (20, 40 pg/ml), Res (10, 20 uM), and
their combinations (20 pg/ml GSPs with 10 uM Res, 40 pg/ml GSPs with 20 uM Res)
compared with the DMSO-treated control cells for 48 h and 72 h. MCF10A human
mammary epithelial cells (C) were used as the control cells to determine the toxicity of
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these phytochemicals of varying concentrations. Results were generalized from three in-
dependent experiments with very similar observations. The cell viability of each treat-
ment group is represented in percentage compared with the control group as the mean +
SD. *P <0.05,**P<0.01

To confirm the synergistic effect on human breast cancer cells between GPSs and
SFN, the results from the aforementioned MTT assay were further analyzed by the soft-
ware CompuSyn version 1.0. Combination index (CI) values were generated by the soft-
ware. Cl < 1 indicates synergism, Cl = 1 indicates additive effect, Cl > 1 indicates an-
tagonism.>*® As shown in Table 2, all CI values of the combinational treatments of the

MTT assay exhibited synergism (CI > 1) in both MDA-MB-231 and MCF-7 cells.

Table 2. Synergism between GSPs and Res Indicated by Combination Index (CI) Values.

Cell Line Treatment Dose GSPs Dose Res Normalized  CI Value
Time (h) (ug/ml) (UM) Effect

MDA-MB-231 48 20 10 0.56362 0.67285
MDA-MB-231 48 40 20 0.21186 0.54965
MDA-MB-231 72 20 10 0.31165 0.74780
MDA-MB-231 72 40 20 0.10106 0.75330
MCF-7 48 20 10 0.58774 0.99477
MCF-7 48 40 20 0.22958 0.88512
MCF-7 72 20 10 0.22885 0.62425
MCF-7 72 40 20 0.09354 0.70506

The CI values were generated by the CompuSyn software from calculating the normal-
ized effect (the effect of treatment with phytochemicals compared with that of treatment
with DMSO) of the combinational treatments compared with the normalized effect of the
treatments with GSPs and Res alone (not shown in this table) from the data of the MTT
assays. Cl < 1 indicates synergism. ClI = 1 indicates additive effect. Cl > 1 indicates an-
tagonism.
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To investigate the toxicity of GSPs, Res and their combinations, MTT assay was
performed on the immortalized non-cancerous MCF10A human mammary epithelial cells.
The cells were treated with 0.5% (v/v) DMSO, GSPs (20, 40 ug/ml), Res (10, 20 uM)
and their combinations (20 ug/ml GSPs with 10 uM Res, and 40 pg/ml GSPs with 20 uM
Res) for 72 h. As shown in Figure 8C, the lower dose treatments with GSPs (20 ug/ml),
Res (10 uM) and their combination exhibited little to no apparent reduction in cell viabil-
ity compared with the DMSO-treated control group in MCF10A cells. The higher dose
treatment with Res (20 uM) displayed no significant reduction in cell viability, however,
the higher dose treatment with GSPs (40 ug/ml) and Res (20 uM) in combination led to a
significant decrease in cell viability by 26% (P < 0.05), which indicates that GSPs and

Res in combination may be toxic to some human mammary cells in higher concentration.

GSPs and Res synergistically inhibit posttreatment colony forming ability in
MDA-MB-231 and MCF-7 human breast cancer cells

To examine the long-term anti-carcinogenic effect of GSPs, Res and their combina-
tions on cell proliferation in MDA-MB-231 and MCF-7 human breast cancer cells, clon-
ogenic assays were performed. As indicated in Figure 9, GSPs (20, 40 pg/ml) and Res (10,
20 uM) inhibited the posttreatment colony forming abilities of MDA-MB-231 (A) and
MCF-7 (B) cells in a synergistic manner during a 7-day period compared with the
DMSO-treated control groups after treatment for 48 h. The groups previously treated with

GSPs showed significant decreases in colony formation by 13% to 22% (P < 0.05) in
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MDA-MB-231 cells and 19% (P < 0.05) to 30% (P < 0.05) in MCF-7 cells. The groups
formerly treated with Res exhibited significant decreases in colony formation by 17% (P
< 0.05) to 40% (P < 0.01) in MDA-MB-231 cells and 20% (P < 0.05) to 47% (P < 0.01)
in MCF-7 cells. And the pretreatments with GSPs and Res in combinations led to signifi-
cant reductions in colony formation by 34% (P < 0.01) to 75% (P < 0.01) in

MDA-MB-231 cells and 50% (P < 0.01) to 82% (P < 0.01) in MCF-7 cells.
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Figure 9. Clonogenic Assay. Inhibition of colony forming ability in MDA-MB-231 (A)
and MCF-7 (B) human breast cancer cells as well as MCF10A (C) human mammary epi-
thelial cells in 7 days after treatment with GSPs (20, 40 pg/ml), Res (10, 20 uM), and
their combinations (20 pg/ml GSPs with 10 uM Res, 40 pg/ml GSPs with 20 uM Res)
compared with the DMSO-treated control groups for 48 h. Results were generalized and
representative images were selected from three independent experiments with very simi-

42



lar observations. The colony forming ability of each treatment group is represented in
percentage compared with the control group as the mean = SD. * P < 0.05, ** P < 0.01

The posttreatment colony forming ability of MCF10A (C) cells was also accessed
using the same method. The results expressed no reduction of colony formation at the
lower doses and no significant reduction at the higher ones. Thus, together with the re-
sults of the MTT assay, it is safe to conclude that GSPs, Res and their combinations ex-
hibited no toxicity in lower doses which had been chosen for the rest of the experiments
in this study. As a consequence, the rest of the study proceeded without the use of

MCF10A as control cells.

GSPs and Res synergistically induce apoptosis in MDA-MB-231 human breast cancer
cells, whereas GSPs and their combination with Res inhibit apoptosis in MCF-7 human
breast cancer cells

To investigate whether or not the synergistic effects of GSPs and Res on the inhibi-
tion of cell viability and proliferation as well as on the reduction of posttreatment colony
forming ability in MDA-MB-231 and MCF-7 human breast cancer cells are associated
with the induction of apoptosis, apoptosis analysis was performed by using the Annexin
V-conjugated Alexafluor 488 (Alexa488) Apoptosis Whbrant Assay Kit following the
manufacture’s protocol. Firstly, cell density was reduced in groups treated with GSPs (20
ug/ml) and Res (10 uM) alone and was greatly reduced in the group treated with their

combination compared with the DMSO treated control group after treatment for 48 h in
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both MDA-MB-231 and MCF-7 cells as shown in Figure 10A and 10B. Morphological
changes were also observed in the phytochemical-treated groups compared with the con-
trol group. Secondly, apoptosis was analyzed using flow cytometry as described above.
Cells were counted in four quadrants in the FACS histograms where Q1 (the upper left
quadrant) represents dead cells (stained by propidium iodide) that are not associated with
apoptosis, Q2 (the upper right quadrant) represents late apoptotic cells (stained by
Alexa488 and propidium iodide), Q3 (the lower left quadrant) represents live cells and
Q4 (the lower right quadrant) represents early apoptotic cells (stained by Alexa488). Q2
and Q4 were grouped together when the percentage of all four quadrants of cells from
each treatment was illustrated in Figure 10C and 10D. The results show that the combina-
tional treatment of GSPs and Res significantly induced apoptosis by 21.8% (P <0.05)
compared with 3.4% and 4.1% induced by treatment with GSPs and Res alone respec-
tively in MDA-MB-231 cells (Figure 10A and 10C). However, such induction of apopto-
sis was not observed in MCF-7 cells suggested by Figure 10B and 10D. GSPs and their
combination with Res inhibited apoptosis in MCF-7 cells compared with the groups
treated with DMSO and Res alone. Furthermore, GSPs and their combination with Res
increased cell death which was not resulting from apoptosis in MCF-7 cells. The combi-
national treatment led to 24.6% cell death in MCF-7 cells which is greater than 19.1%
caused by GSPs and 5.1% caused by Res combined. All evidence suggests that the syner-
gism between GSPs and Res discovered in previous experiments may be associated with

the induction of apoptosis in MDA-MB-231 cells but not in MCF-7 cells.
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Figure 10. Morphological Change and Apoptosis Assay. Morphological and apoptotic
changes of MDA-MB-231 (A and C) and MCF-7 (B and D) human breast cancer cells
induced by GSPs (20 pg/ml), Res (10 uM), and their combination compared with the
DMSO-treated control groups after treatment for 48 h. The images were taken at 40X
magnification under a microscope after the cells were treated for 48 h. Apoptosis analysis
was performed by the Annexin V-conjugated Alexafluor 488 (Alexa488) Apoptosis
Wybrant Assay Kit and analyzed by FACS. Q1 (the upper left quadrant) of the FACS his-
togram represents dead cells (stained by propidium iodide) that are not associated with
apoptosis. Q2 (the upper right quadrant) represents late apoptotic cells (stained by
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Alexa488 and propidium iodide). Q3 (the lower left quadrant) represents live cells. Q4
(the lower right quadrant) represents early apoptotic cells (stained by Alexa488). The
percentage of all four quadrants of cells from each treatment was indicated in C and D.
Results were generalized and representative images were selected from three independent
experiments with very similar observations.

GSPs, Res and their combination upregulate Bax expression and down-regulate Bcl-2
expression in MDA-MB-231 human breast cancer cells, whereas GSPs and their combi-
nation with Res down-regulate Bax expression in MCF-7 human breast cancer cells

To verify the results of the apoptosis analysis, western blot analysis was performed
to determine the expression of the pro-apoptotic protein Bax and the anti-apoptotic pro-
tein Bcl-2 in MDA-MB-231 and MCF-7 human breast cancer cells, as the induction of
apoptosis is linked to the upregulation of Bax and to the down-regulation of Bcl-2.%%% As
shown in Figure 11A, Res (10 uM) increased Bax expression by 70%, GSPs (20 ug/ml)
more than doubled Bax expression and their combination nearly quadrupled the expres-
sion of Bax compared with the control group treated with DMSO in MDA-MB-231 cells
after treatment for 48 h. GSPs and Res decreased Bcl-2 expression by 10% and 20% re-
spectively and their combination synergistically decreased Bcl-2 expression by 70% in
MDA-MB-231 cells. While, in MCF-7 cells, Bax expression was reduced to 15% in both
GSPs treated group and the group treated with GSPs and Res in combination compared
with the control group. Little or no change in the expression of Bcl-2 was detected in the
groups treated with GSPs either alone or in combination with Res. Although, Res, as in

MDA-MB-231 cells, led to a more-than-two-fold increase in Bax expression and resulted
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in a 30% decrease in Bcl-2 expression compared with the control group in MCF-7 cells.
Bax:Bcl-2 protein ratio was further calculated in both cell lines, since the ratio is consid-
ered to play a determinant role in signal transmission of apoptosis®®. As displayed in Fig-
ure 11B, the Bax:Bcl-2 protein ratio from the combinational treatment group demon-
strated a significant increase (P < 0.05) compared to the other groups in MDA-MB-231
cells, while the ratio from the groups treated with GSPs either alone or in combination
with Res expressed a significant decrease (P < 0.05) compared to the other groups in
MCEF-7 cells. These results suggest that GSPs and Res synergistically induce apoptosis in
MDA-MB-231 cells through promoting transmission of apoptotic signals, whereas GSPs
either alone or in combination with Res inhibit apoptosis by suppressing transmission of

apoptotic signals in MCF-7 cells.
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Figure 11. Western Blot Analysis and Bax:Bcl-2 Ratio. Change of expression of Bax and
Bcl-2 in MDA-MB-231 and MCF-7 human breast cancer cells induced by GSPs (20
ug/ml), Res (10 uM) and their combination compared with the DMSO-treated control
groups after treatment for 48 h (A). B-actin was used to confirm equivalent loading of the
protein samples. The relative density of each band was measured by ImageJ and was
shown under each blot of Bax and Bcl-2 after normalization to the control. A representa-

tive image was selected from three independent experiments with very similar results.
The Bax:Bcl-2 protein ratio is represented as the mean £ SD (B). * P <0.05, ** P < 0.01

GSPs, Res and their combination decrease DNMT activity as well as HDAC activity in
MDA-MB-231 and MCF-7 human breast cancer cells

To further explore the mechanisms of the inhibitory effects of GSPs and Res on
MDA-MB-231 and MCF-7 human breast cancer cells, DNMT and HDAC activity assays
were performed. As shown in Figures 12 and 13, GSPs (20 ug/ml), Res (10 uM) and their
combination significantly decreased DNMT activity and HDAC activity compared with
the DMSO-treated control group in both MDA-MB-231 and MCF-7 cells after treatment
for 48 h (P < 0.05). The combinational treatment resulted in greater decreases in DNMT

activity and HDAC activity in both cell lines. The inhibitory effect on HDAC activity in
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MCEF-7 cells of the combinational treatment is more than additive (Figure 13B), suggest-

ing an epigenetic mechanism at least for HDACs that could be involved in the effects of

these compounds.
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Figure 12. DNMT Activity Assay. Inhibition of DNMT activity in MDA-MB-231 (A) and
MCF-7 (B) human breast cancer cells after treatment with GSPs (20 pg/ml), Res (10 uM)
and their combination compared with the DMSO-treated control groups for 48 h. Results
were generalized from three independent experiments with very similar observations. The
DNMT activity of each treatment group is represented in percentage compared with the
control group as the mean £ SD. * P < 0.05, ** P <0.01
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Figure 13. HDAC Activity Assay. Inhibition of HDAC activity in MDA-MB-231 (A) and
MCF-7 (B) human breast cancer cells after treatment with GSPs (20 pg/ml), Res (10 uM)
and their combination compared with the DMSO-treated control groups for 48 h. Results
were generalized from three independent experiments with very similar observations. The
HDAC activity of each treatment group is represented in percentage compared with the
control group as the mean £ SD. * P < 0.05, ** P <0.01

52



DISCUSSION

In recent years, effects of dietary components in combination on cancer have gained
increasing interest. Here we report for the first time the combinational effects of grape
seed proanthocyanidins (GSPs) and sulforaphane (SFN) as well as these of GSPs and
resveratrol (Res) on MDA-MB-231 and MCF-7 human breast cancer cells.

We chose GSPs and SFN for our study firstly because of their vast availability in
fresh produce and products that are heavily consumed by the general population as well
as the high chance of their overlapping on people’s dining table. Therefore, we sought to
investigate the health benefits of these dietary compounds in combination. Secondly, as
aforementioned, both GSPs and SFN have exhibited anti-cancer properties in various
types of cancers. GSPs have been reported to down-regulate DNMTs, whilst SFN is a
well-studied HDAC inhibitor.>*™’ Since both DNA hypermethylation and histone
deacetylation have been shown to be associated with many biological processes in cancer
development, the combination of DNMT inhibitors and an HDAC inhibitor, in theory,
should have additive effects, if not synergistic effects, on cancer inhibition.

We chose GSPs and Res for our study because they are both abundant in grapes,

which are some of the most consumed fruits on the planet and are considered to have
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considerable health benefits. However, most grapes on the market for direct consumption
are seedless due to a natural genetic mutation sometime ago that prevented the young
seeds from maturing and developing a hard coat. Since proanthocyanidins are mostly
contained in the seeds of grapes, these seedless grapes, as a result, offer little to no pro-
anthocyanidins. Fortunately, the grapes used to produce red wines are seeded and both
skin and seeds are preserved and utilized during red wine production. In addition, red
wine offers more concentrated GSPs and Res than do red grapes, which makes it more
feasible to consume a glass of red wine than a good amount of grapes every day.

Our results from MTT assays indicate that GSPs and SFN inhibited cell viability and
proliferation in MDA-MB-231 and MCF-7 human breast cancer cells in a dose- and
time-dependent manner. Surprisingly, however, our results also show that GSPs and SFN
in combination inhibited both cell lines antagonistically, which means the combinational
treatments were less effective than that with GSPs or SFN alone. Their antagonism was
further confirmed by the combination index (CI) values generated by the CompuSyn
software. To rule out the possibility of measurement errors, we performed MTT assays
using MDA-MB-231 and MCF-7 cells treated with epigallocatechin-3-gallate (EGCG),
another well-studied dietary component, using the same methods and the same conditions
as performed for GSPs and SFN. The results, which were not shown in this report, were
consistently similar to those in previous studies. Having validated our MTT results, we
further performed clonogenic assays to determine the effect of GSPs, SFN and their com-

binations on the posttreatment colony forming ability of MDA-MB-231 and MCF-7 cells.
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The results coincided with the antagonism between GSPs and SFN found in the previous
MTT assays. We observed dose-dependent reduction in colony formation over a 7 day
period after treated with GSPs and SFN individually for 72 h in both cell lines as well as
a less reduction in the groups treated with the combination. It is evident that GSPs and
SFN inhibit MDA-MB-231 and MCF-7 human breast cancer cells antagonistically.

Our MTT assay results also show that the combinational treatments of GSPs and
Res reduced cell viability and proliferation in both MDA-MB-231 and MCF-7 cells sig-
nificantly more than did treatment with either GSPs or Res of the same concentration
alone after 48 h and 72 h. The combination index (CI) values generated by the software
CompuSyn indicate strong synergism (CI < 1) between GSPs and Res. Additionally, our
clonogenic assay results demonstrate that cell proliferation in MDA-MB-231 and MCF-7
cells was reduced not only under the treatment of GSPs, Res and their combinations, but
after the treatment as well. The dose-dependent inhibition in the MTT assay was also ob-
served in the clonogenic assay, as the groups treated with the higher doses of GSPs, Res
and their combination exhibited fewer colonies than these with the lower dose treatments.
Also, the posttreatment effect of GSPs and Res on MDA-MB-231 and MCF-7 cells
proved to be synergistic. Collectively, the results of the clonogenic assay support our
findings in the MTT assay.

We also used the immortalized non-cancerous MCF10A human mammary epithelial
control cells to examine the toxicity of the phytochemicals that we used. In the experi-

ments where the combinational effects of GSPs and SFN were studied, we report no ap-
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parent toxicity in cell viability or posttreatment cell proliferation after 72 h treatment at
all concentrations we used. Hence, we had chosen the higher concentration of GSPs (40
pug/ml), SFN (5 uM) and their combination which gave rise to greater inhibition in cell
viability and posttreatment colony forming ability in MDA-MB-231 and MCF-7 cells, for
the rest of the experiments in this study. In the experiments of GSPs and Res in combina-
tion, GSPs at 20 ug/ml, Res at 10 uM and their combination demonstrated no toxicity in
cell viability or posttreatment cell proliferation after 72 h treatment. However, Res at 20
uM resulted in a decrease, though not significant, in cell viability compared to the
DMSO-treated control group in MCF10A cells. Moreover, the combination of GSPs at 40
ug/ml, Res at 20 uM rendered a significant reduction in cell viability and a reduction (not
significant) in posttreatment colony formation. Yet, it may be imprudent to conclude that
the combination of GSPs and Res at such concentrations could be toxic since MCF10A
cells, though non-carcinogenic, are immortalized. Thus, they are considered to exhibit at
least some degree of telomerase activity. We have previously reported that Res (15uM)
down-regulated hTERT (telomerase reverse transcriptase in humans) mRNA levels in
HCC1806 human breast cancer cells after 72 h treatment.® Therefore, it is reasonable to
deduce that the presence of Res may have given rise to the inhibition of MCF10A cells
through down-regulating hTERT expression rather than toxicity. Regardless, we had cho-
sen the lower concentration of GSPs (20 pg/ml), Res (10 uM) and their combination
which led to significant decrease in cell viability and posttreatment colony forming abil-

ity in MDA-MB-231 and MCF-7 cells, for the rest of the experiments in this study.
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GSPs, SFN and Res have been reported to induce apoptosis in human cancer cells
respectively.®® >* %% |n this study, we tested their combinational effects on the induction
of apoptosis in MDA-MB-231 and MCF-7 human breast cancer cells. Our apoptosis
analysis results show that GSPs (20 ug/ml) and Res (10 uM) synergistically induced
apoptosis in MDA-MB-231 cells. GSPs (40 pug/ml) and SFN (5 uM) also synergistically
induced apoptosis in MDA-MB-231 cells, but antagonistically killed cells through
non-apoptotic mechanisms. In MCF-7 cells, treatment with SFN or Res alone induced
apoptosis compared to the DMSO-treated control group; however, treatments with GSPs
regardless of the presence of SFN or Res almost eliminated both early (Q4) and late (Q2)
apoptotic cells. GSPs and SFN exhibit a less than additive effect on non-apoptotic cell
deat, while the combinational effect of GSPs and Res on non-apoptotic cell death was
more than additive.

We then examined the effects of the phytochemicals on the protein expression of
Bax and Bcl-2, since the proteins of the Bcl-2 family are highly associated with the in-
duction of apoptosis. The results of our Western blot analysis show that GSPs, SFN and
their combination upregulated Bax expression and down-regulated Bcl-2 expression in
MDA-MB-231 cells. So did Res and their combination with GSPs. And the Bax:Bcl-2
protein ratio, which is a determinant role in signal transmission of apoptosis, was signifi-
cantly higher (P < 0.01) after treated with GSPs in combination with either SFN or Res,
suggesting that both combinations greatly enhance apoptotic signal transmission in

MDA-MB-231 cells. In MCF-7 cells, however, GSPs significantly down-regulated Bax

57



expression (P < 0.01) and caused little to no change in Bcl-2 expression regardless of the
presence of SFN or Res. The Bax:Bcl-2 protein ratio was significantly lower (P < 0.01)
after treated with GSPs alone and in combination with either SFN or Res, which indicates
that GSPs inhibit apoptosis via blocking apoptotic signal transmission in MCF-7 cells.
These findings from the western blot analysis support the results of our apoptosis analy-
sis.

DNA methylation and histone deacetylation have been recognized to be associated
with cancer prevention and therapy through regulating the expression of tumor suppres-
sor genes and oncogenes. DNA methyltransferases (DNMTSs) and histone deacetylases
(HDACS), which are enzymes that play crucial roles in these processes respectively, have
been reported to act in collaboration in cancer development.®® Previous studies in our
lab have shown that phytochemicals acting as DNMT inhibitors and ones with HDAC
inhibiting properties can work in synergy in inhibiting human cancer.>** Thus, we per-
formed DNMT and HDAC activity assays to further understand the effects of GSPs in
combination with SFN and Res respectively on MDA-MB-231 and MCF-7 human breast
cancer cells. The results show that GSPs, SFN and Res all acted as strong DNMT inhibi-
tors as well as HDAC inhibitors in MDA-MB-231 and MCF-7 cells. However, the com-
bination of GSPs and SFN resulted in less reduction in DNMT activity and HDAC activ-
ity than did GSPs and SFN alone in both cell lines, which may suggest that GSPs and
SFN antagonistically inhibit MDA-MB-231 and MCF-7 cells by upregulating cancer

suppressor genes through decreasing DNMT and HDAC activities. Whereas, GSPs and
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Res in combination led to greater reduction in DNMT activity and HDAC activity than
did GSPs and Res alone in both cell lines, indicating that GSPs and Res synergistically
inhibit MDA-MB-231 and MCF-7 cells by upregulating cancer suppressor genes through
decreasing DNMT and HDAC activities. These findings help illuminate understanding of
the enzymatic activities of DNMTs and HDACSs in these human breast cancer cell lines.
Further analysis of the specific epigenetic modifiers in the DNMT family (DNMT]1,
DNMT3A and DNMT3B) and HDAC family (HDACL1 etc.) is to be conducted in future
studies. It would also be interesting in future studies to investigate which cancer sup-
pressor genes these phytochemicals modulate to give rise to such antagonistic/synergistic

inhibition on these human breast cancer cell lines.

59



CONCLUSIONS

Collectively, we report that GSPs and SFN antagonistically inhibited cell viability
and proliferation as well as posttreatment colony forming ability in MDA-MB-231 and
MCF-7 human breast cancer cells. Further analyses show that GSPs and SFN antagonis-
tically inhibited DNMT and HDAC activities in both cell lines. These findings suggest
that the antagonism between GSPs and SFN in MDA-MB-231 and MCF-7 cells could be
through the regulation of DNA methylation and/or histone modifications.

We also report that GSPs and Res synergistically inhibited cell viability and prolif-
eration as well as posttreatment colony forming ability in MDA-MB-231 and MCF-7
human breast cancer cells. Further analyses show that GSPs and Res synergistically in-
duced apoptosis in MDA-MB-231 cells by greatly enhancing apoptotic signal transmis-
sion. Additional, the combinational treatment with GSPs and Res led to greater inhibition
in DNMT and HDAC activities compared with treatment with either GSPs or Res alone
in both cell lines suggesting that the synergism between GSPs and Res could be due to

the regulation of DNA methylation and/or histone modifications.
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Both studies show that GSPs destroyed MCF-7 cells through non-apoptotic mecha-
nisms. GSPs inhibited apoptosis regardless of the presence of SFN or Res in MCF-7 cells

by greatly down-regulating Bax expression, thus blocking apoptotic signal transmission.
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Abstract: Epigenetics, the study of heritable changes in gene expression without modify-
ing the nucleotide sequence, is among the most important topics in medicinal chemistry
and cancer prevention and therapy. Among those changes, DNA methylation and histone
modification have been shown to be associated with various types of cancers in a number
of ways, many of which are regulated by dietary components that are mostly found in
plants. Although mechanisms of nutrient components affecting histone acetyla-
tion/deacetylation in cancer are widely studied, how those natural compounds affect can-
cer through other histone modifications, such as methylation, phosphorylation and ubig-
uitylation, is rarely reviewed. Thus, this review article discusses impacts on histone acet-
ylation as well as other histone modifications by nutrient components, such as genistein,
resveratrol, curcumin, epigallocatechin-3-gallate (EGCG), 3,3’-diindolylmethane (DIM),
diallyl disulfide, garcinol, procyanidin B3, quercetin, sulforaphane and other isothiocya-
nates that have been recently reported in vivo as well as in various types of cancer cell

lines.

Key words: cancer, dietary components, epigenetics, gene expression, histone modifica-

tions, phytochemicals
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1. Introduction

Epigenetics involves heritable changes in gene expression without altering DNA
sequence. The most studied mechanisms of epigenetic regulation that cause such changes
are DNA methylation and histone modification which affect gene expression. Histone
modification or chromatin remodeling such as histone acetylation and histone deacetyla-
tion can change the accessibility of transcription factors to DNA, thereby regulating gene
expression. The expression of genes such as p53, p21 and BAX, modulates cancer devel-
opment in a number of ways including cell growth, cell migration, cell cycle arrest,
apoptosis and signaling pathways. Thus, manipulating gene expression seems to be the
key to cancer therapy. One feasible way to achieve this is through dietary components
like sulforaphane, epigallocatechin-3-gallate (EGCG), genistein, resveratrol and many
others. These natural phytochemicals have been shown to regulate the chromatin through
various epigenetic mechanisms such as histone acetyltransferases (HAT) and histone
deacetylases (HDAC) inhibition as well as other histone modifying properties. This re-
view summarizes recent findings on how dietary components affect histone modifications

in cancer.
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2. Histone and Histone Modifications

In eukaryotic cells, the DNA double helix is packaged into a compact structure
called chromatin with the assistance of two major classes of proteins—histones and
non-histones. The histones, which are unique to eukaryotes, include H1, H2A, H2B, H3
and H4 [1]. Histone H1 is known as the linker histone, while the rest are considered to be
the core histones. Two copies of each of the core histones H2A, H2B, H3, and H4 form a
histone octamer—a crystal structure that consists of a “kernel” shaped H3-H4 tetramer
interdigitated with two H2A-H2B dimers. Together with 146 bp of core DNA wrapped
around it, the histone octamer forms a nucleosome, the basic unit of chromosome [2].
Between two nucleosomes lies the double-stranded linker DNA which associates with
histone H1. H1 located in the region of linker DNA sits on the nucleosome, holding the

nucleosomes together [3, 4].

Each core histone has a flexible N-terminal tail which consists of amino acids prone
to posttranslational modifications including acetylation, methylation, phosphorylation,
ubiquitylation, sumoylation, ribosylation, citrullination, deimination and proline isomeri-
zation [3, 5-8]. These histone modifications play an important role in assembling hetero-
chromatin and in maintaining gene boundaries between transcribed and untranscribed

genes.
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Histone acetylation, catalyzed by histone acetyltransferases (HATS), is a process by
which the lysine residues within the protruding N-terminal tail of the histone core are
acetylated as part of regulation of gene expression [9]. Using the cofactor acetyl-CoA,
HATs transfer acetyl groups to epsilon-amino groups of lysine residues in the N-terminal
histone tails, which neutralizes the positive charge. This reduces electrostatic interaction
between histones and negatively charged DNA and loosens chromatin structure, which
makes it more accessible for transcription factors resulting in promotion of gene expres-
sion [10]. HATs, based on sequence homology and structural features as well as functions,
can be grouped into four families. The Gen5-related N-acetyltransferase (GNAT) family,
characterized by the presence of a bromodomain, includes Genb, PCAF, Hatl, Elp3,
Hpa2, Hpa3, ATF-2, and Nutl. These HATSs are found to be associated with acetylation of
lysine residues on histones H2B, H3, and H4. Named after its four founding members
MOZ, Ybf2 (Sas3), Sas2 and Tip60, the MY ST family also includes Esal, MOF, MORF
and HBO1. These HATSs, characterized by the presence of zinc fingers and chromo-
domains, are found to be associated with acetylation of lysine residues on histones H2A,
H3, and H4 [11]. The p300/CBP family, as its name indicates, consists of p300 and CBP
which are metazoan-specific [12]. Characterized by the presence of several zinc finger
regions, a bromodomain, a catalytic (HAT) domain, they are found to acetylate histones
H2A, H2B, H3 and H4 [13]. The nuclear receptor coactivators (NRC) family, including
SRC-1, ACTR (RAC3, AIB1, and TRAM-1), TIF-2 and SRC-3, is found in humans to be

associated with acetylation of histone H3 and H4 [14]. SRC-1 and ACTR share consid-
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erable sequence homology in that they both interact with p300/CBP and GNAT family
member PCAF. TIF-2 is also known to interact with p300/CBP. Several other proteins
that exhibit HAT activity include TAF;250 (TAF1), TFIIC (p220, p110, p90), Rtt109 and

CLOCK [12, 14-16].

Histone deacetylation, catalysed by enzymes of histone deacetylases (HDACS), is a
process by which the lysine residues within the protruding N-terminal tail of the histone
core are deacetylated as part of regulation of gene expression [9]. HDACs remove acetyl
groups from epsilon-amino groups of lysine residues on a histone, which tightens DNA
around histones. This compact conformation makes the DNA less accessible for tran-
scription factors, resulting in the repression of gene expression [17]. HDACSs, based on
sequence homology to the yeast enzymes and domain organization, can be categorized
into four classes [18]. The members of class I, which include HDAC1, HDAC2, HDAC3
and HDACS, are homologous to the yeast enzyme rpd3 and are primarily nucle-
us-localized except that HDACS can also be found in the cytoplasm [4]. The members of
class 11, exhibiting a more restricted tissue expression pattern than class | HDACSs, are
homologous to the yeast protein hdal and can be divided into two sub-classes—class 1A
and class 11B. Class IlA includes HDAC4, HDACS5, HDAC7, and HDACY, and shuttles
between the cytoplasm and the nucleus. Class 1B consists of HDAC6 and HDAC10, and
is predominantly located in the cytoplasm [19-21]. Class 111 HDAC:s are referred to as

sirtuins or the SIR2 family because they are homologous to the yeast-silencing protein
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Sir2 [22]. So far, the only known member of class 1V is HDAC11 which exhibits charac-
teristics of both class I and class Il HDACs [21, 23]. Class I, 1l and IV are zinc-dependent,

whereas class 111 depends on NAD+ for the deacetylation reaction [24-26].

Histone methylation and demethylation, catalysed by enzymes of histone methyl-
transferases (HMTs) and histone demethylases (HDMs) respectively, are the processes by
which methyl groups are transferred to and removed from amino acids of histone proteins.
HMTs act to transfer methyl groups mainly to specific arginine and lysine residues of
histone H3 and H4 [27]. There are two major types of HMTs, arginine-specific and ly-
sine-specific [28-30]. Arginine-specific or protein arginine methyltransferases (PRMTS)
can be categorized into two types by different restrictions in the arginine binding pocket
[31]. The first type of PRMTs, including PRMT1, PRMT3, CARM1/PRMT4 and
Rmtl/Hmtl, generates monomethylarginine and asymmetric dimethylarginine [32-34].
The second type, including JBP1/PRMTS5 alone, generates monomethyl or symmetric
dimethylarginine [31]. Both types of PRMTs result in transcription activation [35, 36].
Lysine-specific PRMTs can also be categorized into two types, SET domain-containing
or non-SET domain-containing [28-30]. SET domain-containing lysine-specific PRMTs,
targeting the lysine tail region of the histone, can mono-, di-, or tri-methylate lysine resi-
dues [37]. Non-SET domain-containing lysine-specific utilizes the enzyme Dot1 which
methylates a lysine residue in the globular core of the histone [27]. Histone methylation

of lysine residues can lead to either transcription activation or repression, based on the

69



lysine residue methylated and the number of methyl groups transferred [36]. Both argi-
nine-specific and lysine-specific histone methyltransferases utilize S-Adenosyl methio-

nine (SAM) as a cofactor and methyl donor group [27, 31, 38-40].

HDMs can be categorized into two main classes, flavin adenine dinucleotide
(FAD)-dependent amine oxidase and Fe(ll) and alpha-ketoglutarate-dependent dioxygen-
ase [41]. These proteins have a number of domains with different functions [42, 43].
SWIRM domain (Swi3, Rsc and Moira domain), found in many chromatin modifying
complexes, functions as a proposed anchor site for histone molecules and facilitates de-
methylase protein and co-factor COREST. Jumonji (N/C terminal domains), connected by
a beta-hairpin/mixed domain, act as a binding domain of key cofactors including al-
pha-ketoglutarate. An amine oxidase domain acts as a catalytic site of LSD proteins.
PHD-finger, which binds methylated peptides, is essential to recognition and selectivity
for methylated histone residues. Also, zinc-finger is a DNA binding domain contained

within HDMs.

3. Histone Modifications and Cancer

Due to the nature of epigenetic modifications in gene regulation, it is no surprise that

changes in those modifications such as histone acetylation and histone deacetylation are
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found to be associated with cancer development. As aforementioned, histone hyperacety-
lation induced by either enhanced HAT activity or lack of HDAC activity results in gene
expression, whereas histone hypoacetylation caused by either decrease of HAT activity or
increase of HDAC activity leads to gene silencing (Figure 1) [44-47]. An aberrant bal-
ance between HAT and HDAC activities can lead to carcinogenesis [48-52]. During the
past decade, considerable attention has focused on increases of HDAC activity due to its
role in transcriptional repression which leads to deregulation of differentiation, cell cycle
arrest and apoptosis in many types of cancer [53]. HDACs target many genes such as p21
and BAX and which are frequently repressed in cancer cells and are de-repressed after
treatment with HDAC inhibitors [54-56]. p21, a cyclin-dependent kinase inhibitor which
prevents cell cycle progression from G1 into S phase, expresses defectively in many dif-
ferent cancer cells, leading to uncontrolled cell division. HDAC inhibitors have been
shown to inhibit cancer cell proliferation by reactivating p21 expression [57]. They have
also been shown to regulate gene expression through other key regulators of cell cycle
and apoptosis, including cyclins (A, E, B1, D1 and D3), transcription factors (GATA-2,
c-Myc), apoptosis mediators (CD95, Bax and Bcl-2) and retinoic acid receptors (RAR)

[58-65].

There has been growing interest in exploring HDAC inhibitors as cancer prevention
and therapeutic agents. This is not only due to their broad spectrum of targets and ability

to alter several cellular functions at several stages of carcinogenesis including cell differ-
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entiation, cell cycle arrest and apoptosis as mentioned above, but also because cancer
cells exhibit more response, 10-fold greater in apoptosis, to increased acetylation induced
by HDAC inhibitors than do normal cells [66, 67]. In addition, in vitro and in vivo studies
have revealed that HDAC inhibitors can alter the cell cycle in cancers and modify their
ability to undergo mitosis [68-70]. They can activate a G, checkpoint during the S phase
and G, phase of the cell cycle and result in an arrest of the cells in the G, phase by in-
ducing accumulation of acetylated histones. In cancer cells, the G, checkpoint is fre-
quently lost, which might explain why cancer cells are more sensitive to epigenetic regu-

lations by HDAC inhibitors than normal cells.

A balance between histone methylation regulated by histone methyltransferases
(HMTs) and histone demethylation regulated by histone demethylases (HDMS) is neces-
sary. A disrupted balance of regulation can lead to increased susceptibility to disease such
as cancer [71]. There are 7 sites on arginine residues that can be mono- or dimethylated
and there are 17 sites on lysine residues that can be mono-, di-, or trimethylated. A total
of 24 methylation sites on histones have been identified [72]. Many studies have been
conducted to demonstrate the functional implications of histone methylation in cancer.
Deregulation of H3K4me3 and H3K27me3 have been shown to be closely associated
with tumor initiation and progression [73]. In addition, global absence of H4K16 acetyla-
tion and H4K20 trimethylation is a common distinguishing characteristic of cancer [56].

Knockout of the enzymes that regulate H3K9 methylation led to 28% of the mice be-
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tween the age of 9 and 15 months exhibiting genomic instability and formation of B-cell
lymphomas [74]. The dynamic deregulation of histone methylation in cancer develop-
ment can also be illustrated by the presence of trimethylated H3K27 in the context of hy-

permethylated tumor suppressor promoters [75].

4. Regulation by Nutrients of Histone Modifications in Cancer

The use of dietary components to regulate histone modifications has gained substan-
tial interest in cancer prevention and therapy. These dietary components include but are
not limited to isothiocyanates (sulforaphane, benzyl isothiocyanate, phenylhexyl isothio-
cyanate, etc.), genistein, resveratrol, curcumin, epigallocatechin-3-gallate (EGCG),
3,3’-diindolylmethane (DIM), diallyl disulfide, garcinol, procyanidin B3 and quercetin.
Numerous studies have been conducted to illustrate the mechanisms of the preventive

nature of those dietary components as histone modifiers in cancers [76-94].

4.1. Isothiocyanates

Isothiocyanates (ITCs), characterized by a sulfur containing group—N=C=S, are
produced by enzymatic conversion of metabolites called glucosinolates and can be found

in cruciferous vegetables such as broccoli, cabbage and kale. Studies have shown that
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isothiocyanates inhibit cancer cell growth and have proapoptotic properties (Table 1) [95].
Those isothiocyanates include but are not limited to sulforaphane (SFN), benzyl isothio-
cyanate (BITC) and phenylhexyl isothiocyanate (PHI), among which SFN is the most

studied.

4.1.1. Sulforaphane

Sulforaphane (SFN), belonging to the isothiocyanate group, can be found in crucif-
erous vegetables such as broccoli, Brussels sprouts and cabbages [96-98]. It is produced
from glucoraphanin, which is particularly rich in young sprouts of broccoli and cauli-
flower, by the enzyme myrosinase upon damage to the plant as a protective mechanism
[96]. In vitro and in vivo studies have shown that SFN exhibits anticancer properties
through several mechanisms, such as cell cycle arrest and apoptosis, activating check-
point kinase 2 (CHEK?2) and acting as a HDAC inhibitor which increases global and local
histone acetylation of a number of genes (Table 1) [99-105]. Treated with SFN, HCT116
human colorectal cancer cells showed a dose-dependent increase in TOPflash reporter
activity, in inhibited HDAC activity and in p21<*""&" [106]. In the same study, molecu-
lar modeling showed a likely interaction for SFN-cysteine, a conjugate of SFN and cys-
teine which is an effective HDAC inhibitor in vitro, within the active site of the
HDAC-like protein, with the carboxylate group of SFN- cysteine arranged as a bidentate

Zn ligand. Another study on human colon cancer cells showed that SFN and some other
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ITCs inhibited HDAC activity and increased HDAC protein turnover with the potency
proportional to alkyl chain length [107]. Moreover, continuous exposure to SFN results in
the release of HDAC3 from 14-3-3 followed by nuclear import to compete with a pep-
tidyl-prolyl cis/trans isomerase 1 (Pinl) pathway that directs HDAC3 for degradation in
the cytoplasm in colon cancer cells. Protein kinase CK2 phosphorylates SMRT and
HDACS3 in the nucleus to dissociate of the corepressor complex and to enhance binding
of HDAC3 to 14-3-3 or Pinl1 when SFN has been removed within 24 h, allowing recov-

ery from cell cycle arrest [108].

In prostate cancer cells, HDACS6 is known to affect the acetylation state of the heat
shock protein Hsp90, a key androgen receptor (AR) chaperone which is the central sig-
naling pathway in prostate cancer. SFN has been found to enhance Hsp90 acetylation by
inhibiting HDACG6 deacetylase activity, thereby attenuating AR signaling [109]. SFN also
exhibited inhibitory effects on HDAC activity by 40, 30 and 40% in benign hyperplasia
(BPH-1), and cancerous LNCaP and PC-3 prostate epithelial cells, respectively, at the
concentration of 15 uM. A 50-100% increase in acetylated histones was also observed in
all three cell lines treated with SFN, and in BPH-1 cells the interaction of acetylated his-
tone H4 with the promoter region of the p21 gene and the bax gene was enhanced [110].
A more recent study on these cell lines indicated that, at the concentration of 15 uM, SFN
selectively induced cell cycle arrest and apoptosis in BPH-1, LNCaP and PC-3 prostate

epithelial cells but not in normal PrEC cells. The same study also showed that SFN selec-
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tively decreased HDAC activity, and Class | and Il HDAC proteins, increased acetylated
histone H3 at the promoter for p21, induced p21 expression and increased tubulin acety-

lation in prostate cancer cells [111].

An in vivo study demonstrated that SFN reduced the growth of human PC-3 prostate
cancer cells by 40% in male nude mice. This was accompanied by a significant decrease
in HDAC activity in the xenografts, as well as in the prostates and mononuclear blood
cells (MBC), compared to control mice, when consumed at a daily dose of 7.5 uM per
animal in the diet for 21 days. Another in vivo study revealed that SFN suppressed tumor
development in Apc™" mice and triggered an increase in acetylated histones that specifi-
cally associated with the promoter region of the p21 and bax genes in the polyps [113].
Pledgie-Tracy et al. demonstrated that SFN inhibited HDAC activity and decreased the
expression of estrogen receptor alpha (ER-a), epidermal growth factor receptor (EGFR),

and human epidermal growth factor receptor 2 (HER2) in four human breast cancer cell

lines, MDA-MB-231, MDA-MB-468, MCF-7 and T47D cells [114].

Apart from its HDAC inhibitory properties, SFN can also regulate other histone
modifications such as histone methylation and histone phosphorylation in different types
of cancer (Table 1). Balasubramanian et al. showed that SFN reduced trimethylation of
lysine 27 of histone H3 (H3K27me3) in SCC-13 skin cancer cells [115]. In human colon

cancer cells, SFN as well as some other isothiocyanates (ITCs) were found to cause DNA
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double-strand breaks and increase phosphorylation of histone H2AX, ataxia telangiecta-
sia and Rad3-related protein (ATR) and CHEK2 [108]. Similar regulations were revealed
in PC-3 human prostate cancer cells, as well [116]. In LNCaP human prostate cancer cells,
SFN induced cell arrest in mitosis and increased Ser'® phosphorylation of histone H3
which is a sensitive marker for mitotic cells [117]. In addition, SFN, at the concentration
of 15 umol/L, significantly enhanced phosphorylation of histone H1 by 67% in MCF-7
human breast cancer cells and increased cell cycle arrest in mitosis by 10 times compared

to control cells [118].

A few human clinical trials have also been conducted to evaluate the effects of SFN.
The first study was designed to determine the toxicity of SFN by using healthy volunteers
that used glucoraphanin or isothiocyanate as the SFN source [193]. It was a randomized,
placebo-controlled, double-blind phase 1 clinical trial consisting of three study groups; 25
umol of glucosinolate, 100 umol of glucosinolate, or 25 umol ITC for 7 days, and evalu-
ated parameters of safety, tolerance, and pharmacokinetics. Notably, no significant toxici-
ties were observed at the doses employed. A second study was a randomized place-
bo-controlled chemoprevention trial performed in Qidong, People’s Republic of China
where high levels of airborne toxin phenanthrene and aflatoxin-contaminated foods were
present [194]. Residents of Qidong were administered hot drinking water infused with
3-day old broccoli sprouts. An inverse correlation between SFN treatment and excretion

of carcinogens was observed. In another study, HDAC activity was significantly de-
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creased in peripheral blood mononuclear cells by more than 50% in normal healthy vol-
unteers after 3-6 h from ingestion of 68 g of broccoli sprouts which was accompanied by
an increase in acetylated histones H3 and H4 [112]. These clinical trials suggest the sig-

nificance of SFN as an epigenetic anticancer agent for humans.

4.1.2. Benzyl Isothiocyanate and Phenylhexyl Isothiocyanate

Other isothiocyanates, such as benzyl isothiocyanate (BITC) and phenylhexyl
isothiocyanate (PHI) have also been found to be able to regulate the development of dif-
ferent types of cancer through histone modifications. BITC significantly decreased the
expression and activity of HDAC1 and HDAC3 in BXPC-3 human pancreatic cancer cells
as well as HDAC3 in Capan-2 human pancreatic cancer cells, whereas HDAC expression
in normal HPDE-6 cells was unaffected [119]. PHI was shown to suppress HDAC1 and
HDAC?2 activity in LNCaP cells. The resulting histone hyperacetylation enhanced acces-
sibility to the p21 promoter for transcription, thereby leading to G1 arrest and apoptosis
[120]. In acute lymphoid leukemia cell line Molt-4, PHI increased acetylation of histone
H3 and H4 markedly [121]. Moreover, Lu et al. discovered that PHI induced histone H3
hyperacetylation and p16 hypomethylation in a concentration-dependent manner in mye-
loma cell line RPMI18226 [122]. In addition, PHI not only can act as a HDAC inhibitor,
but can regulate histone methylation in cancer cells as well. Zou et al. revealed for the

first time that PHI had opposite effects on the methyltransferases for H3K4 and H3K9 in
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primary acute leukemia cells [123]. They examined the methylation status at H3K4 and
H3K9 and found that PHI increased the methyltransferase activity of H3K4 and de-
creased the methyltransferase activity of H3K9 in both myeloid and lymphoid leukemia

cells.

4.2. Curcumin

Curcumin, a diarylheptanoid, is the principal curcuminoid (approximately 80%) of
the South Asian spice turmeric (Curcuma longa) (Table 1) [124, 125]. It is a natural pol-
yphenol with a bright-yellow color that is responsible for the yellow color of turmeric and
can be used as a food additive for coloring. Curcumin can exist in several tautomeric
forms, including a 1,3-diketo form and two equivalent enol forms. Numerous publica-
tions have shown curcumin’s bioactive properties including anti-inflammatory, an-
ti-angiogenic and wound-healing, anti-oxidant, anti-angiogenic and anti-cancer. However,
reports on its epigenetic activities in cancers have only emerged during the past decade

[126-129].

Recent reports have indicated curcumin’s epigenetic modifying properties as a
HDAC inhibitor. Lee et al. delineated that curcumin, in medulloblastoma cells, prompted
apoptosis and cell cycle arrest at the G2/M phase by decreasing HDAC4 expression and

activity and by increasing tubulin acetylation. Their in vivo study on medulloblastoma

79



xenografts showed that curcumin suppressed tumor growth and markedly enhanced the
survival of the Smo/Smo transgenic medulloblastoma mice [130]. The role of curcumin
as a HDAC inhibitor can also be seen in other types of cancer. In human breast cancer
cell line MCF-7, curcumin was found to increase global levels of acetylated H3K18 and
H4K16 [131]. In cervical cancer cells, HDAC1 and HDAC?2, and viral onco-proteins
(E6/ET) are commonly overexpressed. Curcumin was reported to inhibit the expression of
HDAC1, HDAC2 and HPV E6/E7 and to differentially enhance the acetylation and up-
regulation of p53 in the cervical cancer cell line SiHa and SiHaR which is a drug resistant

clone derived from SiHa, thereby resulting in cell cycle arrest at G1/S phase [132].

Interestingly, not only does curcumin exhibit HDAC inhibitory abilities, it has been
reported to have HAT inhibitory properties as well. In vitro and in vivo studies on several
prostate cancer cell lines conducted by Shah et al. suggested that curcumin suppressed
p300 and CBP occupancy at androgen receptor (AR) functional sites by decreasing the
association of histone acetylation and pioneer factors, which resulted in the inhibition of
AR residence and downstream target gene expression. They further verified the role of
curcumin as a HAT inhibitor by using HDAC inhibitors, finding that the effects of cur-
cumin on AR activity were reversed [133]. Another study on the human prostate cancer
cell line LNCaP indicated that although the total HDAC activity was suppressed upon
treatment with curcumin probably due to the decrease of HDACS8 expression, the expres-

sion of HDAC1, HDAC4, HDACS5 and HDACS were increased [134]. The same study
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also showed that curcumin decreased H3K27me3 at the Neurogl promoter region as well
as at the global level, suggesting that apart from its abilities to inhibit HDAC and HAT

activity, curcumin can also affect histone methylation.

4.3. (-)-Epigallocatechin-3-gallate

(-)-Epigallocatechin-3-gallate (EGCGQG) is a type of catechin that is abundant in tea,
green tea in particular, as well as other vegetables and nuts (Table 1). It is a well-known
antioxidant that has therapeutic applications in the treatment of many disorders such as
cancer. Other catechins include (—)-epicatechin (EC), (—)-epicatechin-3-gallate (ECG)
and (—)-epigallocatechin (EGC) [135]. Although, all of them share similar bioactive
properties with EGCG, studies show that EGCG is the most abundant (more than 50%)
anti-tumorigenic component in green tea and is the most potent epigenetic agent in regu-
lating histone modifications in various types of cancer [136-139]. In our studies, EGCG
was found to inhibit the proliferation of human breast cancer MCF-7 and MDA-MB-231
cells in a dose- and time-dependent manner but to cause no damage to the control
MCF10A cells. We found that EGCG inhibited the transcription of human telomerase re-
verse transcriptase (hnTERT) through hTERT promoter hypomethylation and histone
deacetylations. The level of acetyl-H3, acetyl-H3K9 and acetyl-H4 were decreased, re-

sulting in the remodeling of the chromatin structures of the hTERT promoter [140].

81



In addition, EGCG also acts as a HDAC inhibitor in cancer cells. In LNCaP human pros-
tate cancer cells, EGCG (5-20 uM) dose- and time-dependently inhibited class | HDACs
(HDAC1, 2, 3 and 8), resulting in the acetylation of p53 [141]. Furthermore, reports have
shown that EGCG can regulate histone methylation, as well. Li et al. discovered that
EGCG can alter histone acetylation and methylation status leading to reactivation of ERa
expression in ERa-negative MDA-MB-231 breast cancer cells [142]. In skin cancer cells,
EGCG has been shown to affect histone acetylation and histone methylation as well as
histone ubiquitination. Choudhury et al. showed that EGCG reduced the level of poly-
comb group (PcG) proteins (Ezh2, eed, Suz12, Mel18 and Bmi-1) following a decrease of
H3K27me3 and H2AK119ub formation and HDAC1 activity and an increase of acety-
lated H3 formation [143]. Moreover, EGCG dose-dependently suppressed global DNA
methylation levels in human epidermoid carcinoma A431 cells, accompanied by a de-
crease of HDAC activity as well as levels of methylated H3K9 and an increase of levels
of acetylated H3K9 and H3K14 and acetylated H4K5, H4K12 and H4K16 [144]. Also,
EGCG reduced Bmi-1 and Ezh2 level in SCC-13 cells as well as cell survival which is
associated with a global reduction in H3K27me3 [145]. Modification of histone phos-
phorylation by EGCG was also observed in human lung cancer cells both in vitro and in
vivo. Li et al. reported that EGCG inhibited tumor growth of H1299 human non-small
cell lung carcinoma cell line both in culture and in xenografts in a dose-dependent man-

ner. The level of tumor cell apoptosis and oxidative DNA damage was proportional to the
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formation of 8-hydroxy-2’-deoxyguanosine (8-OhdG) and phosphorylated histone 2A

variant X (gamma-H2AX) [146].

4.4. Genistein

Genistein is a phytoestrogen belonging to the category of isoflavones and can be
found in numerous plants as food source including lupin, fava beans, soybeans, kudzu,
and psoralea, as well as in medicinal plants Flemingia vestita and F. macrophylla, and in
coffee (Table 1) [147-149]. Many investigations have shown genistein’s anti-cancer and
anti-angiogenic properties in a variety of cancers as a result of its estrogen-like behavior
that interacts with animal and human estrogen receptors, as well as its ability to modulate
epigenetic activities such as DNA methylation and chromatin remodeling [46, 150-154].
In prostate cancer, genistein was first reported to induce the expression of p21
(WAF1/CIP1/KIP1) and p16 (INK4a) by upregulating the acetylation of histone 3, 4, and
H3K4 at the p21 and p16 transcription start sites by genistein treatment in andro-
gen-sensitive (LNCaP) and androgen-insensitive (DuPro) human prostate cancer cell
lines [47]. Similar mechanisms and results can be seen in a later study on breast cancer
cells conducted by Li et al. [155]. Just like sulforaphane mentioned above, genistein was
also reported to inhibit HDAC6-Hsp90 cochaperone function leading to down-regulation
of AR protein in LNCaP cells [156]. In addition, Majid et al. demonstrated that, in

LNCaP and PC-3 cell lines as well as in A498, ACHN and HEK-293 renal cell carcinoma
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(RCC) cell lines, genistein induced mRNA expression of BTG3, a tumor suppressor gene
which is usually transcriptionally down-regulated in prostate cancer, by decreasing meth-
ylation of BTG3 promoter and by increasing the levels of acetylated histones H3 and H4,

H3K4me3, and RNA polymerase Il at the BTG3 promoter [157, 158].

Uncontrolled tumor growth in colon cancer can be inhibited by blocking the WNT
signaling pathway or by enhancing the expression of its antagonist DKK1. Wang et al.
illustrated that genistein increased DKK1 expression in SW480 and HCT15 cells by in-
ducing histone H3 acetylation of the DKK1 promoter region, thereby resulting in a
dose-dependent G2 phase arrest and reduction of cell proliferation [159]. In another hu-
man colon cancer cell line, HT29, inhibition of HDAC activity was observed by both
genistein and EGCG treatment, causing a significant decrease of the HDACL1 protein lev-
el [160]. Coxsackievirus and adenovirus receptor (CAR) is often down-regulated in can-
cer. Pong et al. suggested that the combination of genistein and histone deacetylase inhib-
itor FK228 synergistically increase CAR expression in bladder cancer by increasing his-

tone acetylation in the CAR promoter gene [161].

4.5. 3,5,4’-trihydroxy-trans-stilbene

3,5,4’-trihydroxy-trans-stilbene (resveratrol) is a stilbenoid, a polyphenol, as well as

a phytoalexin naturally produced by a number of plants such as grapes, berries, peanuts
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and the roots of Japanese knotweed (Polygonum cuspidatum) when under attack by
pathogens (Table 1). But, it is most abundant in the skin of red grapes, thus, it is rich in
red wine [162, 163]. Like other polyphenols, resveratrol exhibits anticancer properties
through a number of epigenetic regulations. The most well studied regulation pathway on
cancer by resveratrol is, perhaps, its effects on SIRT1 (mammalian ortholog of the yeast
silent information regulator 2) which is a type of sirtuin belonging to class I1l HDAC as
aforementioned. A number of studies both in vitro and in vivo have supported resvera-
trol’s role in up-regulating SIRT1 in various types of cancer [164-167]. In addition,
resveratrol has recently been reported to dose-dependently inhibit all eleven human
HDACSs of class I, Il and 1V in hepatoma cell lines HepG2, Hep3B and HuH?7, resulting
in a dose-dependent antiproliferative effect on all cell lines with no toxic effect on pri-
mary human hepatocytes. In the same study, resveratrol also exhibited HDAC inhibitor
activity in human blood samples [168]. Moreover, Kim et al. showed that LYR71 (a de-
rivative of trimeric resveratrol) inhibited RANTES-stimulated breast cancer cells via in-
hibition of STAT3 activation. STAT3 is responsible for tumor progression caused by up-
regulation of MMP-9. LYR71 was found to decrease STAT3 activation and to suppress
the expression and activity of MMP-9 by segregating p300 and deacetylating histone H3
and H4 on the MMP9 promoter [169]. Resveratrol has also been reported to act as a his-
tone demethylase inhibitor. Abdulla et al. indicated that resveratrol showed a potent in-

hibitory effect on LSD1 activity in HEK293, HepG2 and FAO cell lines [170].
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Furthermore, resveratrol and its analogues has been reported to regulate histone phos-

phorylation in various cancers [171, 172].

4.6. Other Nutrient Components Regulating Histone Modifications

4.6.1. Selenium

Selenium (Se) is a chemical element that can be found in Brazil nuts, chicken and
beef as a nutrient (Table 1) [173]. Se is vital for human well-being and exhibits antioxi-
dant as well as anti-cancer properties. It was reported that the combination of selenium
and green tea resulted in a greater inhibition of tumor development than either selenium
or green tea alone in a rat colorectal cancer model, accompanied by marked reduction of
DNMT1 expression and induction of histone H3 acetylation [174]. Another study showed
that selenite dose- and time-dependently triggered partial promoter DNA demethylation
and re-expression of the pi-class glutathione-S-transferase (GSTP1) in LNCaP cells, ac-
companied by decrease of histone deacetylase activity and increase of levels of acetylated
H3K9, and decrease of levels of methylated H3K9 [175]. Additional publications sup-
ported the HDAC inhibitor ability of the selenium analogs of SAHA (SelSA-1 and
SelSA-2) [176, 177]. Moreover, selenomethionine treatment resulted in statistically sig-
nificant expression changes for 50 genes with the increase of phosphorylated histone H3

on serine 10 bound to the GJB2 promoter [178].
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4.6.2. Quercetin

Quercetin, a plant pigment that can be found in fruits, vegetables, leaves and grains,
is a polyphenolic bioflavonoid which possesses anti-inflammatory and anti-cancer prop-
erties (Table 1). It was reported to dose-dependently inhibit COX-2-mediated angiogene-
sis in human endothelial cells and to effectively suppress p300 HAT activity, leading to
attenuation of p300-mediated acetylation of NF-xB [179]. A study mentioned previously
indicated that quercetin effectively inhibited LSD1 activity in HEK293, HepG2 and FAO

cell lines [170], suggesting that quercetin has histone demethylase inhibitor ability.

4.6.3. Diallyl disulfide

Diallyl disulfide (DADS or 4,5-dithia-1,7-octadiene) is an organosulfur compound
produced from garlic when crushed (Table 1). In human colon cancer cells, DADS was
found to inhibit cell proliferation by suppressing HDAC activity and increasing histone

H3 and H4 acetylation as well as p21"a™/ciPt

expression [180]. Similarly, the expression of
acetylated histone H3, H4 and p21"@™were increased by DADS treatment both in vitro

and in vivo in human promyelocytic leukemia cell line HL-60, resulting in significant in-

hibition of tumor growth [181].
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4.6.4. 3,3’-Diindolylmethane

3,3’-Diindolylmethane (DIM), found in cruciferous vegetables such as broccoli,
Brussels sprouts, cabbage and kale, is a phytochemical with various anti-cancer proper-
ties (Table 1) [182, 183]. In PC-3 and LNCaP cells, DIM markedly reduced HDAC?2 ac-
tivity causing increase expression of p21 [184]. In human colon cancer cells, DIM selec-
tively down-regulated class | HDACSs both in vitro and in vivo, which led to increased
expression of p21 and p27, and induction of DNA damage, resulting in cell cycle arrest in

G2 phase and apoptosis, respectively [185].

4.6.5. Garcinol

Garcinol, a polyisoprenylated benzophenone derivative that can be isolated from the
rind of Garcinia indica fruit, has been reported to inhibit carcinogenesis via histone mod-
ifications (Table 1). Collins et al. explained that garcinol can trigger cell cycle arrest at S
phase by inhibiting H3K18 acetylation in the breast cancer cell line MCF-7 as well as in
the osteosarcoma cells lines U20S and SaOS2. In contrast, garcinol treatment increased
global levels of acetylated H4K16 and trimethylated H4K20 in MCF-7 breast cancer cells,
upregulating DNA damage 88lavin88ng markers [131]. This study suggests that garcinol

is a pleiotropic bioactive agent. And its HAT inhibitory effect can also be seen in
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HeLa cervical carcinoma cells. Balasubramanyam et al. found that garcinol inhibited

HAT p300 and PCAF both in vitro and in vivo [186].

4.6.6. Procyanidin B3

Procyanidin B3 (Pro-B3), a B type proanthocyanidinas as well as a catechin dimer
(catechin-(40—8)-catechin) that can be found in red wine, barley, beer, peach and
Jatropha macrantha, is identified as a HAT inhibitor (Table 1) [187-189]. Pro-B3 was
reported to suppress cell proliferation through inhibition of p300-mediated AR acetyla-

tion both in vitro and in vivo in prostate cancer cells [190].

5. Discussion

Dietary components have been shown to interfere with a number of epigenetic
mechanisms sustaining cancer development such as HAT or HDAC aberrations as well as
other histone modifying properties in various types of cancers both in culture and in ani-
mal studies. While some of them are well developed such as genistein, resveratrol, cur-
cumin, EGCG and sulforaphane, others like DIM, diallyl disulfide, garcinol, procyanidin
B3 and quercetin remain to be further explored. What is also worth mentioning is histone

O-GIcNAcylation which has recently been added to the growing list of histone modifica-
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tions. O-GIcNAc transferase, an enzyme encoded by the OGT gene in humans, glycosyl-

ates many proteins including histones [191, 192]. Consistently, O-GIcNAc modifications
on histones may regulate cancer development. However, despite of the growing evidence
suggesting the involvement of O-GIcNAcylation in carcinogenesis, comprehension of the
underlying mechanism is poorly understood. Few studies, if any, have been conducted on
the role of dietary components in cancer development through histone O-GIcNAcylation.
Further studies are required to understand the impact of these dietary components in car-

cinogenesis and to identify new epigenetic agents that could be used for cancer preven-

tion and therapy.
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Abbreviations

8-OhdG 8-hydroxy-2’-deoxyguanosine

AR Androgen receptor

ATR Ataxia telangiectasia and Rad3-related protein
BITC Benzyl isothiocyanate

BPH Benign prostatic hyperplasia

CAR Coxsackievirus and adenovirus receptor

CHEK?2 Checkpoint kinase 2

DADS Diallyl disulfide

DIM 3,3’-diindolylmethane

EC (—)-epicatechin

ECG (—)-epicatechin-3-gallate

EGC (—)-epigallocatechin

EGCG (-)-epigallocatechin-3-gallate
EGFR Epidermal growth factor receptor
ER-a Estrogen receptor alpha

FAD Flavin adenine dinucleotide
GNAT Gcenb-related N-acetyltransferase
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GSTP Glutathione-S-transferase

H3K14 Histone H3 lysine 14

H3K27me3 Trimethylation of histone 3 at lysine 27
H3K4 Histone H3 lysine 4

H3K4me3  Histone H3 lysine 4 trimethylation
H3K9 Histone H3 lysine 9

H3K27me3 Histone H3 lysine 27 trimethylation
H4K12 Histone H4 lysine 12

H4K16 Histone H4 lysine 16

H4K5 Histone H4 lysine 5

HAT Histone acetyltransferase

HDAC Histone deacetylase

HDM Histone demethylase

HER2 Human epidermal growth factor receptor 2
HMT Histone methyltransferase

hTERT Human telomerase reverse transcriptase
ITC Isothiocyanate

LYR71 6-methyl-2-propylimino-6, 7-dihydro-5H-benzo [1, 3]-oxathiol- 4-one
MBC Mononuclear blood cell

NRC Nuclear receptor coactivator
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PBMC Peripheral blood mononuclear cell

PcG Polycomb group

PHI Phenylhexyl isothiocyanate

Pinl Peptidyl-prolyl cis/trans isomerase 1
PRMT Protein arginine methyltransferase

Pro-B3 Procyanidin

RAR Retinoic acid receptor
RCC Renal cell carcinoma
SAM S-Adenosyl methionine
Se Selenium

SFN Sulforaphane
References

[1] Bhasin, M.; Reinherz, E. L.; Reche, P. A. Recognition and classification of histones
using support vector machine. J. Comput. Biol., 2006, 13(1), 102-12.

[2] Luger, K.; Mader, A. W.; Richmond, R. K.; Sargent, D. F.; Richmond, T. J. Crystal
structure of the nucleosome core particle at 2.8 A resolution. Nature, 1997, 389(6648),
251-60.

[3] Davis, C. D.; Ross, S. A. Dietary components impact histone modifications and can-
cer risk. Nutr. Rev., 2007, 65(2), 88-94.

[4] Wagner, J. M.; Hackanson, B.; Lubbert, M.; Jung, M. Histone deacetylase (HDAC)
inhibitors in recent clinical trials for cancer therapy. Clin. Epigenetics, 2010, 1(3-4),
117-136.

[5] Kouzarides, T. Chromatin modifications and their function. Cell, 2007, 128(4),

93



693-705.

[6] Strahl, B. D.; Allis, C. D. The language of covalent histone modifications. Nature,
2000, 403(6765), 41-5.

[7] Jenuwein, T.; Allis, C. D. Translating the histone code. Science, 2001, 293(5532),
1074-80.

[8] Chen, Z.; Wang, L.; Wang, Q.; Li, W. Histone modifications and chromatin organi-
zation in prostate cancer. Epigenomics, 2010, 2(4), 551-60.

[9] Grunstein, M. Histone acetylation in chromatin structure and transcription. Nature,
1997, 389(6649), 349-52.

[10]Zhang, K.; Dent, S. Y. Histone modifying enzymes and cancer: going beyond his-
tones. J. cell. Biochem., 2005, 96(6), 1137-48.

[11]Lee, K. K.; Workman, J. L. Histone acetyltransferase complexes: one size doesn't fit
all. Nat. Rev. Mol. Cell. Biol., 2007, 8(4), 284-95.

[12]Yuan, H.; Marmorstein, R. Histone acetyltransferases: Rising ancient counterparts to
protein kinases. Biopolymers, 2013, 99(2), 98-111.

[13]Roth, S. Y.; Denu, J. M.; Allis, C. D. Histone acetyltransferases. Annu. Rev. Bio-
chem., 2001, 70, 81-120.

[14]Sterner, D. E.; Berger, S. L. Acetylation of histones and transcription-related factors.
Microbiol. Mol. Biol. Rev., 2000, 64(2), 435-59.

[15]Ogryzko, V. V. Mammalian histone acetyltransferases and their complexes. Cell.
Mol. Life Sci., 2001, 58(5-6), 683-92.

[16]Doi, M.; Hirayama, J.; Sassone-Corsi, P. Circadian regulator CLOCK is a histone
acetyltransferase. Cell, 2006, 125(3), 497-508.

[17]Choudhary, C.; Kumar, C.; Gnad, F.; Nielsen, M. L.; Rehman, M.; Walther, T. C.;
Olsen, J. V.; Mann, M. Lysine acetylation targets protein complexes and co-regulates
major cellular functions. Science, 2009, 325(5942), 834-40.

[18] Dokmanovic, M.; Clarke, C.; Marks, P. A. Histone deacetylase inhibitors: overview
and perspectives. Mol. Cancer Res., 2007, 5 (10), 981-9.

[19] Yoo, C. B.; Jones, P. A. Epigenetic therapy of cancer: past, present and future. Nat.
Rev. Drug Discov., 2006, 5(1), 37-50.

[20] Verdin, E.; Dequiedt, F.; Fischle, W.; Frye, R.; Marshall, B.; North, B. Measurement
of mammalian histone deacetylase activity. Methods Enzymol., 2004, 377, 180-96.
[21]Verdin, E.; Dequiedt, F.; Kasler, H. G. Class Il histone deacetylases: versatile regu-
lators. Trends Genet., 2003, 19(5), 286-93.

[22] Sauve, A. A.; Wolberger, C.; Schramm, V. L.; Boeke, J. D. The biochemistry of
sirtuins. Annu. Rev. Biochem., 2006, 75, 435-65.

[23]Hartley, J. L.; Temple, G. F.; Brasch, M. A. DNA cloning using in vitro site-specific
recombination. Genome Res., 2000, 10(11), 1788-95.

[24] Trapp, J.; Jung, M. The role of NAD+ dependent histone deacetylases (sirtuins) in
ageing. Curr. Drug Targets, 2006, 7(11), 1553-60.

[25]Hrabeta, J.; Stiborova, M.; Adam, V.; Kizek, R.; Eckschlager, T. Histone deacetylase

94



inhibitors in cancer therapy. A review. Biomed. Pap. Med. Fac. Univ. Palacky Olomouc
Czech Repub., 2014, 158(2), 161-9.

[26]Marks, P. A.; Xu, W. S. Histone deacetylase inhibitors: Potential in cancer therapy. J.
Cell. Biochem., 2009, 107(4), 600-8.

[27]Wood, A.; Shilatifard, A. Posttranslational modifications of histones by methylation.
Adv. Protein Chem., 2004, 67, 201-22.

[28] Sawan, C.; Herceg, Z. Histone modifications and cancer. Adv. Genet., 2010, 70,
57-85.

[29]Feng, Q.; Wang, H.; Ng, H. H.; Erdjument-Bromage, H.; Tempst, P.; Struhl, K.;
Zhang, Y. Methylation of H3-lysine 79 is mediated by a new family of HMTases without
a SET domain. Curr. Biol., 2002, 12(12), 1052-8.

[30]Ng, H. H.; Feng, Q.; Wang, H.; Erdjument-Bromage, H.; Tempst, P.; Zhang, Y.;
Struhl, K. Lysine methylation within the globular domain of histone H3 by Dotl is im-
portant for telomeric silencing and Sir protein association. Genes Dev., 2002, 16(12),
1518-27.

[31]Branscombe, T. L.; Frankel, A.; Lee, J. H.; Cook, J. R.; Yang, Z.; Pestka, S.; Clarke,
S. PRMTS5 (Janus kinase-binding protein 1) catalyzes the formation of symmetric dime-
thylarginine residues in proteins. J. Biol. Chem., 2001, 276(35), 32971-6.

[32]Chen, D.; Ma, H.; Hong, H.; Koh, S. S.; Huang, S. M.; Schurter, B. T.; Aswad, D.
W.; Stallcup, M. R. Regulation of transcription by a protein methyltransferase. Science,
1999, 284(5423), 2174-7.

[33]Gary, J. D.; Lin, W. J.; Yang, M. C.; Herschman, H. R.; Clarke, S. The predominant
protein-arginine methyltransferase from Saccharomyces cerevisiae. J. Biol. Chem., 1996,
271(21), 12585-94.

[34]McBride, A. E.; Weiss, V. H.; Kim, H. K.; Hogle, J. M.; Silver, P. A. Analysis of the
yeast arginine methyltransferase Hmtlp/Rmtlp and its in vivo function. Cofactor binding
and substrate interactions. J. Biol. Chem., 2000, 275(5), 3128-36.

[35]Pal, S.; Sif, S. Interplay between chromatin remodelers and protein arginine methyl-
transferases. J. Cell. Physiol., 2007, 213(2), 306-15.

[36]Choudhuri, S.; Cui, Y.; Klaassen, C. D. Molecular targets of epigenetic regulation
and effectors of environmental influences. Toxicol. Appl. Pharmacol., 2010, 245(3),
378-93.

[37]Dillon, S. C.; Zhang, X.; Trievel, R. C.; Cheng, X. The SET-domain protein super-
family: protein lysine methyltransferases. Genome Biol., 2005, 6(8), 227.

[38]Weiss, V. H.; McBride, A. E.; Soriano, M. A.; Filman, D. J.; Silver, P. A.; Hogle, J.
M. The structure and oligomerization of the yeast arginine methyltransferase, Hmt1. Nat.
Struct. Biol., 2000, 7(12), 1165-71.

[39]Zhang, X.; Zhou, L.; Cheng, X. Crystal structure of the conserved core of protein
arginine methyltransferase PRMT3. EMBO J., 2000, 19(14), 3509-109.

[40]Trievel, R. C.; Beach, B. M.; Dirk, L. M.; Houtz, R. L.; Hurley, J. H. Structure and
catalytic mechanism of a SET domain protein methyltransferase. Cell, 2002, 111(1),

95



91-103.

[41]Klose, R. J.; Zhang, Y. Regulation of histone methylation by demethylimination and
demethylation. Nat. Rev. Mol. Cell Biol., 2007, 8(4), 307-18.

[42]Mosammaparast, N.; Shi, Y. Reversal of histone methylation: biochemical and mo-
lecular mechanisms of histone demethylases. Annu. Rev. Biochem., 2010, 79, 155-79.
[43] Tochio, N.; Umehara, T.; Koshiba, S.; Inoue, M.; Yabuki, T.; Aoki, M.; Seki, E.;
Watanabe, S.; Tomo, Y.; Hanada, M.; Ikari, M.; Sato, M.; Terada, T.; Nagase, T.; Ohara,
O.; Shirouzu, M.; Tanaka, A.; Kigawa, T.; Yokoyama, S. Solution structure of the
SWIRM domain of human histone demethylase LSD1. Structure, 2006, 14(3), 457-68.
[44] Acharya, M. R.; Sparreboom, A.; Venitz, J.; Figg, W. D. Rational development of
histone deacetylase inhibitors as anticancer agents: a review. Mol. pharmacol., 2005,
68(4), 917-32.

[45]Kim, D. H.; Kim, M.; Kwon, H. J. Histone deacetylase in carcinogenesis and its in-
hibitors as anti-cancer agents. J. Biochem. Mol. Biol., 2003, 36(1), 110-9.

[46] Kikuno, N.; Shiina, H.; Urakami, S.; Kawamoto, K.; Hirata, H.; Tanaka, Y.; Majid,
S.; lgawa, M.; Dahiya, R. Genistein mediated histone acetylation and demethylation ac-
tivates tumor suppressor genes in prostate cancer cells. International journal of cancer.
Int. J. Cancer, 2008, 123(3), 552-60.

[47]Majid, S.; Kikuno, N.; Nelles, J.; Noonan, E.; Tanaka, Y.; Kawamoto, K.; Hirata, H.;
Li, L. C.; Zhao, H.; Okino, S. T.; Place, R. F.; Pookot, D.; Dahiya, R. Genistein induces
the p21WAF1/CIP1 and p161NK4a tumor suppressor genes in prostate cancer cells by
epigenetic mechanisms involving active chromatin modification. Cancer Res., 2008,
68(8), 2736-44.

[48] Dalvai, M.; Bystricky, K. The role of histone modifications and variants in regulating
gene expression in breast cancer. J. Mammary Gland Biol. Neoplasia, 2010, 15(1), 19-33.
[49]Ganesan, A.; Nolan, L.; Crabb, S. J.; Packham, G. Epigenetic therapy: histone acety-
lation, DNA methylation and anti-cancer drug discovery. Curr. Cancer Drug Targets,
2009, 9(8), 963-81.

[50]McKitrick, T. R.; De Tomaso, A. W. Molecular mechanisms of allorecognition in a
basal chordate. Semin. Immunol., 2010, 22(1), 34-8.

[51]Sharma, S.; Kelly, T. K.; Jones, P. A. Epigenetics in cancer. Carcinogenesis, 2010,
31(1), 27-36.

[52]Mottet, D.; Castronovo, V. Histone deacetylases: target enzymes for cancer therapy.
Clin. Exp. Metastasis, 2008, 25(2), 183-9.

[53]Myzak, M. C.; Dashwood, R. H. Histone deacetylases as targets for dietary cancer
preventive agents: lessons learned with butyrate, diallyl disulfide, and sulforaphane. Curr.
Drug Targets, 2006, 7(4), 443-52.

[54]Jones, P. A.; Baylin, S. B. The epigenomics of cancer. Cell, 2007, 128(4), 683-92.
[55]Kortenhorst, M. S.; Carducci, M. A.; Shabbeer, S. Acetylation and histone deacety-
lase inhibitors in cancer. Cell. Oncol., 2006, 28(5-6), 191-222.

[56]Fraga, M. F.; Ballestar, E.; Villar-Garea, A.; Boix-Chornet, M.; Espada, J.; Schotta,

96



G.; Bonaldi, T.; Haydon, C.; Ropero, S.; Petrie, K.; lyer, N. G.; Perez-Rosado, A.; Calvo,
E.; Lopez, J. A.; Cano, A.; Calasanz, M. J.; Colomer, D.; Piris, M. A.; Ahn, N.; Imhof, A;
Caldas, C.; Jenuwein, T.; Esteller, M. Loss of acetylation at Lys16 and trimethylation at
Lys20 of histone H4 is a common hallmark of human cancer. Nat. Genet., 2005, 37(4),
391-400.

[57]Gibbons, R. J. Histone modifying and chromatin remodelling enzymes in cancer and
dysplastic syndromes. Hum. Mol. Genet., 2005, 14 Spec No 1, R85-92.

[58]Mork, C. N.; Faller, D. V.; Spanjaard, R. A. A mechanistic approach to anticancer
therapy: targeting the cell cycle with histone deacetylase inhibitors. Curr. Pharm. Des.,
2005, 11(9), 1091-104.

[59]McLaughlin, F.; La Thangue, N. B. Histone deacetylase inhibitors open new doors in
cancer therapy. Biochem. Pharmacol., 2004, 68(6), 1139-44.

[60]Clarke, N.; Germain, P.; Altucci, L.; Gronemeyer, H. Retinoids: potential in cancer
prevention and therapy. Expert Rev. Mol. Med., 2004, 6(25), 1-23.

[61]de Ruijter, A. J.; van Gennip, A. H.; Caron, H. N.; Kemp, S.; van Kuilenburg, A. B.
Histone deacetylases (HDACS): characterization of the classical HDAC family. Biochem.
J., 2003, 370(Pt 3), 737-49.

[62]Rosato, R. R.; Grant, S. Histone deacetylase inhibitors in cancer therapy. Cancer Bi-
ol. Ther., 2003, 2(1), 30-7.

[63]Furumai, R.; Komatsu, Y.; Nishino, N.; Khochbin, S.; Yoshida, M.; Horinouchi, S.
Potent histone deacetylase inhibitors built from trichostatin A and cyclic tetrapeptide an-
tibiotics including trapoxin. Proc. Natl. Acad. Sci. U. S. A., 2001, 98(1), 87-92.

[64] Altucci, L.; Gronemeyer, H. The promise of retinoids to fight against cancer. Nat.
Rev. Cancer, 2001, 1(3), 181-93.

[65]Finnin, M. S.; Donigian, J. R.; Cohen, A.; Richon, V. M.; Rifkind, R. A.; Marks, P.
A.; Breslow, R.; Pavletich, N. P. Structures of a histone deacetylase homologue bound to
the TSA and SAHA inhibitors. Nature, 1999, 401(6749), 188-93.

[66]Brinkmann, H.; Dahler, A. L.; Popa, C.; Serewko, M. M.; Parsons, P. G.; Gabrielli, B.
G.; Burgess, A. J.; Saunders, N. A. Histone hyperacetylation induced by histone deacety-
lase inhibitors is not sufficient to cause growth inhibition in human dermal fibroblasts. J.
Biol. Chem., 2001, 276(25), 22491-9.

[67]Drobic, B.; Dunn, K. L.; Espino, P. S.; Davie, J. R. Abnormalities of chromatin in
tumor cells. Exs, 2006, (96), 25-47.

[68]Marks, P. A.; Dokmanovic, M. Histone deacetylase inhibitors: discovery and devel-
opment as anticancer agents. Expert Opin. Investig. Drugs, 2005, 14(12), 1497-511.
[69]Gayther, S. A.; Batley, S. J.; Linger, L.; Bannister, A.; Thorpe, K.; Chin, S. F.; Daigo,
Y.; Russell, P.; Wilson, A.; Sowter, H. M.; Delhanty, J. D.; Ponder, B. A.; Kouzarides, T.;
Caldas, C. Mutations truncating the EP300 acetylase in human cancers. Nat. Genet., 2000,
24(3), 300-3.

[70] Taddei, A.; Roche, D.; Bickmore, W. A.; Almouzni, G. The effects of histone
deacetylase inhibitors on heterochromatin: implications for anticancer therapy? EMBO

97



Rep., 2005, 6(6), 520-4.

[71] Albert, M.; Helin, K. Histone methyltransferases in cancer. Semin. Cell Dev. Biol.,
2010, 21(2), 209-20.

[72]Bannister, A. J.; Kouzarides, T. Reversing histone methylation. Nature, 2005,
436(7054), 1103-6.

[73]Chi, P.; Allis, C. D.; Wang, G. G. Covalent histone modifications--miswritten, mis-
interpreted and mis-erased in human cancers. Nat. Rev. Cancer, 2010, 10(7), 457-69.
[74]Peters, A. H.; O'Carroll, D.; Scherthan, H.; Mechtler, K.; Sauer, S.; Schofer, C.;
Weipoltshammer, K.; Pagani, M.; Lachner, M.; Kohlmaier, A.; Opravil, S.; Doyle, M.;
Sibilia, M.; Jenuwein, T. Loss of the Suv39h histone methyltransferases impairs mamma-
lian heterochromatin and genome stability. Cell, 2001, 107(3), 323-37.

[75]Lin, Y. W.; Chen, H. M.; Fang, J. Y. Gene silencing by the Polycomb group proteins
and associations with cancer. Cancer Invest., 2011, 29(3), 187-95.

[76]Myzak, M. C.; Dashwood, R. H. Chemoprotection by sulforaphane: keep one eye
beyond Keapl. Cancer Lett., 2006, 233(2), 208-18.

[77]Fu, S.; Kurzrock, R. Development of curcumin as an epigenetic agent. Cancer, 2010,
116(20), 4670-6.

[78]Myzak, M. C.; Ho, E.; Dashwood, R. H. Dietary agents as histone deacetylase inhib-
itors. Mol. Carcinog., 2006, 45(6), 443-6.

[79]Ho, E.; Beaver, L. M.; Williams, D. E.; Dashwood, R. H. Dietary factors and epige-
netic regulation for prostate cancer prevention. Adv. Nutr., 2011, 2(6), 497-510.

[80] Dashwood, R. H.; Myzak, M. C.; Ho, E. Dietary HDAC inhibitors: time to rethink
weak ligands in cancer chemoprevention? Carcinogenesis, 2006, 27(2), 344-9.

[81] Dashwood, R. H.; Ho, E. Dietary histone deacetylase inhibitors: from cells to mice to
man. Semin. Cancer Biol., 2007, 17(5), 363-9.

[82]Pham, T. X.; Lee, J. Dietary regulation of histone acetylases and deacetylases for the
prevention of metabolic diseases. Nutrients, 2012, 4(12), 1868-86.

[83]Ho, E.; Clarke, J. D.; Dashwood, R. H. Dietary sulforaphane, a histone deacetylase
inhibitor for cancer prevention. J. Nutr., 2009, 139(12), 2393-6.

[84]Reuter, S.; Gupta, S. C.; Park, B.; Goel, A.; Aggarwal, B. B. Epigenetic changes in-
duced by curcumin and other natural compounds. Genes Nutr., 2011, 6(2), 93-108.
[85]Hardy, T. M.; Tollefsbol, T. O. Epigenetic diet: impact on the epigenome and cancer.
Epigenomics, 2011, 3(4), 503-18.

[86]Meeran, S. M.; Ahmed, A.; Tollefsbol, T. O. Epigenetic targets of bioactive dietary
components for cancer prevention and therapy. Clin. Epigenetics, 2010, 1(3-4), 101-116.
[87]Zhang, Y.; Chen, H. Genistein, an epigenome modifier during cancer prevention.
Epigenetics, 2011, 6(7), 888-91.

[88]Hede, K. Histone deacetylase inhibitors sit at crossroads of diet, aging, cancer. J.
Natl. Cancer Inst., 2006, 98(6), 377-9.

[89]Martin, S. L.; Hardy, T. M.; Tollefsbol, T. O. Medicinal chemistry of the epigenetic
diet and caloric restriction. Curr. Med. Chem., 2013, 20(32), 4050-9.

98



[90]Rajendran, P.; Williams, D. E.; Ho, E.; Dashwood, R. H. Metabolism as a key to
histone deacetylase inhibition. Crit. Rev. Biochem. Mol. Biol., 2011, 46(3), 181-99.
[91]Nian, H.; Delage, B.; Ho, E.; Dashwood, R. H. Modulation of histone deacetylase
activity by dietary isothiocyanates and allyl sulfides: studies with sulforaphane and garlic
organosulfur compounds. Environ. Mol. Mutagen., 2009, 50(3), 213-21.

[92]Clarke, J. D.; Dashwood, R. H.; Ho, E. Multi-targeted prevention of cancer by sul-
foraphane. Cancer Lett., 2008, 269(2), 291-304.

[93]Gupta, S. C.; Prasad, S.; Kim, J. H.; Patchva, S.; Webb, L. J.; Priyadarsini, I. K.;
Aggarwal, B. B. Multitargeting by curcumin as revealed by molecular interaction studies.
Nat. Prod. Rep., 2011, 28(12), 1937-55.

[94]Ong, T. P.; Moreno, F. S.; Ross, S. A. Targeting the epigenome with bioactive food
components for cancer prevention. J. Nutrigenet. Nutrigenomics, 2011, 4(5), 275-92.
[95]Fimognari, C.; Lenzi, M.; Hrelia, P. Chemoprevention of cancer by isothiocyanates
and anthocyanins: mechanisms of action and structure-activity relationship. Curr. Med.
Chem., 2008, 15(5), 440-7.

[96] Zhang, Y.; Talalay, P.; Cho, C. G.; Posner, G. H. A major inducer of anticarcinogen-
ic protective enzymes from broccoli: isolation and elucidation of structure. Proc. Natl.
Acad. Sci. U. S. A., 1992, 89(6), 2399-403.

[97]Fahey, J. W.; Zhang, Y.; Talalay, P. Broccoli sprouts: an exceptionally rich source of
inducers of enzymes that protect against chemical carcinogens. Proc. Natl. Acad. Sci. U.
S. A, 1997, 94(19), 10367-72.

[98] Sasaki, K.; Neyazaki, M.; Shindo, K.; Ogawa, T.; Momose, M. Quantitative profiling
of glucosinolates by LC-MS analysis reveals several cultivars of cabbage and kale as
promising sources of sulforaphane. J. Chromatogr. B, Analyt. Technol. Biomed. Life Sci.,
2012, 903, 171-6.

[99]Bhamre, S.; Sahoo, D.; Tibshirani, R.; Dill, D. L.; Brooks, J. D. Temporal changes in
gene expression induced by sulforaphane in human prostate cancer cells. Prostate, 2009,
69(2), 181-90.

[100] Dashwood, R. H.; Ho, E. Dietary agents as histone deacetylase inhibitors: sul-
foraphane and structurally related isothiocyanates. Nutr. Rev., 2008, 66 Suppl 1, S36-8.
[101] Telang, U.; Brazeau, D. A.; Morris, M. E. Comparison of the effects of
phenethyl isothiocyanate and sulforaphane on gene expression in breast cancer and nor-
mal mammary epithelial cells. Exp. Biol. Med. (Maywood), 2009, 234(3), 287-95.

[102] Bryant, C. S.; Kumar, S.; Chamala, S.; Shah, J.; Pal, J.; Haider, M.; Seward, S.;
Qazi, A. M.; Morris, R.; Semaan, A.; Shammas, M. A.; Steffes, C.; Potti, R. B.; Prasad,
M.; Weaver, D. W.; Batchu, R. B. Sulforaphane induces cell cycle arrest by protecting
RB-E2F-1 complex in epithelial ovarian cancer cells. Mol. Cancer, 2010, 9, 47.

[103] Bacon, J. R.; Williamson, G.; Garner, R. C.; Lappin, G.; Langouet, S.; Bao, Y.
Sulforaphane and quercetin modulate PhIP-DNA adduct formation in human HepG2 cells
and hepatocytes. Carcinogenesis, 2003, 24(12), 1903-11.

[104] Chu, W. F.; Wu, D. M.; Liu, W.; Wu, L. J.; Li, D. Z.; Xu, D. Y.; Wang, X. F.

99



Sulforaphane induces G2-M arrest and apoptosis in high metastasis cell line of salivary
gland adenoid cystic carcinoma. Oral Oncol., 2009, 45(11), 998-1004.

[105] Dinkova-Kostova, A. T.; Fahey, J. W.; Wade, K. L.; Jenkins, S. N.; Shapiro, T.
A.; Fuchs, E. J.; Kerns, M. L.; Talalay, P. Induction of the phase 2 response in mouse and
human skin by sulforaphane-containing broccoli sprout extracts. Cancer Epidemiol. Bi-
omarkers Prev. 2007, 16(4), 847-51.

[106] Myzak, M. C.; Karplus, P. A.; Chung, F. L.; Dashwood, R. H. A novel mecha-
nism of chemoprotection by sulforaphane: inhibition of histone deacetylase. Cancer Res.,
2004, 64(16), 5767-74.

[107] Rajendran, P.; Kidane, A. I.; Yu, T. W.; Dashwood, W. M.; Bisson, W. H.; Lohr,
C. V.; Ho, E.; Williams, D. E.; Dashwood, R. H. HDAC turnover, CtIP acetylation and
dysregulated DNA damage signaling in colon cancer cells treated with sulforaphane and
related dietary isothiocyanates. Epigenetics, 2013, 8(6), 612-23.

[108] Rajendran, P.; Delage, B.; Dashwood, W. M.; Yu, T. W.; Wuth, B.; Williams, D.
E.; Ho, E.; Dashwood, R. H. Histone deacetylase turnover and recovery in sul-
foraphane-treated colon cancer cells: competing actions of 14-3-3 and Pinl in
HDAC3/SMRT corepressor complex dissociation/reassembly. Mol. Cancer, 2011, 10, 68.
[109] Gibbs, A.; Schwartzman, J.; Deng, V.; Alumkal, J. Sulforaphane destabilizes the
androgen receptor in prostate cancer cells by inactivating histone deacetylase 6. Proc.
Natl. Acad. Sci. U. S. A., 2009, 106(39), 16663-8.

[110] Myzak, M. C.; Hardin, K.; Wang, R.; Dashwood, R. H.; Ho, E. Sulforaphane
inhibits histone deacetylase activity in BPH-1, LnCaP and PC-3 prostate epithelial cells.
Carcinogenesis, 2006, 27(4), 811-9.

[111] Clarke, J. D.; Hsu, A.; Yu, Z.; Dashwood, R. H.; Ho, E. Differential effects of
sulforaphane on histone deacetylases, cell cycle arrest and apoptosis in normal prostate
cells versus hyperplastic and cancerous prostate cells. Mol. Nutr. Food Res., 2011, 55(7),
999-1009.

[112] Myzak, M. C.; Tong, P.; Dashwood, W. M.; Dashwood, R. H.; Ho, E. Sul-
foraphane retards the growth of human PC-3 xenografts and inhibits HDAC activity in
human subjects. Exp. Biol. Med. (Maywood), 2007, 232(2), 227-34.

[113] Myzak, M. C.; Dashwood, W. M.; Orner, G. A.; Ho, E.; Dashwood, R. H. Sul-
foraphane inhibits histone deacetylase in vivo and suppresses tumorigenesis in
Apc-minus mice. FASEB J., 2006, 20(3), 506-8.

[114] Pledgie-Tracy, A.; Sobolewski, M. D.; Davidson, N. E. Sulforaphane induces
cell type-specific apoptosis in human breast cancer cell lines. Mol. Cancer Ther., 2007,
6(3), 1013-21.

[115] Balasubramanian, S.; Chew, Y. C.; Eckert, R. L. Sulforaphane suppresses poly-
comb group protein level via a proteasome-dependent mechanism in skin cancer cells.
Mol. pharmacol., 2011, 80(5), 870-8.

[116] Singh, S. V.; Herman-Antosiewicz, A.; Singh, A. V.; Lew, K. L.; Srivastava, S.
K.; Kamath, R.; Brown, K. D.; Zhang, L.; Baskaran, R. Sulforaphane-induced G2/M

100



phase cell cycle arrest involves checkpoint kinase 2-mediated phosphorylation of cell di-
vision cycle 25C. J. Biol. Chem., 2004, 279(24), 25813-22.

[117] Herman-Antosiewicz, A.; Xiao, H.; Lew, K. L.; Singh, S. V. Induction of p21
protein protects against sulforaphane-induced mitotic arrest in LNCaP human prostate
cancer cell line. Mol. Cancer Ther., 2007, 6(5), 1673-81.

[118] Jackson, S. J.; Singletary, K. W. Sulforaphane inhibits human MCF-7 mammary
cancer cell mitotic progression and tubulin polymerization. J. Nutr., 2004, 134(9),
2229-36.

[119] Beklemisheva, A. A.; Fang, Y.; Feng, J.; Ma, X.; Dai, W.; Chiao, J. W. Epige-
netic mechanism of growth inhibition induced by phenylhexyl isothiocyanate in prostate
cancer cells. Anticancer Res., 2006, 26(2A), 1225-30.

[120] Batra, S.; Sahu, R. P.; Kandala, P. K.; Srivastava, S. K. Benzyl isothiocya-
nate-mediated inhibition of histone deacetylase leads to NF-kappaB turnoff in human
pancreatic carcinoma cells. Mol. Cancer Ther., 2010, 9(6), 1596-608.

[121] Jiang, S.; Ma, X.; Huang, Y.; Xu, Y.; Zheng, R.; Chiao, J. W. Reactivating ab-
errantly hypermethylated p15 gene in leukemic T cells by a phenylhexyl isothiocyanate
mediated inter-active mechanism on DNA and chromatin. J. Hematol. Oncol., 2010, 3,
48.

[122] Lu, Q.; Lin, X.; Feng, J.; Zhao, X.; Gallagher, R.; Lee, M. Y.; Chiao, J. W.; Liu,
D. Phenylhexyl isothiocyanate has dual function as histone deacetylase inhibitor and hy-
pomethylating agent and can inhibit myeloma cell growth by targeting critical pathways.
J. Hematol. Oncol., 2008, 1, 6.

[123] Zou, Y.; Ma, X.; Huang, Y.; Hong, L.; Chiao, J. W. Effect of phenylhexyl
isothiocyanate on aberrant histone H3 methylation in primary human acute leukemia. J.
Hematol. Oncol., 2012, 5, 36.

[124] Aggarwal, B. B.; Sung, B. Pharmacological basis for the role of curcumin in
chronic diseases: an age-old spice with modern targets. Trends Pharmacol. Sci., 20009,
30(2), 85-94.

[125] Lao, C. D.; Ruffin, M. T. t.; Normolle, D.; Heath, D. D.; Murray, S. |.; Bailey, J.
M.; Boggs, M. E.; Crowell, J.; Rock, C. L.; Brenner, D. E. Dose escalation of a curcumi-
noid formulation. BMC Complement. Altern. Med., 2006, 6, 10.

[126] Sharma, R. A.; Gescher, A. J.; Steward, W. P. Curcumin: the story so far. Eur. J.
Cancer, 2005, 41(13), 1955-68.

[127] Balasubramanyam, K.; Varier, R. A.; Altaf, M.; Swaminathan, V.; Siddappa, N.
B.; Ranga, U.; Kundu, T. K. Curcumin, a novel p300/CREB-binding protein-specific in-
hibitor of acetyltransferase, represses the acetylation of histone/nonhistone proteins and
histone acetyltransferase-dependent chromatin transcription. J. Biol. Chem., 2004,
279(49), 51163-71.

[128] Maheshwari, R. K.; Singh, A. K.; Gaddipati, J.; Srimal, R. C. Multiple biological
activities of curcumin: a short review. Life Sci., 2006, 78(18), 2081-7.

[129] Goel, A.; Aggarwal, B. B. Curcumin, the golden spice from Indian saffron, is a

101



chemosensitizer and radiosensitizer for tumors and chemoprotector and radioprotector for
normal organs. Nutr. Cancer, 2010, 62(7), 919-30.

[130] Lee, S. J.; Krauthauser, C.; Maduskuie, V.; Fawcett, P. T.; Olson, J. M.; Raja-
sekaran, S. A. Curcumin-induced HDAC inhibition and attenuation of medulloblastoma
growth in vitro and in vivo. BMC cancer, 2011, 11, 144.

[131] Collins, H. M.; Abdelghany, M. K.; Messmer, M.; Yue, B.; Deeves, S. E.; Kin-
dle, K. B.; Mantelingu, K.; Aslam, A.; Winkler, G. S.; Kundu, T. K.; Heery, D. M. Dif-
ferential effects of garcinol and curcumin on histone and p53 modifications in tumour
cells. BMC cancer, 2013, 13, 37.

[132] Roy, M.; Mukherjee, S. Reversal of resistance towards cisplatin by curcumin in
cervical cancer cells. Asian Pac. J. Cancer Prev., 2014, 15(3), 1403-10.

[133] Shah, S.; Prasad, S.; Knudsen, K. E. Targeting pioneering factor and hormone
receptor cooperative pathways to suppress tumor progression. Cancer Res., 2012, 72(5),
1248-59.

[134] Shu, L.; Khor, T. O.; Lee, J. H.; Boyanapalli, S. S.; Huang, Y.; Wu, T. Y.; Saw,
C. L.; Cheung, K. L.; Kong, A. N. Epigenetic CpG demethylation of the promoter and
reactivation of the expression of Neurogl by curcumin in prostate LNCaP cells. AAPS J.,
2011, 13(4), 606-14.

[135] Graham, H. N. Green tea composition, consumption, and polyphenol chemistry.
Prev. Med., 1992, 21(3), 334-50.

[136] Lambert, J. D.; Yang, C. S. Mechanisms of cancer prevention by tea constituents.
J. Nutr., 2003, 133(10), 3262S-3267S.

[137] Lin,J. K,; Liang, Y. C.; Lin-Shiau, S. Y. Cancer chemoprevention by tea poly-
phenols through mitotic signal transduction blockade. Biochem. Pharmacol., 1999, 58(6),
911-5.

[138] Fang, M.; Chen, D.; Yang, C. S. Dietary polyphenols may affect DNA methyla-
tion. J. Nutr., 2007, 137(1 Suppl), 223S-228S.

[139] Lee, W.J.; Shim, J. Y.; Zhu, B. T. Mechanisms for the inhibition of DNA me-
thyltransferases by tea catechins and bioflavonoids. Mol. Pharmacol., 2005, 68(4),
1018-30.

[140] Meeran, S. M.; Patel, S. N.; Chan, T. H.; Tollefsbol, T. O. A novel prodrug of
epigallocatechin-3-gallate: differential epigenetic hTERT repression in human breast
cancer cells. Cancer Prev. Res. (Phila), 2011, 4(8), 1243-54.

[141] Thakur, V. S.; Gupta, K.; Gupta, S. Green tea polyphenols increase p53 tran-
scriptional activity and acetylation by suppressing class | histone deacetylases. Int. J.
Oncol., 2012, 41(1), 353-61.

[142] Li, Y.; Yuan, Y.Y.; Meeran, S. M.; Tollefsbol, T. O. Synergistic epigenetic re-
activation of estrogen receptor-alpha (ERalpha) by combined green tea polyphenol and
histone deacetylase inhibitor in ERalpha-negative breast cancer cells. Mol. Cancer, 2010,
9, 274.

[143] Choudhury, S. R.; Balasubramanian, S.; Chew, Y. C.; Han, B.; Marquez, V. E.;

102



Eckert, R. L. (-)-Epigallocatechin-3-gallate and DZNep reduce polycomb protein level
via a proteasome-dependent mechanism in skin cancer cells. Carcinogenesis, 2011,
32(10), 1525-32.

[144] Nandakumar, V.; Vaid, M.; Katiyar, S. K. (-)-Epigallocatechin-3-gallate reac-
tivates silenced tumor suppressor genes, Cipl/p21 and p16INK4a, by reducing DNA
methylation and increasing histones acetylation in human skin cancer cells. Carcinogene-
sis, 2011, 32(4), 537-44.

[145] Balasubramanian, S.; Adhikary, G.; Eckert, R. L. The Bmi-1 polycomb protein
antagonizes the (-)-epigallocatechin-3-gallate-dependent suppression of skin cancer cell
survival. Carcinogenesis, 2010, 31(3), 496-503.

[146] Li, G. X.; Chen, Y. K.; Hou, Z.; Xiao, H.; Jin, H.; Lu, G.; Lee, M. J.; Liu, B.;
Guan, F.; Yang, Z.; Yu, A.; Yang, C. S. Pro-oxidative activities and dose-response rela-
tionship of (-)-epigallocatechin-3-gallate in the inhibition of lung cancer cell growth: a
comparative study in vivo and in vitro. Carcinogenesis, 2010, 31(5), 902-10.

[147] Kaufman, P. B.; Duke, J. A.; Brielmann, H.; Boik, J.; Hoyt, J. E. A comparative
survey of leguminous plants as sources of the isoflavones, genistein and daidzein: impli-
cations for human nutrition and health. J. Altern. Complement. Med., 1997, 3(1), 7-12.
[148] Wang, B. S.;Juang, L. J.; Yang, J. J.; Chen, L. Y.; Tai, H. M.; Huang, M. H.
Antioxidant and Antityrosinase Activity of Flemingia macrophylla and Glycine tomen-
tella Roots. Evid. Based Complement. Alternat. Med., 2012, 2012, 431081.

[149] Alves, R. C.; Almeida, I. M.; Casal, S.; Oliveira, M. B. Isoflavones in coffee:
influence of species, roast degree, and brewing method. J. Agric. Food Chem., 2010,
58(5), 3002-7.

[150] Li, Y.; Tollefsbol, T. O. Impact on DNA methylation in cancer prevention and
therapy by bioactive dietary components. Curr. Med. Chem., 2010, 17(20), 2141-51.
[151] Li, Y.; Liu, L.; Andrews, L. G.; Tollefsbol, T. O. Genistein depletes telomerase
activity through cross-talk between genetic and epigenetic mechanisms. Int. J. Cancer,
2009, 125(2), 286-96.

[152] Kuiper, G. G.; Lemmen, J. G.; Carlsson, B.; Corton, J. C.; Safe, S. H.; van der
Saag, P. T.; van der Burg, B.; Gustafsson, J. A. Interaction of estrogenic chemicals and
phytoestrogens with estrogen receptor beta. Endocrinology, 1998, 139(10), 4252-63.
[153] Barnes, S. Effect of genistein on in vitro and in vivo models of cancer. J. Nutr.,
1995, 125(3 Suppl), 777S-783S.

[154] Su, S.J.; Yeh, T. M.; Chuang, W. J.; Ho, C. L.; Chang, K. L.; Cheng, H. L.; Liu,
H. S.; Cheng, H. L.; Hsu, P. Y.; Chow, N. H. The novel targets for anti-angiogenesis of
genistein on human cancer cells. Biochem. Pharmacol., 2005, 69(2), 307-18.

[155] Li, Y.; Chen, H.; Hardy, T. M.; Tollefsbol, T. O. Epigenetic regulation of multi-
ple tumor-related genes leads to suppression of breast tumorigenesis by dietary genistein.
PLoS One, 2013, 8(1), €54369.

[156] Basak, S.; Pookot, D.; Noonan, E. J.; Dahiya, R. Genistein down-regulates an-
drogen receptor by modulating HDAC6-Hsp90 chaperone function. Mol. Cancer Ther.,

103



2008, 7(10), 3195-202.

[157] Majid, S.; Dar, A. A.; Shahryari, V.; Hirata, H.; Ahmad, A.; Saini, S.; Tanaka,
Y.; Dahiya, A. V.; Dahiya, R. Genistein reverses hypermethylation and induces active
histone modifications in tumor suppressor gene B-Cell translocation gene 3 in prostate
cancer. Cancer, 2010, 116(1), 66-76.

[158] Majid, S.; Dar, A. A.; Ahmad, A. E.; Hirata, H.; Kawakami, K.; Shahryari, V.;
Saini, S.; Tanaka, Y.; Dahiya, A. V.; Khatri, G.; Dahiya, R. BTG3 tumor suppressor gene
promoter demethylation, histone modification and cell cycle arrest by genistein in renal
cancer. Carcinogenesis, 2009, 30(4), 662-70.

[159] Wang, H.; Li, Q.; Chen, H. Genistein affects histone modifications on Dick-
kopf-related protein 1 (DKK1) gene in SW480 human colon cancer cell line. PLoS One,
2012, 7(7), e40955.

[160] Groh, I. A.; Chen, C.; Luske, C.; Cartus, A. T.; Esselen, M. Plant polyphenols
and oxidative metabolites of the herbal alkenylbenzene methyleugenol suppress histone
deacetylase activity in human colon carcinoma cells. J. Nutr. Metab., 2013, 2013,
821082.

[161] Pong, R. C.; Roark, R.; Ou, J. Y.; Fan, J.; Stanfield, J.; Frenkel, E.; Sagalowsky,
A.; Hsieh, J. T. Mechanism of increased coxsackie and adenovirus receptor gene expres-
sion and adenovirus uptake by phytoestrogen and histone deacetylase inhibitor in human
bladder cancer cells and the potential clinical application. Cancer Res., 2006, 66(17),
8822-8.

[162] Baur, J. A;; Sinclair, D. A. Therapeutic potential of resveratrol: the in vivo evi-
dence. Nat. Rev. Drug Discov., 2006, 5(6), 493-506.

[163] Gu, X.; Creasy, L.; Kester, A.; Zeece, M. Capillary electrophoretic determina-
tion of resveratrol in wines. J. Agric. Food Chem., 1999, 47(8), 3223-7.

[164] Li, G.; Rivas, P.; Bedolla, R.; Thapa, D.; Reddick, R. L.; Ghosh, R.; Kumar, A.
P. Dietary resveratrol prevents development of high-grade prostatic intraepithelial neo-
plastic lesions: involvement of SIRT1/S6K axis. Cancer Prev. Res. (Phila), 2013, 6(1),
27-39.

[165] Bourguignon, L. Y.; Xia, W.; Wong, G. Hyaluronan-mediated CD44 interaction
with p300 and SIRT1 regulates beta-catenin signaling and NFkappaB-specific transcrip-
tion activity leading to MDR1 and Bcl-xL gene expression and chemoresistance in breast
tumor cells. J. Biol. Chem., 2009, 284(5), 2657-71.

[166] Wang, R. H.; Sengupta, K.; Li, C.; Kim, H. S.; Cao, L.; Xiao, C.; Kim, S.; Xu,
X.; Zheng, Y.; Chilton, B.; Jia, R.; Zheng, Z. M.; Appella, E.; Wang, X. W.; Ried, T.;
Deng, C. X. Impaired DNA damage response, genome instability, and tumorigenesis in
SIRT1 mutant mice. Cancer Cell, 2008, 14(4), 312-23.

[167] Scuto, A.; Kirschbaum, M.; Buettner, R.; Kujawski, M.; Cermak, J. M.; Atadja,
P.; Jove, R. SIRT1 activation enhances HDAC inhibition-mediated upregulation of
GADD45G by repressing the binding of NF-kappaB/STAT3 complex to its promoter in
malignant lymphoid cells. Cell Death Dis., 2013, 4, e635.

104



[168] Venturelli, S.; Berger, A.; Bocker, A.; Busch, C.; Weiland, T.; Noor, S.;
Leischner, C.; Schleicher, S.; Mayer, M.; Weiss, T. S.; Bischoff, S. C.; Lauer, U. M.;
Bitzer, M. Resveratrol as a pan-HDAC inhibitor alters the acetylation status of histone
[corrected] proteins in human-derived hepatoblastoma cells. PLoS One, 2013, 8(8),
e73097.

[169] Kim,J. E.; Kim, H.S.; Shin, Y. J.; Lee, C. S.; Won, C.; Lee, S. A.; Lee, J. W,;
Kim, Y.; Kang, J. S.; Ye, S. K.; Chung, M. H. LYRT71, a derivative of trimeric resveratrol,
inhibits tumorigenesis by blocking STAT3-mediated matrix metalloproteinase 9 expres-
sion. Exp. Mol. Med., 2008, 40(5), 514-22.

[170] Abdulla, A.; Zhao, X.; Yang, F. Natural Polyphenols Inhibit Lysine-Specific
Demethylase-1. J. Biochem. Pharmacol. Res., 2013, 1(1), 56-63.

[171] Podhorecka, M.; Halicka, D.; Klimek, P.; Kowal, M.; Chocholska, S.; Dmo-
szynska, A. Resveratrol increases rate of apoptosis caused by purine analogues in malig-
nant lymphocytes of chronic lymphocytic leukemia. Ann. Hematol., 2011, 90(2), 173-83.
[172] Hong, Y. B.; Kang, H. J.; Kim, H. J.; Rosen, E. M.; Dakshanamurthy, S.; Ron-
danin, R.; Baruchello, R.; Grisolia, G.; Daniele, S.; Bae, 1. Inhibition of cell proliferation
by a resveratrol analog in human pancreatic and breast cancer cells. Exp. Mol. Med., 2009,
41(3), 151-60.

[173] Lemire, M.; Fillion, M.; Barbosa, F., Jr.; Guimaraes, J. R.; Mergler, D. Elevated
levels of selenium in the typical diet of Amazonian riverside populations. Sci. Total En-
viron., 2010, 408(19), 4076-84.

[174] Hu, Y.; Mcintosh, G. H.; Le Leu, R. K.; Nyskohus, L. S.; Woodman, R. J,;
Young, G. P. Combination of selenium and green tea improves the efficacy of chemo-
prevention in a rat colorectal cancer model by modulating genetic and epigenetic bi-
omarkers. PLoS One, 2013, 8(5), e64362.

[175] Xiang, N.; Zhao, R.; Song, G.; Zhong, W. Selenite reactivates silenced genes by
modifying DNA methylation and histones in prostate cancer cells. Carcinogenesis, 2008,
29(11), 2175-81.

[176] Desai, D.; Salli, U.; Vrana, K. E.; Amin, S. SelSA, selenium analogs of SAHA
as potent histone deacetylase inhibitors. Bioorg. Med. Chem. Lett., 2010, 20(6), 2044-7.
[177] Karelia, N.; Desai, D.; Hengst, J. A.; Amin, S.; Rudrabhatla, S. V.; Yun, J. Sele-
nium-containing analogs of SAHA induce cytotoxicity in lung cancer cells. Bioorg. Med.
Chem. Lett., 2010, 20(22), 6816-9.

[178] Goulet, A. C.; Watts, G.; Lord, J. L.; Nelson, M. A. Profiling of selenomethio-
nine responsive genes in colon cancer by microarray analysis. Cancer Biol. Ther., 2007,
6(4), 494-503.

[179] Xiao, X.; Shi, D.; Liu, L.; Wang, J.; Xie, X.; Kang, T.; Deng, W. Quercetin sup-
presses cyclooxygenase-2 expression and angiogenesis through inactivation of P300 sig-
naling. PLoS One, 2011, 6(8), e22934.

[180] Druesne, N.; Pagniez, A.; Mayeur, C.; Thomas, M.; Cherbuy, C.; Duee, P. H.;
Martel, P.; Chaumontet, C. Diallyl disulfide (DADS) increases histone acetylation and

105



p21(wafl/cipl) expression in human colon tumor cell lines. Carcinogenesis, 2004, 25(7),
1227-36.

[181] Zhao, J.; Huang, W. G.; He, J.; Tan, H.; Liao, Q. J.; Su, Q. Diallyl disulfide sup-
presses growth of HL-60 cell through increasing histone acetylation and p21WAF1 ex-
pression in vivo and in vitro. Acta Pharmacol. Sin., 2006, 27(11), 1459-66.

[182] Rogan, E. G. The natural chemopreventive compound indole-3-carbinol: state of
the science. In vivo, 2006, 20(2), 221-8.

[183] Kim, Y. S.; Milner, J. A. Targets for indole-3-carbinol in cancer prevention. J.
Nutr. Biochem., 2005, 16(2), 65-73.

[184] Beaver, L. M.; Yu, T. W.; Sokolowski, E. I.; Williams, D. E.; Dashwood, R. H.;
Ho, E. 3,3'-Diindolylmethane, but not indole-3-carbinol, inhibits histone deacetylase ac-
tivity in prostate cancer cells. Toxicol. Appl. Pharmacol., 2012, 263(3), 345-51.

[185] Li, Y.; Li, X.; Guo, B. Chemopreventive agent 3,3'-diindolylmethane selectively
induces proteasomal degradation of class | histone deacetylases. Cancer Res., 2010, 70(2),
646-54.

[186] Balasubramanyam, K.; Altaf, M.; Varier, R. A.; Swaminathan, V.; Ravindran, A.;
Sadhale, P. P.; Kundu, T. K. Polyisoprenylated benzophenone, garcinol, a natural histone
acetyltransferase inhibitor, represses chromatin transcription and alters global gene ex-
pression. J. Biol. Chem., 2004, 279(32), 33716-26.

[187] Kamimura, A.; Takahashi, T. Procyanidin B-3, isolated from barley and identi-
fied as a hair-growth stimulant, has the potential to counteract inhibitory regulation by
TGF-betal. Exp. Dermatol., 2002, 11(6), 532-41.

[188] Quinde-Axtell, Z.; Baik, B. K. Phenolic compounds of barley grain and their
implication in food product discoloration. J. Agric. Food Chem., 2006, 54(26), 9978-84.
[189] Benavides, A.; Montoro, P.; Bassarello, C.; Piacente, S.; Pizza, C. Catechin de-
rivatives in Jatropha macrantha stems: characterisation and LC/ESI/MS/MS qua-
li-quantitative analysis. J. Pharm. Biomed. Anal., 2006, 40(3), 639-47.

[190] Choi, K. C.; Park, S.; Lim, B. J.; Seong, A. R.; Lee, Y. H.; Shiota, M.; Yokomi-
zo, A.; Naito, S.; Na, Y.; Yoon, H. G., Procyanidin B3, an inhibitor of histone acetyl-
transferase, enhances the action of antagonist for prostate cancer cells via inhibition of
p300-dependent acetylation of androgen receptor. Biochem. J., 2011, 433 (1), 235-44.
[191] Lubas, W. A.; Frank, D. W.; Krause, M.; Hanover, J. A. O-Linked GIcNAc
transferase is a conserved nucleocytoplasmic protein containing tetratricopeptide repeats.
J. Biol. Chem., 1997, 272(14), 9316-24.

[192] Fujiki, R.; Hashiba, W.; Sekine, H.; Yokoyama, A.; Chikanishi, T.; Ito, S.;
Imai, Y.; Kim, J.; He, H. H.; Igarashi, K.; Kanno, J.; Ohtake, F.; Kitagawa, H.; Roeder, R.
G.; Brown, M.; Kato, S. GIcNAcylation of histone H2B facilitates its monoubiquitination.
Nature, 2011, 480(7378), 557-60.

[193] Shapiro, T. A.; Fahey, J. W.; Dinkova-Kostova, A. T.; Holtzclaw, W. D.; Ste-
phenson, K. K.; Wade, K. L.; Ye, L.; Talalay, P. Safety, tolerance, and metabolism of
broccoli sprout glucosinolates and isothiocyanates: a clinical phase I study. Nutr. Cancer,

106



2006, 55(1), 53-62.

[194] Kensler, T. W.; Chen, J. G.; Egner, P. A.; Fahey, J. W.; Jacobson, L. P.; Ste-
phenson, K. K.; Ye, L.; Coady, J. L.; Wang, J. B.; Wu, Y.; Sun, Y.; Zhang, Q. N.; Zhang,
B. C.; Zhu, Y. R.; Qian, G. S.; Carmella, S. G.; Hecht, S. S.; Benning, L.; Gange, S. J.;
Groopman, J. D.; Talalay, P. Effects of glucosinolate-rich broccoli sprouts on urinary
levels of aflatoxin-DNA adducts and phenanthrene tetraols in a randomized clinical trial
in He Zuo township, Qidong, People's Republic of China. Cancer Epidemiol. Biomarkers
Prev., 2005, 14(11 Pt 1), 2605-13.

107



Dietary components
=

-
Dietary components

Tight chromatin

Loose chromatin

Figure 1. Chromatin conformational changes affected by dietary components. Dietary
components can affect gene expression by changing chromatin conformation through
enzymes, such as HAT/HDAC and HMT/HDM. HAT enhancers and HDAC inhibitors,
such as diallyl disulfide, genistein and sulforaphane, trigger a loose chromatin which al-
lows DNA accessibility to transcriptional factors, leading to gene expression. In contrast,
HAT inhibitors, such as curcumin, EGCG and quercetin, cause a tight chromatin which
makes DNA inaccessible to transcriptional factors, resulting in gene silencing. Also,
many dietary components, such as EGCG, genistein and resveratrol, modify histone
methylation through HMT or HDM, which can either increase or decrease gene transcrip-
tion, depending upon which amino acids in the histones are methylated, and how many
methyl groups are attached. Green cylinder represents histone octamer. Red line repre-
sents DNA. Blue dot represents acetyl group. Blue square represents methyl group.
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Table 1. Dietary components and their epigenetic effects on histone modifications.

Dietary Components

Source

Structure

Epigenetic Effect(s) on Histone Modifications

Sulforaphane and
other isothiocyanates
like benzyl isothio-
cyanate and phenyl-
hexyl isothiocyanate

Cruciferous
vegetables
such as
broccoli,
Brussels
sprouts and
cabbages

7
/S\/\/\N¢C

&8

Inhibited HDAC activity, increased HDAC protein turnover; released
HDACS3 from 14-3-3, increased phosphorylation of histone H2AX, ATR and
CHEK?2 in HCT116 colon carcinoma cells [106-108]; enhanced Hsp90 acet-
ylation by inhibiting HDACG6 deacetylase activity, inhibited HDAC activity,
selectively induced cell cycle arrest and apoptosis, selectively decreased
Class I and Il HDAC proteins, increased acetylated histone H3 at the pro-
moter for p21, increased Ser™® phosphorylation of histone H3 in LNCaP
prostate cancer cells [109-111, 117]; enhanced Hsp90 acetylation by inhibit-
ing HDACS6 deacetylase activity in VVCaP prostate cancer cells [109]; inhib-
ited HDAC activity, selectively induced cell cycle arrest and apoptosis, se-
lectively decreased Class I and 11 HDAC proteins, increased acetylated his-
tone H3 at the promoter for p21, reduced tumor growth in vivo accompanied
by a significant decrease in HDAC activity, increased phosphorylation of
histone H2AX, ATR and CHEK2 in PC-3 prostate cancer cells [108,
110-112, 116]; enhanced interaction of acetylated histone H4 with the pro-
moter region of p21 and bax by inhibition of HDAC activity, selectively in-
duced cell cycle arrest and apoptosis in BPH-1 benign prostatic hyperplasia
cells [110, 111]; inhibited HDAC activity and decreased the expression of
ER-a, EGFR, and HER2 in MDA-MB-231, MDA-MB-468 and T47D breast
cancer cells [114]; inhibited HDAC activity and decreased the expression of
ER-a, EGFR, and HER2, enhanced phosphorylation of histone H1 in MCF-7
[114, 118]; reduced trimethylation of lysine 27 of histone H3 in SCC-13
squamous carcinoma cells [115]

Curcumin

South Asian
spice turmer-
ic

HO -~ ) Enol OH
0 N 0

CHa

CH;

HDAC inhibitor [130-132], HAT inhibitor [133, 134], down-regulating his-
tone methylation [134]
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(-)-Epigallocatechin-
3-gallate

Tea, vegeta-
bles and nuts

HAT inhibitor [140], HDAC inhibitor [141, 143, 144], down-regulating his-
tone methylation [144, 143-145], affecting histone ubiquitination [143], up-
regulating histone phosphorylation [146]

Genistein

Lupin, fava
beans, soy-
beans, kudzu,
psoralea,
coffee,
Flemingia
vestita and F.
macrophylla

HAT enhancer [47, 155, 157-159, 161], HDAC inhibitor [161, 165], upregu-
lating histone methylation [157, 158]

Resveratrol

Grapes, ber-
ries, peanuts
and Japanese
knotweed

HDAC inhibitor [168], HDM inhibitor [170], regulating histone phosphory-
lation [171, 172]

Selenium

Brazil nuts,
chicken and
beef

HDAC inhibitor [174-177], down-regulating histone methylation [175], up-
regulating histone phosphorylation [178]
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Quercetin A plant pig- ?H HAT inhibitor [179], down-regulating histone demethylation [170]
ment found O
in fruits, veg- | HO._~__ 0.~ _~
etables, L E
leaves and T o
grains on
Diallyl disulfide Garlic /\/S“S/\/ HDAC inhibitor and HAT enhancer [180, 181]
3,3’-Diindolylmetha | Cruciferous | /== =\, | HDAC inhibitor [184, 185]
ne vegetables | | \/
such as J \
broccoli, HN™ ~NH
Brussels

sprouts, cab-
bage and kale

Garcinol

The rind of
Garcinia in-
dica fruit

HAT inhibitor [131, 186], upregulating histone acetylation [131], upregulat-
ing histone methylation [131]

Procyanidin B3

Red wine,
barley, beer,
peach and
Jatropha
macrantha

HAT inhibitor [187-189]
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