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Abstract
Reactive metabolites from carcinogens and oxidative stress can drive genetic mutations, genomic
instability, neoplastic transformation, and ultimately carcinogenesis. Numerous dietary
phytochemicals in vegetables/fruits have been shown to possess cancer chemopreventive effects in
both preclinical animal models and human epidemiological studies. These phytochemicals could
prevent the initiation of carcinogenesis via either direct scavenging of reactive oxygen species/
reactive nitrogen species (ROS/RNS) or, more importantly, the induction of cellular defense
detoxifying/antioxidant enzymes. These defense enzymes mediated by Nrf2-antioxidative stress
and anti-inflammatory signaling pathways can contribute to cellular protection against ROS/RNS
and reactive metabolites of carcinogens. In addition, these compounds would kill initiated/
transformed cancer cells in vitro and in in vivo xenografts via diverse anti-cancer mechanisms.
These mechanisms include the activation of signaling kinases (e.g., JNK), caspases and the
mitochondria damage/cytochrome c pathways. Phytochemicals may also have anti-cancer effects
by inhibiting the IKK/NF-κB pathway, inhibiting STAT3, and causing cell cycle arrest. In
addition, other mechanisms may include epigenetic alterations (e.g., inhibition of HDACs,
miRNAs, and the modification of the CpG methylation of cancer-related genes). In this review, we
will discuss: the current advances in the study of Nrf2 signaling; Nrf2-deficient tumor mouse
models; the epigenetic control of Nrf2 in tumorigenesis and chemoprevention; Nrf2-mediated
cancer chemoprevention by naturally occurring dietary phytochemicals; and the mutation or
hyper-expression of the Nrf2–Keap1 signaling pathway in advanced tumor cells. The future
development of dietary phytochemicals for chemoprevention must integrate in vitro signaling
mechanisms, relevant biomarkers of human diseases, and combinations of different
phytochemicals and/or non-toxic therapeutic drugs, including NSAIDs.
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1. Introduction
The recent explosion of research on dietary phytochemicals has contributed much to our
overall understanding of these compounds in terms of their chemical and biological
functions and beneficial effects on human health. With the advent of cellular, molecular, and
genomic experimental systems and in vivo transgenic and knockout animal models, a
tremendous understanding of the mechanisms involved in the action of dietary
phytochemicals has been achieved. Upon entering cells, these phytochemicals can directly
scavenge free radicals and can also generate “chemical or electrophilic stress signals” that
trigger proteins related to various cellular signaling pathways (Kong et al., 1998, 2001a;
Finley et al., 2011). This ability includes the activation of the nuclear factor erythroid-2 (NF-
E2)-related factor 2 (Nrf2)-Kelch-like ECH associated protein 1 (Keap1) complex.
Activation of the Nrf2-Keap1 complex results in the induction of cellular defense
mechanisms, including phase II detoxifying enzymes, phase III transporters, anti-oxidative
stress proteins, and other stress-defense molecules that protect normal cells from reactive
oxygen species (ROS) and/or reactive nitrogen species (RNS) and reactive metabolites of
carcinogenic species. These protective mechanisms that block the initiation of
carcinogenesis can be classically defined as chemoprevention, a concept that was originally
introduced by Wattenberg (1966). The regulation of the growth, survival, and proliferative
signaling pathways in initiated tumor cells would surpass that of normal cells because the
cell-growth and cell-death machinery in tumor cells are dysregulated (Jacks & Weinberg,
2002). Interestingly, dietary phytochemicals could induce apoptotic cell death in pre-
neoplastic or neoplastic cells through various growth inhibitory mechanisms, including the
activation of cytochrome c (Cyt c)/caspases and cell cycle arrest and the inhibition of the
nuclear factor-κB (NF-κB) and Janus kinase (JAK)-signal transducer and activator of
transcription (STAT) signaling pathways, which results in the inhibition of tumor
progression (Keum et al., 2004; Chen & Kong, 2005). However, advanced metastatic
cancers have many genetic mutations, loss of heterozygosity, and/or epigenetic changes
would be too resistant to radiation or chemotherapeutic drugs and likely would not respond
to dietary phytochemicals alone.

Increasing data from both cancer epidemiology and experimental attempts support the bright
future of dietary phytochemicals in chemoprevention and suggest that daily consumption is
a promising new approach to prevent carcinogenesis. In this review, we will discuss the
current progress in the study of dietary phytochemicals that block tumor initiation in normal
cells and inhibit tumor progression in initiated/tumor cells, as well as the recent findings on
epigenetic mechanisms and the existence of cancer stem cells (CSCs).

2. Oxidative stress and the defense system are mediated by dietary
phytochemicals that inhibit cancer initiation
2.1. Oxidative stress and cancer

The generation of ROS/RNS is an essential metabolic process for maintaining homeostasis
in our body. A small amount of ROS is released as a byproduct of mitochondrial respiratory
electron-transportation (Harman, 1956). Various types of cells secrete ROS/RNS as a
physiological signaling molecule used to communicate with other vital cells or to trigger
certain signaling pathways (Sarti et al., 2002). Furthermore, ROS/RNS generated by
immune cells are used to eliminate invading pathogens (Babior, 2000; Nathan & Ding,
2010). In contrast to the endogenous production discussed above, ROS/RNS is also
generated by exogenous processes, such as UV radiation, inflammatory cytokines, lipid
peroxidation, and environmental pollutants (Ma, 2010). The antioxidant defense system,
such as superoxide dismutase (SOD), converts or conjugates these potentially deleterious

Lee et al. Page 2

Pharmacol Ther. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



ROS/RNS into less toxic molecules (Yu, 1994; Chae et al., 1999). Oxidative stress is an
imbalance between the generation of ROS/RNS and the anti-oxidative stress defense
systems in the body (Beckman & Ames, 1998; Halliwell & Gutteridge, 1999). In the context
of oxidative stress, if acute inflammation fails to remove the exogenous stimuli or lasts too
long, it will develop into chronic inflammation, which is believed to be the cause of many
human diseases, including cancer (Coussens & Werb, 2002; Hussain & Harris, 2007). In
chronically inflamed cells, the secretion of a large amount of ROS/RNS recruits more
activated immune cells, which leads to the amplification of malfunction processes. If this
crosstalk between inflammation and oxidative stress is prolonged, excessive cellular ROS/
RNS will be produced, thereby exacerbating the oxidation of intracellular proteins, lipids,
and nucleic acids (Kong et al., 1999; Ma, 2010; Schetter et al., 2010). This exacerbation
could result in either genetic changes and/or epigenetic alterations leading to the
dysregulation of oncogenes and tumor suppressor genes. Hence, the oxidative stress and
chronic inflammation processes are tightly coupled, and the failure to stop these processes
could result in genetic/epigenetic changes that drive the initiation of carcinogenesis (Chen &
Kong, 2004; Hussain & Harris, 2007; Schetter et al., 2010) (Fig. 1). In addition, non-
neoplastic stem/progenitor cells that have epigenetic disruptions are likely targets for further
progression of carcinogenesis when challenged with chronic oxidative stress/inflammation
(Feinberg et al., 2006). These initiated tumor cells could potentially be an important subject
for cancer risk assessment and chemoprevention by dietary phytochemicals.

2.2. Nuclear factor erythroid-2 (NF-E2)-related factor 2–Kelch-like ECH associated protein 1
complex and phase II detoxifying/antioxidant enzymes

Phase II detoxifying/antioxidant enzymes provide a cytoprotective mechanism by reducing
the toxicity of reactive intermediates, which results in cellular defense against oxidative or
electrophilic challenges, and maintaining chemical homeostasis in cells (Kong et al., 1999;
Kwak et al., 2001). The induction of phase II detoxifying and antioxidant enzymes, such as
glutathione S-transferase (GST), UDP-glucuronosyltransferase (UGT), heme oxygenase-1
(HO-1), NADP(H):quinone oxidoreductase (NQO), glutamate cysteine ligase (GCL) and
gamma glutamylcysteine synthetase (γGCS), among others, has been proposed as an
effective chemopreventive approach because they can potentially block toxic and neoplastic
processes in carcinogenesis (Motohashi & Yamamoto, 2004; Wakabayashi et al., 2004;
Chen & Kong, 2005; Jeong et al., 2006). These phase II detoxifying/antioxidant enzymes
conjugate oxidants or electrophilic xenobiotics with endogenous ligands, such as glutathione
and glucuronide, to reduce their toxicity and reactivity by increasing the solubility of these
conjugations and excreting them (Maheo et al., 1997; Talalay, 2000; Zhao et al., 2001; Paul
et al., 2005; Pool-Zobel et al., 2005; Jeong et al., 2006). The genes encoding the detoxifying/
antioxidant enzymes are typically regulated through a consensus cis-element at the 5′-
flanking promoter region, known as the antioxidant responsive element (ARE) or
electrophile response element (EpRE), which are located in their promoter region. ARE-
mediated gene expression plays a central role in the cellular defense against oxidants and
electrophiles (C. Chen & Kong, 2004). The transcriptional activation of ARE-mediated
genes is mainly regulated by Nrf2, a member of the NF-E2 family of nuclear basic leucine
zipper (bZIP) transcription factors and the Keap1 complex (Itoh et al., 1997, 1999;
Motohashi & Yamamoto, 2004). Extensive research has been conducted both in vitro and in
vivo using an Nrf2 (−/−) knockout (Nrf2 KO) mouse model, and clinical trials have
demonstrated the pivotal role of Nrf2 in the regulation of ARE-mediated gene expression
(Kong et al., 2001b; Balogun et al., 2003; Jeong et al., 2005; Saw et al., 2011). Many studies
have reported that Nrf2, as a key player in cytoprotection, induced ARE-mediated type II
detoxifying/antioxidant enzymes in response to antioxidative/electrophilic stimuli and
therapeutic signals (Itoh et al., 1997; Alam et al., 2000; Jeong et al., 2005; He et al., 2007).
Nrf2 KO mice showed increased susceptibility to chemical carcinogens and inflammatory
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inducers, confirming that the Nrf2 protective mechanism is applied to the whole body
system (Khor et al., 2006; Osburn et al., 2007; Khor et al., 2008). A blinded clinical trial
using oltipraz, an Nrf2 activator, was conducted recently in Qidong, P.R. China. Study
participants who were exposed to dietary carcinogenic aflatoxins and were at high risk for
the development of liver cancer received an oral administration of oltipraz daily. Oltipraz
significantly enhanced the excretion in the urine of a non-toxic conjugated metabolite
aflatoxin-glutathione catalyzed by an Nrf2-mediated GST phase II detoxifying enzyme
(Kensler et al., 2000). This study demonstrated the role of Nrf2 in detoxifying metabolism
and addressed the importance of utilizing food-based chemopreventive agents.

2.3. Mitogen-activated protein kinases signaling cascade
Mitogen-activated protein kinases (MAPKs) are characterized as proline directed serine/
threonine kinases that convert various extracellular signals into intracellular responses
through serial phosphorylation cascades and the activation of transcription factors. MAPKs
are involved in the regulation of proliferation, differentiation, stress-reduction, and apoptosis
(Cobb & Goldsmith, 1995; Chang & Karin, 2001). In yeast and mammalian cells, three
distinct but parallel MAP cascades have been identified: extracellular signal-regulated
kinase (ERK), c-JUN NH2-terminal protein kinase (JNK), and p38 (Kong et al., 1998). Each
cascade consists of a module of three kinases. Phosphorylation is mediated by a MAPK
kinase (MAP2K) activated through phosphorylation by its MAPKK kinase (MAP3K)
(Marshall, 1994). The ERK pathway plays an important role in controlling cell growth and
differentiation. In response to growth factors, tyrosine-phosphorylated transmembrane
receptors recruit the exchange factor SOS and adaptor protein Grb2 complex. This complex
activates the membrane bound small G-protein Rat sarcoma (Ras) (Egan et al., 1993).
Activated Ras recruits c-Raf (a MAP3K) to the membrane and activates it. c-Raf
phosphorylates and activates MEK (a MAP2K), which in turn leads to ERK activation
(Stokoe et al., 1994). In addition to tyrosine kinase receptors, ERK can also be activated
through certain G-protein-coupled receptors and protein kinase c (PKC) (Burgering & Bos,
1995). JNK and p38 are known as stress-activated MAP kinases, because both are only
modestly activated by growth factors and phorbol esters but potently activated by stress
signals, such as UV light, inflammatory cytokines, protein synthesis inhibitors, DNA
damaging agents and chemopreventive agents. Especially, JNK is called stress-activated
protein kinases (SAPK). Two MAP2Ks (MKK4 and MKK7) that activate JNK have been
identified (Hibi et al., 1993; Kyriakis et al., 1994; Lin, 2003). Several MAP3Ks, including
members of the MEKK family ASK1, MLK, TAK1 and TPL-2, have been reported to act as
MAP3Ks in JNK activation (Busciglio & Yankner, 1995; Nakahara et al., 1999; Raman et
al., 2007). Similar to JNK, several MAP2Ks, such as MKK3, MKK6, and SEK, activate p38
MAPK by phosphorylation at Thr180 and Tyr182 (Lee et al., 1994). Both JNK and p38 are
activated by ASK1 and lead to cytokine- and stress-induced apoptosis. Redox regulatory
protein thioredoxin (Trx) associates with ASK1 and inhibits ASK1 activity and the
subsequent ASK1-dependent apoptosis, which demonstrates the effect of antioxidants on
cytokine- and stress-induced apoptosis (Saitoh et al., 1998). The JNK cascade is involved in
the regulation of many cellular events, including growth control, tumor development, and
apoptosis. Despite the many studies on the mechanisms of JNK regulation, the role of JNK
activation in apoptosis is highly controversial. Numerous studies have revealed that the JNK
pathway possesses both pro-apoptotic and anti-apoptotic functions (Huang et al., 2010). Fig.
2 shows the schematic representation of the three MAPK pathways and where in the
pathway the dietary phytochemicals potentially exert their effect.

Big mitogen-activated protein kinase-1 (BMK-1), also known as Erk5, is a MAPK identified
in 1995 (Lee et al., 1995; Zhou et al., 1995). Similar to other three MAPKs, BMK-1 has
been shown to be activated various extracellular stimuli such as epidermal growth factor
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(Kato et al., 1998), IL-6 (Carvajal-Vergara et al., 2005), and hypoxia (Sohn et al., 2002) and
regulated by MAPK cascade. As a member of MAPK family, BMK-1 has also been linked
to various cellular events including proliferation, migration, and apoptosis
(Nithianandarajah-Jones et al., 2012).

2.4. Nuclear factor erythroid-2 (NF-E2)-related factor 2 activity and regulation by kinases
Activation of the ERK2 and JNK1 pathways appears to enhance Nrf2 signaling (Yu et al.,
1999; Alam et al., 2000; Yu et al., 2000a; Zipper & Mulcahy, 2000, 2003; Shen et al., 2004;
Xu et al., 2006b). In contrast, the activation of the p38 MAPK pathway seems to inhibit
Nrf2 signaling (Yu et al., 2000b; Zipper & Mulcahy, 2000; Shen et al., 2004; Keum et al.,
2006). It was found that phosphorylation of Nrf2 by p38 promotes the association between
the Keap1 and Nrf2 proteins (Keum et al., 2006). This finding suggests that p38 may inhibit
Nrf2 signaling by enhancing Keap1 sequestration of Nrf2 in the cytoplasm. In contrast, by
using a cell-free system, Huang et al. demonstrated that PKC can directly phosphorylate
Nrf2 at Ser40 (Huang et al., 2000), thereby promoting its dissociation from Keap1 (Huang et
al., 2002; Bloom & Jaiswal, 2003; Numazawa et al., 2003). Phosphoinositide 3-kinase
(PI3K) has also been reported to play a role in Nrf2 activation (Lee et al., 2001; Kang et al.,
2002a, 2002b; Nakaso et al., 2003). In response to oxidative stress, PI3K signaling is
activated and results in depolymerization of actin microfilaments, which somehow facilitates
Nrf2 nuclear translocation (Kang et al., 2002b). PKR-like endoplasmic reticulum kinase
(PERK) has been shown to phosphorylate Nrf2 and enhance its nuclear translocation by
disrupting Keap1 binding (Cullinan & Diehl, 2004). Transcriptional activation of Nrf2/ARE
can be partially modulated by the blockade of the p38 MAPK signaling pathway (Keum et
al., 2006). Multiple serine/threonine residues in Nrf2 have been identified as targets of
MAPK-mediated phosphorylation. However, it was reported that these modifications only
caused a slight reduction in Nrf2 nuclear accumulation, and the protein stability was not
altered by Nrf2 phosphorylation in vivo (Sun et al., 2009). Direct phosphorylation of Nrf2
by MAPKs may have limited contributions in the modulation Nrf2 activity, and MAPKs
may regulate the Nrf2 signaling pathway through indirect mechanisms (Sun et al., 2009).
However, in the context of Nrf2 signaling, the study of the exact biological relevance among
different kinases would require genetic knockout or overexpression mouse models. In
addition, it has recently been shown that redox stress could enhance the translation of Nrf2,
which leads to the current model of Nrf2 activation against stress responses (He et al., 2007;
Li & Kong, 2009; Li et al., 2010b).

2.5. Nuclear factor erythroid-2 (NF-E2)-related factor 2 activation by dietary
phytochemicals

Sulfur-containing dietary phytochemicals such as phenethyl isothiocyanate (PEITC) and
sulforaphane (SFN) are known as potent phase II gene inducers, and these inductions are
Nrf2 dependent (Cheung et al., 2009; Cheung & Kong, 2010). PEITC can induce the
phosphorylation of ERK and JNK and subsequently phosphorylate Nrf2 and induce its
nuclear translocation. Attenuated PEITC-induced ARE activity was observed when ERK
and JNK signaling were inhibited (Xu et al., 2006b). Treating HeLa cells with PEITC
transiently stimulated ARE-reporter gene expression in a dose-dependent manner.
Overexpression of a dominant-negative JNK1 suppressed Nrf2-induced ARE reporter gene
expression. PEITC treatment enhanced the expression of the ARE reporter gene in either
Nrf2- or JNK1-transfected cells, suggesting that PEITC activates ARE-mediated phase II
drug metabolism gene expression via JNK1- and Nrf2-dependent pathways (Keum et al.,
2003). SFN attenuates Nrf2 degradation by modifying the Keap1-Nrf2 interaction, which
results in the translocation of Nrf2. SFN can react with thiols of Keap1 by forming
thionoacyl adducts, thereby releasing Nrf2 from Keap1 binding (Hong et al., 2005). Topical
application of SFN decreased the incidence of 7,12-dimethylbenz(a)anthracene (DMBA)/12-
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O-tetradecanoylphorbol-13-acetate (TPA)-induced skin tumors in Nrf2 (+/+) wildtype (Nrf2
WT) mice. Importantly, there were no chemoprotective effects in sulforaphane-treated Nrf2
KO mice. The data demonstrated that the chemopreventative effect of SFN on DMBA/TPA-
induced skin tumors was mediated by Nrf2 (Xu et al., 2006a). SFN treatment of Nrf2 WT
but not Nrf2 KO mice restored the number of sunburn cells back to their basal level by 8
days post-UVB irradiation. Inflammatory biomarkers were decreased in SFN-treated Nrf2
WT mice but not KO mice, revealing an SFN-mediated protective effect of Nrf2 against
UVB-induced skin inflammation (Saw et al., 2011). Turmeric curcumin and green tea (−)-
epigallocatechin-3-gallate (EGCG) have been reported to regulate Nrf2 activity via a similar
pathway (Balogun et al., 2003; Na et al., 2008). EGCG treatment increased the nuclear
accumulation, ARE binding and transcriptional activity of Nrf2, as well as the expression of
Akt and ERK1/2 in human breast epithelial cells, MCF10A. Loss of Nrf2 decreased
sensitivity to the EGCG-induced expression of Nrf2-mediated enzymes, such as HO-1,
suggesting that Nrf2 mediates EGCG-induced expression of antioxidant enzymes via Akt
and ERK1/2 signaling (Na et al., 2008). It was found that oral administration of curcumin
induced high levels of HO-1 and reduced hepatic injury in dimethylnitrosamine (DMN)-
induced rats. Curcumin administration resulted in enhanced nuclear translocation and ARE-
binding of Nrf2, suggesting that curcumin has hepatoprotection potential in DMN-induced
hepatotoxicity through Nrf2 activation (Farombi et al., 2008).

Many studies have shown that inhibition of MAPKs by dietary phytochemicals greatly
attenuated Nrf2 activity. Procyanidin B2 increased nuclear translocation of Nrf2 and
activated ERKs and p38 (Rodriguez-Ramiro et al., 2012). Quercetin, a glycosylated form of
flavonoid compounds, potentially inhibits neoplastic transformation by blocking the
activation of the MAPK pathway and stimulating cellular protection signaling (Ding et al.,
2010). Rune et al. demonstrated dietary bioactive compounds and food-extracts with human
HepG2 cells. Interestingly, liver HepG2 cells treated with several dietary plant extracts,
including coffee, thyme, broccoli, rosemary, turmeric and red onion, showed stronger EpRE
activity than cells treated with pure compounds. This study suggested that there are
synergistic effects of combinational compounds in whole foods (Balstad et al., 2011).

2.6. Glycogen synthase kinase-3 signaling cascade and regulation of nuclear factor
erythroid-2 (NF-E2)-related factor 2 activity

In addition to MAPK, glycogen synthase kinase-3 (GSK-3) is a conserved kinase that
regulates protein turnover in response to cellular signals, which ultimately regulates a
variety of cellular processes, including cell proliferation, differentiation, apoptosis,
inflammation and tumorigenesis (Mishra, 2010). Various diseases have been linked to this
signaling pathway, including mood disorders, Alzheimer’s disease, diabetes, and cancer
(Jope et al., 2007). GSK-3-dependent control of β-catenin stability is a central regulatory
mechanism of the canonical Wnt signaling pathway, wherein β-catenin phosphorylated by
GSK-3β is recognized by β-Trcp, which is rapidly degraded by the 26S proteasome
(Hernandez et al., 2010). In addition, GSK-3 has been reported to be necessary for the full
transcriptional activity of NF-κB, demonstrating that GSK-3 selectively supports the
expression of a subset of genes activated by NF-κB proliferative signals (Hoeflich et al.,
2000; Jope et al., 2007).

Interestingly, GSK-3β and Fyn tyrosine kinases have been shown to attenuate the
transcriptional activity of Nrf2 (Salazar et al., 2006; Jain & Jaiswal, 2007). Lithium, a
GSK-3β inhibitor, promotes Nrf2 transcriptional activity (Rojo et al., 2008; Correa et al.,
2011). GSK-3β phosphorylates a group of Ser residues in the Neh6 domain of mouse Nrf2
that overlaps with an SCF/β-TrCP destruction motif (DSGIS, residues 334 to 338) and
targets Nrf2 for degradation in a Keap1-independent manner (Rada et al., 2011) or prevents
it from entering the nucleus (Salazar et al., 2006). An indirect mechanism may also exist for
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this regulation. The non-receptor tyrosine kinase Src appears to play a critical role in the
nuclear export and degradation of Nrf2, and GSK-3β may act upstream and phosphorylate
Src kinase. This may provide a negative feedback mechanism to switch off Nrf2 activation
and restore normal cellular homeostasis (Niture et al., 2011). Similarly, GSK-3β
phosphorylates Fyn, leading to the nuclear localization of Fyn, which can then
phosphorylate Nrf2 on tyrosine 568, resulting in the nuclear export and further degradation
of Nrf2 (Jain & Jaiswal, 2007; Kaspar et al., 2009). However, the in vivo and physiological
relevance of these signaling mechanisms requires further study in humans.

2.7. Signal transducer and activator of transcription-3 signaling cascade and
chemoprevention

The signal transducer and activator of transcription-3 (STAT3) is a transcription factor
member of the STAT family (Raptis et al., 2011). Mutational activation of Rac1, RhoA, and
Cdc42 regulates STAT3 activation and promotes tumor cell growth and survival, tumor
angiogenesis and metastasis (Ram & Iyengar, 2001; Yu & Jove, 2004). High expression of
STAT3 is frequently detected in human cancer, and a constitutively active form of STAT3 is
able to transform cultured cells, which suggests that STAT3 is an important player in tumor
progression (Bromberg et al., 1999; Raptis et al., 2011). Disruption of STAT3 signaling
leads to growth inhibition and apoptosis in tumor cell lines and impaired tumor growth in
mouse xenograft cancer models (Jing & Tweardy, 2005; Leeman et al., 2006; Germain &
Frank, 2007; Zhang et al., 2007b; Johnston & Grandis, 2011). Dietary compounds, including
guggulsterone, honokiol, curcumin, resveratrol, flavopiridol, and cucurbitacin, have been
shown to possess anti-cancer effects by inhibiting the growth of cancer cell lines and
xenograft tumors, and the inhibition of STAT3 activation appears to be involved (Jing &
Tweardy, 2005; Leeman et al., 2006; Aggarwal et al., 2009; Leeman-Neill et al., 2010;
Zhang et al., 2010a).

3. Dietary phytochemicals activate signaling pathways to suppress cancer
progression in initiated tumor cells
3.1. Intrinsic/Extrinsic pathway inducing apoptosis

One of the hallmarks of cancer is a deficiency in apoptosis (Hanahan & Weinberg, 2000).
The intrinsic pathway refers to apoptosis induced by the outer-membrane permeabilization
of the mitochondria, which releases the pro-apoptotic factors cytochrome c, apoptosis
inducing factor (AIF), smac-DIABLO and endonuclease G from the mitochondria into the
cytoplasm (Hanahan & Weinberg, 2000; Li et al., 2001; Wang, 2001), thereby promoting
caspase activation through the cytochrome c/Apaf-1/caspase-9 cascade (Danial &
Korsmeyer, 2004). This intrinsic pathway involves complex interactions between the pro-
and anti-apoptotic members of the Bcl-2 (B-cell lymphoma 2) family of proteins. BH3-only
proteins, including BID, BAD, BIM, BMF, PUMA, and NOXA, activate the pro-apoptotic
multi-BH domain proteins Bax and Bak (Scorrano et al., 2003). When death signals are
received by the mitochondria, Bax and Bak form a requisite gateway by integrating into the
mitochondrial outer membrane as homo-oligomerized multimers (Suzuki et al., 2000; Letai,
2005; Shu et al., 2010).

For the extrinsic apoptotic cascade, the cell-death pathway is activated through the binding
of extracellular ligands of the tumor necrosis factor (TNF) family of proteins to pro-
apoptotic death receptors by forming a death-inducing signaling complex that activates
caspases 8 and 10, followed by the activation of caspases 3, 6, and/or 7, which is the same
caspase machinery utilized by the intrinsic pathway (Ashkenazi & Dixit, 1998; Sprick &
Walczak, 2004).
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A large spectrum of dietary phytochemicals induces apoptosis by regulating the expression
of Bcl-2 family proteins, thereby activating the extrinsic apoptotic pathway. Some
phytochemicals, such as PEITC, ganoderic acid T, and polyphyllin D, induce apoptosis via
caspases, mitochondrial dysfunction and/or activation of the tumor suppressor gene p53 (Yu
et al., 1998; Cheung et al., 2005; Lee et al., 2005; Tang et al., 2006; Ma et al., 2009). PEITC
and other structurally related isothiocyanates, except phenyl isothiocyanate (PITC), are
capable of inducing apoptosis and Poly (ADP-ribose) polymerase (PARP) cleavage in a
dose-dependent manner in HeLa cells through a caspase-3-dependent mechanism (Yu et al.,
1998). Polyphyllin D (PD), a saponin found in the Chinese medicinal herb Paris polyphylla,
induced the mitochondrial apoptotic pathway by reducing mitochondria membrane potential
(Delta psi(m)) and releasing cytochrome c and AIF (Cheung et al., 2005). PD also showed
similar effects on the human breast cancer cell lines MCF-7 and MDA-MB-231 and induced
apoptosis. PD administration reduced the growth of xenografted MCF-7 cells by 50% (Lee
et al., 2005). Ganoderic acid T from the Chinese medicinal herb Ganoderma lucidum
markedly inhibited the proliferation of a highly metastatic lung cancer cell line (95-D) by
inducing apoptosis and cell cycle arrest at the G(1) phase (Tsang & Kwok, 2010). A large
body of research has found that both well-known compounds, such as EGCG, SFN, PEITC,
and curcumin, and new dietary phytochemicals, have apoptosis-inducing anti-cancer effects.

3.2. c-JUN NH2-terminal protein kinase regulation and cell apoptosis
As discussed above, the JNK cascade has both pro- and anti-apoptotic characteristics. p53
and c-Myc have been reported to be JNK substrates, and they may play a role in the pro-
apoptotic cellular response. JNK is not required for the death receptor signaling mediated by
the initiator caspase-8, but it is required for the stress-induced release of mitochondrial
cytochrome c, suggesting a role for JNK in the intrinsic apoptosis regulating pathway (Lin,
2003). The studies using mouse embryonic fibroblasts of JNK1 (−/−) JNK2 (−/−)
demonstrated that the cells were resistant to apoptosis induced by stress, such as UV
irradiation, whereas a fusion expression of JNK1-JNKK2 was sufficient to induce apoptosis
(A. Lin, 2003). It has also been reported that JNK could phosphorylate and inactivate Bcl-2
and Bcl-XL, which are both negative regulators of mitochondrial cytochrome C release. An
alternate hypothesis proposed by Anning Lin suggested that JNK serves as a modulator
rather an intrinsic component of the apoptotic machinery. Activated JNK inactivates
suppressors of the apoptotic machinery, which facilitates but does not alone induce
apoptosis (Lin, 2003; Liu & Lin, 2005).

In many instances, the environmental stress sufficient for JNK activation does not cause
apoptosis. That could be due to JNK-dependent apoptotic signaling pathways that can be
blocked by activation of survival signaling pathways, including NF-kB, Akt/PKB and ERK
(Wang et al., 2004; Nakano et al., 2006). The apoptotic inducing effects of the JNK cascade
are both cell-type and stimulus dependent. The dynamic balance between growth factor-
activated ERK and stress-activated JNK-p38 pathways may also be important in determining
whether a cell survives or undergoes apoptosis (Lin, 2003; Liu & Lin, 2005; Bode & Dong,
2007).

A large number of dietary phytochemicals activate JNK and induce apoptosis. For instance,
PEITC, a natural chemopreventive agent, is capable of inducing JNK activation and
apoptotic signaling that is different from DNA-damaging agents. PEITC will not target JNK
and JNK upstream kinases directly because it does not induce significant MKK4 or MKK7
activation. JNK dephosphorylation and inactivation rates were decreased in cells exposed to
PEITC. PEITC promotes the proteasome-dependent degradation of the JNK-specific
phosphatase M3/6 (Yu et al., 1998; Chen et al., 2002).
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4. Nuclear factor erythroid-2 (NF-E2)-related factor 2 pharmacogenomics
and dietary phytochemicals

Pharmacogenomics is the study of genetic perturbations in the global gene expression
profile that are impacted by xenobiotics, pharmaceutical agents or dietary phytochemicals.
The development of advanced DNA microarrays coupled with sophisticated bioinformatics
technology has made it possible to perform this large-scale research simply on our bench top
(Schena et al., 1995; Crettol et al., 2010). Thousands of genes from different tissues can be
analyzed and quantified by hybridizing fluorescence-labeled nucleic acid with the DNA
microarray platform (Fodor et al., 1993; Gerhold et al., 1999). Due to its broad spectrum of
genes, the DNA microarray enables the global assessment of the induction/suppression of
genes elicited by pharmacological agents or toxicological drugs (Afshari et al., 1999;
Nuwaysir et al., 1999; Kudoh et al., 2000; Voehringer et al., 2000; Rushmore & Kong,
2002). In the context of Nrf2-dependent pharmacogenomics, Nrf2 KO and Nrf2 WT mice
are typically used. For instance, using the Affymetrix murine genome U74Av2
oligonucleotide array, SFN treated WT mice showed up-regulation of various Nrf2-mediated
genes, such as GST, UGT, and NQO1, in their small intestine compared with the vehicle-
treated WT and Nrf2 KO mice (Thimmulappa et al., 2002). SFN treatment did not induce
the expression of these genes in the Nrf2 KO mice. This study demonstrated that Nrf2-
mediated genes were inducible by SFN and that the lack of Nrf2 severely dampened the
induction (Thimmulappa et al., 2002). Similarly, pharmacogenomic studies investigating the
role of SFN and PEITC in the modulation of Nrf2-dependent genes in the liver used Nrf2
KO mice and the Affymetrix mouse genome 430 2.0 array chip. We identified a large
number of genes associated with the phase I and II xenobiotic-metabolizing enzymes, phase
III transporters, antioxidant enzymes, anti-inflammatory, ubiquitin, the cell cycle, cell
growth, metabolism, the stress response, kinases, phosphatases, cell adhesion, immune
proteins, and transcription factors, among many others (Hu et al., 2006a, 2006b). But there
are also differences in Nrf2-dependent gene expression between the two isothiocyanates
SFN and PEITC, suggesting that in addition to Nrf2, other indirect interacting pathways
could also play a role between the two closely chemically-related analogs.

Further pharmacogenomic studies on other dietary cancer preventive phytochemicals, such
as green tea polyphenol EGCG and curcumin, in Nrf2 KO and WT mice were conducted
(Shen et al., 2005, 2006). EGCG induced and suppressed the expression of 671 and 228
Nrf2-dependent genes in the liver and small intestine, respectively (Shen et al., 2005). With
curcumin, 822 and 222 Nrf2-dependent genes were modulated in the liver and small
intestine, respectively (Shen et al., 2006). These genes, in addition to the predicted anti-
oxidative stress/phase II detoxifying enzymes/phase III transporters, many other groups of
genes including ubiquitination and proteolysis, electron transport, anti-inflammatory, cell
growth and apoptosis, cell adhesion, kinases and phosphatases, nuclear co-regulators and
transcription factors, among others, are Nrf2-dependent (Shen et al., 2005). Most recently,
the effects of Chrysanthemum zawadskii (CZ) tea and licorice Glycyrrhiza uralensis (LE)
extracts on the pharmacogenomic regulation of Nrf2-mediated genes in the livers of Nrf2
KO and WT mice have also been studied. DNA microarray results have revealed that the CZ
extract exhibited stronger effects on the expression of Nrf2-dependent phase II
(detoxification and antioxidant enzymes) and phase III (transporter) genes than LE in the
liver (Wu et al., 2011).

In addition to the liver and small intestine, Nrf2-mediated pharmacogenomics studies in the
prostates of Nrf2 KO and WT mice were also conducted (Barve et al., 2008). Oral
administration of soy isoflavone modulated the expression of a large number of Nrf2-
dependent genes, which can be classified into several broad categories: adhesion, apoptosis/
autophagy, cell cycle, cell differentiation, DNA associated proteins, mRNA processing,
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transport, electron transport, lipid metabolism, signaling proteins, ubiquitination, phase II
drug metabolizing enzymes, G-protein coupled receptors, cytoskeleton/extracellular matrix/
smooth muscle associated, kinases/phosphatases, and protein folding/proteolysis (Barve et
al., 2008). For example, genes regulating the cell cycle and cell growth, such as epiregulin,
STAT, cyclin dependent kinase (cdk) inhibitor 1A, transforming growth factor (TGF) β,
insulin-like growth factor (IGF), and hepatocyte growth factor (HGF), have been identified
as Nrf2-dependent genes and were up-regulated by soy isoflavone. In contrast, a number of
cell cycle and cell differentiation genes, including cyclin B3, G1 to S phase transition 2,
MAD2-like 1, and microtubule associated protein 1b, were found to be down-regulated by
soy isoflavone in an Nrf2-dependant fashion (Barve et al., 2008). Pharmacogenomic studies
on the combinational treatment of SFN and EGCG in the prostate also showed increased
Nrf2-dependent gene expression in the following categories: apoptosis/cell cycle, calcium
ion binding, digestion, extracellular space, integral to plasma membrane, intracellular
kinases, phosphatases, metal ion binding, transcription factors/interacting partners,
transferases, ubiquitination, and other less well-known Nrf2-mediated genes (Nair et al.,
2010). Overall, these Nrf2 pharmacogenomic studies suggest the tissue specificity (e.g.,
differences between the liver and the small intestine), and chemically-related specificity of
Nrf2-mediated gene expression (differences between the different phytochemicals), and in
general, the liver appears to be more responsive than the small intestine in the context of
Nrf2-dependent genes. This poses the questions about the biologic basis and clinical
implications of discovering differences between Nrf2-targeted phytochemicals or
therapeutic agents in the context of drug discovery and development. Fig. 3 shows a
schematic diagram of the impact of dietary phytochemicals on the regulation of Nrf2-
dependent pharmacogenomics.

To investigate the potential regulatory crosstalk between the two important transcription
factors Nrf2 and NF-κB1, bioinformatic analyses on the promoter regions of human and
murine Nrf2 and NF-κB1 were investigated. NF-κB1 is involved in oxidative stress,
inflammation and carcinogenesis (Nair et al., 2008). A canonical regulatory network shows
concerted modulation of Nrf2 and NF-κB1 that involves several members of the MAPK
family. This elucidation of the relationship between Nrf2 and NF-κB1 will help to better
understand the transcriptional regulation and networks of transcription factors associated
with the etiopathogenesis of inflammation and cancer (Nair et al., 2008). The regulatory
network between Nrf2 and AP-1 in prostate cancer mediated by the dietary phytochemicals
EGCG and SFN was also examined (Nair et al., 2010). In silico bioinformatic analysis was
utilized to delineate the conserved transcription factor binding sites (TFBS) in the promoter
region of Nrf2 and AP-1. A conserved TFBS signature was identified in the promoter
regions of Nrf2 and AP-1. Interestingly, NF-κB was also conserved in the human sequence
of Nrf2 and AP-1. The in vivo combination studies using EGCG and SFN described above
show down-regulation of Nrf2-dependant genes, including several co-factors and co-
repressors of Nrf2, Nrf3, and Apc. This study suggests that the in vivo chemopreventive
effects of SFN+EGCG in the prostate could be mediated via the relationship between the
Nrf2 and AP-1 signaling pathways (Nair et al., 2010).

5. Nuclear factor erythroid-2 (NF-E2)-related factor 2 knockout models
As described above, Nrf2 is one of the key ARE-binding transcription factors that regulate
the expression of more than 200 genes, including phase II detoxifying and antioxidant genes
(Chen & Kong, 2004, 2005; Yu & Kensler, 2005). Many dietary phytochemicals have been
previously shown to exert their cancer chemopreventive effects via the Nrf2 signaling
pathway. As a master regulator of stress adaptation and cytoprotection, the role of Nrf2 in
the carcinogenesis of various types of cancers has been delineated using Nrf2 deficient mice.
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Previously it was reported that Nrf2 KO mice were more susceptible to dextran sulfate
sodium (DSS)-induced colitis (Khor et al., 2006). Similarly, Kensler’s laboratory also
reported that Nrf2 KO mice have increased colonic inflammatory injury and formation of
aberrant crypt foci upon DSS treatment (Osburn et al., 2007). Nrf2 KO mice were also
found to be more susceptible to azoxymethane (AOM)-DSS-induced colorectal
carcinogenesis (Khor et al., 2008).

In addition to colorectal carcinogenesis, the role of Nrf2 in the carcinogenesis of different
cancer types has been previously reported. Nrf2 KO mice were more susceptible to DMBA/
TPA-induced skin tumors (Xu et al., 2006a). The incidence of urinary bladder carcinoma by
N-nitrosobutyl(4-hydroxybutyl)amine (BBN) was significantly higher in Nrf2-deficient
mice (Iida et al., 2004). The multiplicity and incidence of liver tumors in male and female 2-
amino-3-methylimidazo [4,5-f] quinoline (IQ)-treated Nrf2-deficient mice were significantly
higher compared with the WT counterparts (Kitamura et al., 2007). In addition, Nrf2-
deficient mice were also found to have significantly higher burdens of gastric neoplasias
after treatment with benzo-[a]pyrene than WT mice (Ramos-Gomez et al., 2001). Although
Nrf2 KO mice had no apparent difference in the formation of premalignant lesions, the
mammary carcinoma growth rate, size, and weight are dramatically increased in Nrf2 KO
mice (Becks et al., 2010).

Many chemopreventive compounds are strong activators of Nrf2. Treating transgenic
adenocarcinoma of the mouse prostate (TRAMP) mice with γ-rich tocopherols inhibited
prostate carcinogenesis via the restoration of Nrf2 and its target genes, including UGT, GST,
Gpx and HO-1 (Barve et al., 2010). Similarly, broccoli sprouts were found to suppress
prostate tumorigenesis in TRAMP mice through activation of the Nrf2 pathway (Keum et
al., 2009). Using the AOM/DSS colitis-associated colon cancer model, DBM was reported
to inhibit colorectal carcinogenesis through the Nrf2 signaling pathway (Cheung et al.,
2010). Although most of the dietary phytochemicals are known to target multiple signaling
pathways, the cancer chemopreventive effects of some of these phytochemicals have been
reported to be Nrf2-dependent. SFN blocked benzo[a]pyrene-induced forestomach tumors in
ICR mice by inducing phase II detoxification and antioxidant enzymes. The
chemopreventive effect of SFN is Nrf2-dependent because the protective effect was
abrogated in Nrf2 KO mice (Fahey et al., 2002). Similarly, we reported that the cancer
chemopreventive effect of SFN on DMBA/TPA-induced skin carcinogenesis was also Nrf2-
dependent (Xu et al., 2006a). The anti-inflammatory effects of polyunsaturated fatty acids
(PUFAs) docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) on LPS-induced
inflammation in mouse peritoneal macrophages were also found to be mediated via the
Nrf2-dependent pathway (Lin et al., 2008; Wang et al., 2010).

6. Nuclear factor erythroid-2 (NF-E2)-related factor 2 mutations in advanced
tumor cells

The Neh2 domain of Nrf2 binds to the Kelch/double glycine repeat (DGR) of Keap1,
thereby preventing Nrf2 from entering the nucleus and simultaneously targeting Nrf2 for
degradation (Li & Kong, 2009). Thus, this interaction is critical for the basal control of Nrf2
transcriptional ability (Li & Kong, 2009). Interestingly, recent reports have demonstrated
that in certain types of advanced human cancers, this interaction between Nrf2 and Keap1 is
genetically modified via somatic mutations (Shibata et al., 2008; Hayes & McMahon, 2009;
Kim et al., 2010; Hu et al., 2012; Shibata et al., 2011). Furthermore, polymorphisms in the
promoter region of Nrf2 have been implicated in the predisposition of individuals to lung
injury and oxidative stress-related diseases (Yamamoto et al., 2004; Marzec et al., 2007).
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Somatic mutations in the ETGE and DLG motifs of Neh2 (the hinge and latch model,
respectively) have been found in different types of human cancers, including lung,
esophageal, skin, larynx and ovarian cancer. Interestingly, the reported mutations within the
ETGE motif mainly correspond with changes, substitutions and duplications of conserved
residues for Keap1 recognition (E79→duplication-K-Q-G, T80→I-K-P, G81→D-V,
E82→D-L-G-Q-L), whereas mutations in the DLG motif are changes and substitutions
(D29→G-H, L30→F, G31→A) (Shibata et al., 2008; Hayes & McMahon, 2009; Kim et al.,
2010; Hu et al., 2012; Shibata et al., 2011). Components of the hinge and latch model
process, which is required to immobilize the Lys residues between the DLG and ETGE
motifs and enable Cul3-Rbx1-mediated ubiquitylation of Nrf2 (Hayes & McMahon, 2009),
could be prone to mutation in advanced tumors. Such mutations could potentially result in
constitutive over-expression of Nrf2, leading to increased survival of these tumor cells and
resistance to chemotherapeutic drugs (Lau et al., 2008). Conversely, several somatic
mutations have been reported in the Kelch/DGR domain of KEAP1 that are associated with
uncontrolled Nrf2 expression (Padmanabhan et al., 2006). These mutations include G430→C
in lung tumors, G364→C in adenocarcinoma and small cell lung cancer cell lines
(Padmanabhan et al., 2006), G333→C in a lung tumor-derived cell line, frameshift (stop
codon)348 in lung tumor patients, G350→S in a lung tumor-derived cell line, L413→R in a
lung tumor-derived cell line, frameshift (stop codon)413 in lung tumor patients, frameshift
(stop codon)443 in a lung tumor-derived cell line, frameshift (stop codon)457 in lung tumor
patients and 6-aa deletion555-560 in lung tumor patients (Singh et al., 2006). In addition,
somatic mutations outside the Kelch/DGR domain (BTB and IVR domains) have also been
reported that result in the inactivation of Keap1 and over-expression of Nrf2 (Singh et al.,
2006; Zhang et al., 2010b). Interestingly, loss of Keap1 expression has also been found by
epigenetic hypermethylation of the Keap1 gene in human lung cancer cell lines and lung
cancer tissues (Wang et al., 2008a).

Based on these data, it can be estimated that Keap1 and Nrf2 mutations occur at a frequency
of ~25% during promotion and/or progression rather than the initiation stage of lung cancer
tumorigenesis (Hayes & McMahon, 2009). This suggests that mutations in the Nrf2-Keap1
system may represent a novel oncogenic mechanism that leads to malignancy and may set a
new paradigm for cancer therapy in which the inhibition of Nrf2 could be utilized to
enhance the chemotherapeutic sensitivity of these tumor cells (Shibata et al., 2008).
Furthermore, the aberrant over-expression of Nrf2 in the more advanced cancer cells could
cause drug resistance to chemotherapy. However, in these tumor cells, Nrf2 might already
be hyperactivated, and the Nrf2 activating ability of some dietary phytochemicals may not
further enhance the activation of Nrf2-mediated drug resistance. Instead, these dietary
phytochemicals would intercept the cell growth/survival signaling pathways as discussed
above, overriding the Nrf2 survival pathway, resulting in tumor cell apoptosis and cell
death. Further studies are necessary to choose the correct method to reduce drug resistance
and induce cell killing in advanced cancer cells. Dissecting the Nrf2 activating ability versus
the inhibition of cell growth ability in Nrf2 over-expressed tumor cells could shed light on
this problem, especially in the context of prevention of cancer initiation versus treatment/
killing cancer cells.

7. Epigenetic alteration in cancer
Epigenetics is defined as heritable changes in gene expression without changes in the DNA
sequence (Wolffe & Matzke, 1999). DNA methylation, histone modifications, and altered
microRNA (miRNA) expression are components of epigenetic alterations and essential
mechanisms for mammalian development and the regulation of gene expression (Yoo &
Jones, 2006; Winter et al., 2009). Recently, accumulating evidences have shown that
epigenetic alterations can largely contribute to the development of cancer. The initiation and
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progression of cancer is driven not only by acquired genetic alterations but also epigenetic
disruptions of gene expression (Esteller, 2008). In cancer cells, hypermethylation on certain
promoter regions of tumor suppressor genes causes gene silencing, thereby blocking the
expression of these tumor suppressor genes (Bird, 2002). Changes in chromatin structure
influence gene expression by either activating or inactivating the transcription of those genes
(Rodenhiser & Mann, 2006). Aberrant expression of miRNAs induces the degradation or
inhibition of the translation of target messenger RNA (He & Hannon, 2004). It has been
suggested that epigenetic mechanisms of gene regulation, including DNA methylation,
chromatin modification, and miRNAs, are influenced by various endogenous factors, such
as nutrients, infections, physical activity, and other environmental factors (Dolinoy et al.,
2007). Recently, dietary chemopreventive phytochemicals, including curcumin, EGCG,
resveratrol, SFN, and PEITC have all been shown to alter epigenetic processes, which
appear to facilitate the inhibition of tumor growth (Li & Tollefsbol, 2010; Li et al., 2010a).
Below, the three epigenetic mechanisms, DNA methylation, histone modification, and
miRNA, are reviewed to potentially yield insight into cancer chemoprevention. The impact
of dietary chemopreventive phytochemicals in terms of epigenetic modifications of genes
will also be discussed below.

7.1. Deoxyribonucleic acid methylation
DNA methylation is a heritable modification of the DNA structure that occurs without
sequence alteration and inhibits gene expression directly (Jones & Baylin, 2002). CpG
dinucleotides are enriched in short regions known as CpG islands. The distribution of CpG
islands is not uniform throughout the whole genome. Methylation of DNA is regulated by
DNA methyltransferases (DNMT), including DNMT1, DNMT3a, and DNMT3b, and occurs
at the 5′ position of the cytosine (C) residues within the CpG dinucleotides via the addition
of a methyl (Me or CH3) group that forms 5-methylcytosine (Bird, 2002; Esteller, 2002). In
general, most of the CpG islands throughout the genome are known to be methylated in
normal cells. The global hypomethylation of DNA has been reported in variety of
malignancies such as prostate and colonic neoplasms (Bedford & van Helden, 1987;
Feinberg et al., 1988). The overall level of DNA hypomethylation in malignant tissue
appears to be associated with the tumor progression. Most of the metastatic neoplasms had
significantly lower 5-methylcytosine contents in their genomic DNA compared to most of
the benign neoplasms or normal tissues (Diala et al., 1983; Gama-Sosa et al., 1983). But in
contrast, hypermethylation in the promoter region of the CpG islands is usually found in
cancer cells (Jones & Baylin, 2002) An imbalance of DNA methylation between widespread
hypomethylation and regional hypermethylation may be a key characteristic of human
neoplasia (Baylin et al., 1991). It has been reported that chronic methyl-deficient diet causes
several cellular alterations such as increased oxidative stress, and hypomethylation of
genomic DNA, resulting in development of liver tumors in rodent model (Pogribny et al.,
2004, 2012). Hypermethylation of CpG islands is known to cause gene silencing by
preventing the recruitment of transcription factors to the promoters of the gene (Bird, 2002;
Esteller, 2008). In addition, methylated CpG islands may provide the binding sites for
interactions with other methyl-CpG binding domain proteins (MBDs), including MBD1–
MBD4 and methyl CpG binding protein 2 (MeCP2) (Lewis et al., 1992; Hendrich & Bird,
1998). Subsequently, these binding proteins further recruit the co-repressor complex,
including histone deacetylases (HDACs), which results in transcriptional repression (Nan et
al., 1998; Feng & Zhang, 2001). DNA methylation in cancer cells is now believed to be one
of the major causes in transcriptional gene silencing in carcinogenesis. Many cancer related
genes, such as hMLH1, MGMT (DNA repair), p16INK4a, p15INK4b, p14ARF (cell cycle),
death-associated protein kinase (DAPK) (apoptosis), CDH1, CDH13 (cell cadherin), and
GSTP1 (detoxification), are inactivated by this epigenetic alteration (Esteller, 2002).
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In terms of functional consequences of DNA methylation, the flip side has been reported.
Global hypomethylation of DNA has been shown in a variety of malignancies such as
prostate and colonic neoplasms (Bedford & van Helden, 1987; Feinberg et al., 1988). The
overall level of DNA hypomethylation in malignant tissue appears to be associated with the
tumor progression. Most of the metastatic neoplasms had significantly lower 5-
methylcytosine contents in their genomic DNA compared to most of the benign neoplasms
or normal tissues (Diala et al., 1983; Gama-Sosa et al., 1983). However, in general,
hypermethylation in the promoter region of the CpG islands is usually found in cancer cells
(Jones & Baylin, 2002). An imbalance of DNA methylation between widespread
hypomethylation and regional hypermethylation may be a key characteristic of human
neoplasia (Baylin et al., 1991). It has been reported that chronic methyl-deficient diet causes
several cellular alterations such as increased oxidative stress, and hypomethylation of
genomic DNA, resulting in development of liver tumors in rodent model (Pogribny et al.,
2004, 2012).

7.2. Histone modifications
Together with DNA methylation, epigenetic alterations are also attained through histone
modifications (Khorasanizadeh, 2004). The nucleosome is the basic subunit of chromatin,
which further condenses the chromatin forming the chromosome. A histone octamer
consisting of an H3/H4 tetramer and two H2A/H2B dimers and wrapped with 146 bp of
DNA forms the nucleosome. Histone plays a key role in maintaining the stability of the
highly folded chromatin architecture. Post-translational modifications of histones regulate
the chromatin structure, which is closely linked to gene expression (Berlowitz & Pallotta,
1972; Luger et al., 1997; Tremethick, 2007). There are two types of chromatin structures:
heterochromatin (condensed) and euchromatin (extended) (Jenuwein & Allis, 2001). In
general, heterochromatin is a tightly packed structure and hard for transcription factors to
access, which yields repressed gene transcription. However, euchromatin is loosely packed
and more accessible to transcriptional factors, which enables active gene expression (Lund
& van Lohuizen, 2004). The majority of histone modifications occur at the lysine, arginine,
and serine residues of the N-terminal tails extending from the histone core via modifications
such as acetylation, methylation, phosphorylation, ubiquitination, and sumoylation (Fig. 4)
(Luger et al., 1997; Berger, 2007; Bhaumik et al., 2007; Kouzarides, 2007; Ellis et al.,
2009). Histone modifications can either activate or repress the transcriptional status,
depending on their location and the type of the modifications involved (Kouzarides, 2007).
For instance, euchromatin modifications, such as acetylation of histone 3 and histone 4 (H3
and H4) or di- or trimethylation (me) of H3K4, are associated with active transcription,
whereas di- or trimethylation of H3K9 and trimethylation of H3K27 are involved in gene
repression (Barski et al., 2007; Li et al., 2007a). Various histone-modifying enzymes are
involved in histone modifications. Histone acetyltransferases (HATs) and histone
methyltransferases (HMTs) add acetyl groups and methyl groups, respectively, to the
histone tails covalently, whereas HDACs and histone demethylases (HDMs) remove acetyl
and methyl groups, respectively, from histones (Shi, 2007; Haberland et al., 2009). The
global disruption of the trimethylation of H4K20 and monoacetylation of H4K16 is
commonly found in cancer cells (Fraga et al., 2005). Overexpression of HDACs such as
HDAC1, HDAC2, and HDAC6 has also been observed in cancer cells (Bolden et al., 2006).
A large number of dietary phytochemicals have been shown to have modifying effects on
various histone-modifying enzymes (Li & Tollefsbol, 2010). Methylation at a cytosine of
CpGs can recruit regulatory binding proteins or provide binding sites for these binding
proteins. A family of MBDs is thought to lead transcriptional repression through its
interaction with HDAC (Jones et al., 1998; Jones & Baylin, 2002). Thus, it has been
suggested that histone modification collaborates with DNA methylation. Kikuchi et al.
treated gastric cancer cells that had hypermethylated COX-2 promoter regions with both the

Lee et al. Page 14

Pharmacol Ther. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DNMT inhibitor 5-deoxy-2′-azacytidine and HDAC inhibitor trichostatin A. The combined
treatment of DNMT and HDAC inhibitors synergistically restored the expression of the
COX-2 gene, while the DNMT inhibitor alone only partially restored gene expression
(Kikuchi et al., 2002).

7.3. Microribonucleic acids
MicroRNAs (miRNAs) were initially identified by an antisense RNA–RNA interaction in C.
elegans and are largely conserved in various organisms (Lee et al., 1993; Pasquinelli et al.,
2000). These short non-coding RNAs, which range from 17 to 25 nucleotides in length, are
key players in regulating gene expression by inhibiting translation and/or triggering
degradation of their target messenger RNAs (mRNAs) (Croce, 2009). miRNAs are also
involved in a wide spectrum of biological events, including cell proliferation, apoptosis,
tumor development, cell cycle, and immunity (Carleton et al., 2007; Negrini et al., 2007;
Baltimore et al., 2008). More than 650 human miRNAs have been identified, and their
extensive roles in global gene expression have been investigated. The database of miRNAs
and their potential target genes is growing rapidly (Griffiths-Jones et al., 2006; Zhang et al.,
2007a). The effect of miRNAs on epigenetic mechanisms and the mutual epigenetic
regulations of miRNA expression appear to occur during carcinogenesis (Jones & Baylin,
2002; Esteller, 2007; Kai & Pasquinelli, 2010). In addition, accumulating data have
demonstrated that dietary phytochemicals alter miRNA expression in cancer cells.
Therefore, targeting specific miRNAs with dietary phytochemicals can be a novel
therapeutic approach for chemoprevention (Sun et al., 2008; Izzotti et al., 2010; Li et al.,
2010c; Tsang & Kwok, 2010).

7.4. Epigenetic modifications by dietary phytochemicals
Various dietary phytochemicals have been reported to have potential regulatory effects on
DNMTs and histone-modifying enzymes, thereby restoring the expression of many tumor
suppressor genes (Fang et al., 2003). Treating human prostate cancer LNCaP cells with
green tea polyphenols (GTPs) for different days facilitates a concentration- and time-
dependent re-expression of GSTP1, which correlates with DNMT1 inhibition. GTP
treatment also decreased the mRNA and protein levels of MBD1, MBD4 and MeCP2, and
HDAC 1–3 and increased the levels of acetylated histone H3 (LysH9/18) and H4 in a time-
dependent manner. This result demonstrated that GTP altered DNA methylation and
chromatin modeling (Pandey et al., 2010). Exposing human epidermoid carcinoma A431
cells to EGCG decreased global DNA methylation levels in a dose-dependent manner.
EGCG decreased the levels of 5-methylcytosine, activity of DNMT, and mRNA and protein
levels of DNMT1, DNMT3a and DNMT3b. EGCG also decreased histone deacetylase
activity and increased the levels of acetylated lysine 9 and 14 on histone H3 (H3-Lys9 and
14) and acetylated lysine 5, 12 and 16 on histone H4 but decreased the levels of methylated
H3-Lys 9. In addition, EGCG treatment resulted in the re-expression of the mRNA and
proteins of silenced tumor suppressor genes, such as p16INK4a and Cip1/p21 (Nandakumar
et al., 2011). SFN suppressed the growth of human PC-3 prostate cancer cells by 40% in
nude mice via decreasing HDAC activity in the xenografts. SFN also showed a trend
towards increased global histone acetylation in prostate cancer PC-3 xenografts (Myzak et
al., 2007). In a human study, a single dose of broccoli sprouts significantly inhibited HDAC
activity in peripheral blood mononuclear cells (Myzak et al., 2007).

Most recently, the expression of Nrf2 was found to be controlled epigenetically via promoter
methylation (Yu et al., 2010). The expression of Nrf2 was suppressed epigenetically by CpG
methylation of the promoter region associated with MBD2 and histone modifications in the
prostate tumors of TRAMP mice. Treatment of TRAMP C1 cells with the DNMT inhibitor
5-aza-2′-deoxycytidine (5-aza) and HDAC inhibitor Trichostatin A (TSA) restored Nrf2
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expression (Yu et al., 2010). Similarly, the treatment of TRAMP C1 cells with curcumin
reduced the methylation level of the first five CpGs at the Nrf2 gene and binding of anti-
mecyt antibody to the Nrf2 promoter. Demethylation of these CpGs by curcumin contributed
to the re-expression of Nrf2 and its downstream gene NQO-1 (Khor et al., 2011). This study
demonstrated that Nrf2 expression, a master regulator of the anti-oxidative stress system,
appears to be controlled by epigenetic alterations, such as DNA methylation and histone
modifications, and that dietary phytochemicals, such as curcumin, can block or reverse these
epigenetic alterations, which results in the prevention of carcinogenesis in the TRAMP
prostate cancer model. Interestingly, the CpG demethylation effect of curcumin was found
not only in TRAMP C1 cells but also in human LNCaP prostate cancer cells (Shu et al.,
2011). Neurog1 was found to be highly methylated in various cancer types and has been
used as a specific marker for the CpG island methylator phenotype (CIMP) (Ogino et al.,
2007; Herbst et al., 2011). We found that the first fourteen CpG sites of Neurog1 were
dramatically demethylated by curcumin in LNCaP cells. Curcumin treatment had limited
effects on the expression of MBD2, MeCP2, DNMT1, and DNMT3a but dramatically
decreased MeCP2 binding to the promoter of Neurog1. Curcumin treatment decreased the
total histone deacetylation (HDAC) activity and global enrichment of tri-methylation of
histone 3 at lysine 27 (H3K27me3). However, at the individual protein expression level,
curcumin increased the expression of HDAC1, 4, 5, and 8 but decreased HDAC3,
suggesting a potential role for curcumin on histone modifications (Shu et al., 2011).
However, there are also reports showing that DNMT inhibitors 5-azacitidine and its analogs,
may induce in vitro malignant transformation and in vivo tumorigenesis (Carr et al., 1984;
Rimoldi et al., 1991). Nevertheless, studies thus far suggest that the CpG demethylation
ability of curcumin on Nrf2 and Neurog1 genes may lead to the subsequent activation of the
expression of these genes and suggest a potential epigenetic modifying role for dietary
phytochemicals in human prostate cancer cells.

8. Cancer stem cells
8.1. Cancer stem cell theory and supporting evidence

In recent years, the concept of the cancer stem cells (CSCs) has emerged to account for the
heterogeneous cell population within a tumor and perpetuation of the tumor. We will briefly
introduce the recent findings in CSC research. In tumors, there is a small subset of cancer
cells that possess the constitutive ability to self-renew and differentiate and sustain the
growth and spread of tumors (CSCs) (Reya et al., 2001). Accumulating data have
demonstrated the existence of cancer stem cells in several human cancers (Lapidot et al.,
1994; Bonnet & Dick, 1997; Al-Hajj et al., 2003; Singh et al., 2003; Li et al., 2007b;
Schatton et al., 2008). However, the field of cancer stem cell research still has many
questions to address, and the mechanisms of CSCs are different from the organ site where
they occur. A pioneering study on acute myeloid leukemia (AML) brought much attention to
the CSC theory. Particular fractionated human AML cells with the surface marker
phenotype CD34+ CD38− regenerated large numbers of progenitors in transplanted severe
combined immune-deficient (SCID) mice, whereas cells with a different surface phenotype
did not show this property (Lapidot et al., 1994). Additional studies have supported the
evidence of CSCs in various solid tumors, such as breast (Al-Hajj et al., 2003), colon
(O’Brien et al., 2007), brain (Singh et al., 2003), pancreatic (Li et al., 2007b), liver (Yang et
al., 2008) and melanoma (Schatton et al., 2008) cancer. In breast tumorigenesis,
CD44+CD24−/lowLineage-cells isolated from patients were able to initiate tumors in mice
from only 100 cells, whereas tens of thousands of cells with alternate phenotypes failed to
form tumors. During the serial passages of the tumorigenic subpopulation, cells in this
population generated tumors containing cells with the CD44+CD24−/lowLineage− surface
marker phenotype and diverse phenotypic populations of non-tumorigenic cells present in
the initial tumor (Al-Hajj et al., 2003). Similarly, CD133 was used to identify CSCs in brain,
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pancreatic and colorectal cancers. Several in vitro assays, including tumor-sphere culture,
have been used to isolate and identify CSCs. When cancer cells were cultured on
nonadherent surfaces with serum-free media, the majority of differentiated cancer cells fail
to survive, whereas self-renewing CSCs grew and formed spheroids (Dontu et al., 2003;
Hemmati et al., 2003; Charafe-Jauffret et al., 2008).

In normal tissues, stem cells maintain their numbers and self-renewal ability by interacting
with adjacent tissue stromal cells (niche) and generate common and more-restricted
progenitor cells. Through serial mitotic divisions, these progenitor cells are differentiated
into all types of mature cells comprising specific tissues (Reya et al., 2001; Clarke & Fuller,
2006; Visvader & Lindeman, 2008). Through the oxidative stress and/or inflammatory
response, the niche can provide mutation signals. Stem cells that accumulate these mutation
signals may acquire a tumorigenic capacity, resulting in CSCs. Using similar mutation
signals provided by the niche, normal undifferentiated progenitor cells can continue to
proliferate and ultimately generate a pool of self-renewing cells, and cancer cells can also be
generated during these proliferations (Clarke & Fuller, 2006; Clarke et al., 2006). It has been
shown that very few cells leaving the localized tumor can form metastasized tumor in
distance site. With the self-renewal capacity and the compatible niche, CSCs are also key
players in the metastatic process (Croker & Allan, 2008). Fig. 5 shows a schematic diagram
illustrating the potential differences between CSCs, non-tumorigenic cells and tumor cells.

Because it is important to isolate and identify CSCs from the diverse population of cancer
cells, CSC research has strongly relied on cell surface markers. To be classified as a CSC, it
is essential for the cell to not only express a specific surface marker of CSCs but also to
proliferate in a self-renewal assay. There is no surface marker that is only expressed on
CSCs, and no universal marker can be used across the different types of tissues and cells
(Clarke et al., 2006; Visvader & Lindeman, 2008). A variety of CSC markers have been
used to identify the CSC, depending on the types of tumors and cells. For example, as
introduced above, CD44+CD24−/lowLineage− expressing cells isolated from breast cancer
patients generated tumors in SCID mice (Al-Hajj et al., 2003). A tumorigenic subpopulation
of pancreatic cancer cells also expressed cell surface markers CD44 and CD24. Pancreatic
cancer cells with the CD44+CD24+ESA+ phenotype had a 100-fold increase in tumorigenic
potential (Li et al., 2007b). Surface markers used in both CSC models, CD44 and CD24, do
not describe the self-renewal ability per se. The commonly used marker CD44 is mostly
involved in the expression of adhesion molecules (Goodison et al., 1999). In addition, the
widely used CD133 is a successful surface marker for isolating brain tumor stem cells
(Singh et al., 2003), but it is also present in normal brain stem cells (Boivin et al., 2009) and
in many non-stem cells (Mizrak et al., 2008).

8.2. Epigenetic events in cancer stem cells
It has been relatively well known that the fate of embryonic stem cells and somatic stem
cells is partially governed by proteins from the polycomb group (PcG), which are epigenetic
chromatin modifiers (van der Lugt et al., 1994; Valk-Lingbeek et al., 2004). It has been
shown that the PcG gene B-cell-specific Moloney murine leukemia virus integration site 1
(Bmi-1) plays a key role in regulating the proliferative activity of normal stem/progenitor
cells, and the lack of Bmi-1 in leukemic stem/progenitor cells diminishes the proliferation
capacity, indicating the importance of Bmi-1 in the self-renewal of multiple stem cell types
(Lessard & Sauvageau, 2003; Park et al., 2003). Overexpression of Bmi-1 promotes cell
proliferation and induces leukemia through repression of the Cdkn2a (also known as ink4a/
Arf) tumor suppressor (Leung et al., 2004). The enhancer of zeste homolog 2 (Ezh2), the
histone methyltransferase of the polycomb repressor complex 2 (PRC2), is upregulated in
many cancers, including leukemia, prostate cancer, and breast cancer. High expression of
Ezh2 promotes localized, more primitive malignant cell types and is associated with high
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expression of Bmi-1 (Raaphorst et al., 2001). In addition, Ezh2 catalyzes tri-methylation of
histone H3 lysine (H3K27me3). In turn, PRC1 complexes bind to the H3K27me3 and then
ubiquitinate lysine 119 of H2A. Bmi-1 plays a key role in this ubiquitination. The action of
these cooperating complexes promotes the silencing of tumor suppressor expression by
elevating stem cell survival (Fischle et al., 2003; Orlando, 2003). Recent reports suggest that
stem cell PcG targets are up to 12-fold more likely to have cancer-specific promoter DNA
hypermethylation than non-targets, supporting epigenetic alterations in CSCs
(Widschwendter et al., 2007). In the context of CSCs, which are considered more resistant to
conventional chemotherapies and targeted therapies, preventive consumption of active
reagents that can prevent normal stem/progenitor cells from becoming cancerous could be a
promising strategy to overcome cancer development. Scc-13 skin cancer cells treated with
EGCG showed reduced cell survival through the decreased expression of Bmi-1 and Ezh2,
which correlated with a global reduction of H3K27me3 (Balasubramanian et al., 2010). SFN
treatment also caused a concentration-dependent reduction in the Bmi-1 and Ezh2
expression in SCC-13 (Balasubramanian et al., 2011).

9. Conclusions and perspectives
As discussed above, compelling data demonstrating the anti-cancer effects of
phytochemicals have been accumulating. Throughout this review, we introduced the great
potential of dietary phytochemicals: (1) blocking the initiation of carcinogenesis via the
induction of detoxifying/antioxidant enzymes; (2) inhibiting the progression of
carcinogenesis via the activation of the apoptotic pathway and cell cycle arrest; (3) the
restoration of aberrant epigenetic alterations as an anti-cancer mechanism; and (4) the
removal of the self-renewal potential of CSCs. Table 1 describes various phytochemicals
that have demonstrated anti-cancer effects using in vitro and in vivo approaches involving
these mechanisms. Daily exposure to various toxicants, such as environmental pollutants,
carcinogens, dietary mutagens, and solar radiation, is inevitable. Oxidative stress and
inflammatory damages caused by these toxins result in the dysregulation of oncogenes and
tumor suppressor genes, aberrant epigenetic alterations, and the initiation of CSCs. These
stresses and reactive metabolites of carcinogens are strong driving forces behind
carcinogenesis. Thus, integrating the Nrf2-Keap1 signaling system in chemoprevention
using relatively non-toxic dietary phytochemicals would be a logical approach to block the
initiation of carcinogenesis through the inhibition of the oxidative stress/inflammation/
reactive metabolites of carcinogens. In addition, at the later stage of carcinogenesis,
induction of apoptosis and cell cycle arrest in pre-cancerous cells and carcinoma cells can
also be an appealing biological target of dietary phytochemicals to block the progression of
these tumor cells. Furthermore, epigenetic modifications and the CSC model are emerging
key players in carcinogenesis due to their critical roles in cellular evolution and regulation.
A greater understanding of the global pattern of these epigenetic modifications by dietary
phytochemicals can yield improved insights into chemopreventive strategies and the
potential of dietary phytochemicals to inhibit CSC development.Fig. 6 summarizes our
thoughts on the potential cancer chemopreventive strategies discussed above.

Although significant progress has been achieved for current cancer imaging and diagnostic
tools, the detection of tumorigenesis in its early stages is still not promising because cancers
are often asymptomatic, with long latencies, and they continue to threaten human health.
Thus, cancer preventative strategies to inhibit the initiation of carcinogenesis using naturally
occurring dietary phytochemicals consumed daily are key players in chemoprevention.

In summary, cancer chemoprevention by dietary phytochemicals, either alone and or in
combination with relatively non-toxic therapeutic drugs, such as NSAIDs (e.g., aspirin),
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statins, tamoxifen, or finasteride, offers substantial clinical benefits in the management of
human cancers.
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Abbreviations

AOM azoxymethane

ARE antioxidant responsive element

Bcl-2 B-cell lymphoma 2

BMK-1 big mitogen-activated protein kinase-1

DGR double glycine repeat

DMBA 7,12-dimethylbenz(a)anthracene

DMN dimethylnitrosamine

DNMT DNA methyltransferases

DSS dextran sulfate sodium

EGCG (−)-epigallocatechin-3-gallate

ERK extracellular signal-regulated kinase

GSK-3 glycogen synthase kinase-3

GST glutathione S-transferase

GTP green tea polyphenol

H3K27me3 tri-methylation of histone 3 at lysine 27

HAT histone acetyltranseferase

HDAC histone deaccetylase

HO-1 heme oxygenase-1

JNK c-JUN NH2-terminal protein kinase

Keap1 Kelch-like ECH associated protein 1

MAP2K MAPK kinase

MAPK mitogen-activated protein kinase

MAPK3K MAPKK kinase

MBD methyl-CpG binding domain protein

MeCP2 methyl CpG binding protein 2

miRNA microRNA

mRNA messenger RNA

NF-κB nuclear factor-κB
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NQO NADP(H):quinine oxidoreductase

Nrf2 KO Nrf2 (−/−) knockout

Nrf2 WT Nrf2 (+/+) wildtype

Nrf2 nuclear factor erythroid-2 (NF-E2)-related factor 2

PEITC phenethyl isothiocyanate

RNS reactive nitrogen species

ROS reactive oxygen species

SFN sulforaphane

SOD superoxide dismutase

STAT signal transducer and activator of transcription

STAT3 signal transducer and activator of transcription-3

TGF-β transforming growth factor-β

TPA 12-O-tetradecanoylphorbol-13-acetate

UGT UDP-glucuronosyltransferase
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Fig. 1.
Schematic representation of multi-stage carcinogenesis. Exposure to intrinsic/extrinsic
factors, including various toxic chemicals, oncogenes, viruses (e.g., HBV, hepatitis B virus),
ROS/RNS, and inflammation, can resulting in genetic mutations and/or epigenetic
alterations that cause the initiation of carcinogenesis in normal cells. The initiated cells and
non-neoplastic cancer stem/progenitor cells can first progress to benign tumors, which
would be amendable with surgery, radiation and or chemotherapy, if detected early, with
subsequent progression to advanced/metastasized/malignant/drug-resistant tumors due to the
prolonged effects of chronic inflammation, various irritants and aberrant hormones.
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Fig. 2.
MAPK signaling transduction in mammalian cells. Activation of MAPK is regulated by
hierarchical cascade known as the MAPK module. Mitogens such as growth factors,
cytokines, and environmental stress typically activate MAP3Ks, subsequently resulting in
phosphorylation of MAP2Ks. Phosphorylated MAP2Ks activate terminal MAPKs such as
Erk1/2, p38, and JNK/SAPK through phosphorylating specific threonine (T) and tyrosine
(Y) residues of T-X-Y motif. Several downstream targets of MAPKs including p90RSK and
transcription factors such as Elk-1, MEF-2, ATF-2, and c-JUN are specifically activated and
resulted in subsequent diverse cellular events, including cell survival, proliferation,
differentiation, and apoptosis. The exposure to chemopreventive dietary phytochemicals can
activate MAPK pathway, leading to gene expression, apoptotic cell death and differentiation
of cancer cells.
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Fig. 3.
The impact of dietary phytochemicals on the regulation of Nrf2-dependent
pharmacogenomics. Both Nrf2 KO and WT mice were treated with dietary phytochemicals
or with vehicle (control group). DNA was extracted from the organ of interest, such as the
liver, prostate, or small intestine, and then hybridized to a DNA microarray. Through a
comparison of the compound-treated Nrf2 KO group vs. the treated WT and non-treated
Nrf2 KO groups, a large amount of Nrf2-dependant compound-induced genes was found
(Thimmulappa et al., 2002; Shen et al., 2005; Hu et al., 2006a, 2006b; Nair et al., 2006;
Shen et al., 2006; Barve et al., 2008; Wu et al., 2011), and some of the representative groups
of genes are presented.
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Fig. 4.
Histone tails affecting chromatin modification. Chromatin modifications usually appear at
the amino acids in the N-terminal tails of histones (H2A, H2B, H3, H4), which provide the
site for a wide range of posttranslational modifications. Various enzymes, such as histone
acetyltransferases (HATs), histone methyltransferases (HMTs), histone deacetylases
(HDACs), and histone demethylases (HDMs), are involved in these modifications, which
cause covalent changes at the marked amino acids. ac: acetyl group, me: methyl group, ph:
phosphate group. Modified from (Bhaumik et al., 2007).
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Fig. 5.
Potential differences between cancer stem cells (CSCs) and tumor cells. In normal tissues,
stem cells maintain self-renewal ability ( ) by interacting with the tissue stroma (niche =
green). Within the normal niche, stem cells generate progenitor cells that differentiate into
mature cells. During cell division, the replication potential of daughter cells is decreased at
each step. If oxidative stress and inflammation stimulate the niche, it could provide stem
cells with mutation signals. In response to the mutation signals, stem cell may acquire a
tumorigenic capacity and result in CSCs (star-shaped red). Undifferentiated progenitor cells
(blue diamond) may also become CSC-like cells driven by the mutation signals. While
CSCs proliferate within tumors, they may give a rise to all types of tumor cells at each stage
of tumor progression. Benign and localized tumor cells can be potentially (dashed arrow)
generated from CSCs. Advanced metastasized and malignant tumor can be formed driven by
further mutational signals including additional epigenetic modifications and genetic
mutations. In the context of CSC hypothesis, the subset of tumor cells containing CSCs may
grow to tumor in a manner that is hierarchical and heterogeneous. In contrast, non-
tumorigenic cancer cell may not form tumor successfully.
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Fig. 6.
Cancer chemoprevention strategy using dietary phytochemicals and non-toxic therapeutic
drugs. Oxidative stress, inflammation and reactive intermediates of carcinogens can cause
genetic mutations and epigenetic alterations. Through the promotion/progression stages,
initiated cells become advanced/metastatic tumor cells. Applying dietary phytochemicals at
the early stage of carcinogenesis may block further development of carcinogenesis.
Treatment with dietary phytochemicals and/or relatively non-toxic therapeutic drugs on
cancer cells may induce positive results, including autophagy, cell cycle arrest, apoptosis,
and differentiation, and may block tumor development.
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Table 1

Various dietary phytochemicals with anti-cancer effects

Dietary
compound(s)

Plant Model Molecular effect(s) Treatment(s) References

Anacardic acid Cashew nuts HeLa; 293 T; SQ20B; SCC35;
KBM-5; Jurkat; H1299; A293;
Du145; SCC4

Inhibited both
inducible and
constitutive
NF-κB activation;
down-regulated p300
histone
acetyltransferase
gene; Inhibited
Tip60 HAT

10–100 μM Sun et al., 2006,
2008

Benzyl isothiocyanate
 (BITC)

Cruciferous
vegetables

RL34 Induced apoptosis
through a
mitochondrial
redox-sensitive
mechanism; Induced
GSTP1
mediated redox-
regulation

10–25 μM Nakamura et al.,
2000, 2002

Caffeic acid Coffee MCF-7; MDA-MB-231; T-47D Inhibited DNA
methylation
catalyzed by
DNMT

3.0 μM Lee and Zhu,
2006

Chlorogenic acid Coffee MCF-7; MDA-MB-231; T-47D;
Molt 4; U937; THP-1; REH;
KU812; KCL22; K562 (in vivo
xenograft)

Inhibited DNA
methylation
catalyzed by
DNMT; Induced
apoptosis of several
Bcr-Abl-positive
CML via activation
of p38;
Inhibited growth of
xenografted K562
cells

0.75–25 μM Bandyopadhyay
et al., 2004;
Lee and Zhu,
2006

Curcumin Curcuma longa MJ (G11); Hut78; HH; LNCaP;
BxPC-3; Tramp C1; Male Albino
rats

Induced apoptosis
through the
downregulation of
STAT3 and NF-κB
signaling pathways in
CTCL cells;
Decreased the total
HDAC activity and
the
enrichment of
H3K27me3 at the
Neurog1
promoter region;
Altered miRNA
expression
in human pancreatic
cells; Induced
demethylation
ofNrf2; Activated
NQO-1
through re-expression
ofNrf2; Protected
DMN-induced
hepatotoxicity
through Nrf2
related induction of
HO-1 expression

2.5–20 μM;
100–200 mg/
kg
(in vivo)

Farombi et al.,
2008; Sun et al.,
2008; Zhang et
al., 2010a; Khor
et al., 2011; Shu
et al., 2011

Genistein Soy LNCaP; PC-3; DuPro; RWPE-1;
COLO-357; L3.6pl; PC-3; H460;
BxPC-3; MDA-MB-231; MCF-7;
MDA-MB-468; MCF10A

Activated TSGs by
modulating either
histone H3-Lysine 9
(H3-K9) methylation

10–50 μM Banerjee et al.,
2005; Li et al.,
2005; Kikuno et
al., 2008; King-
Batoon et al.,
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Dietary
compound(s)

Plant Model Molecular effect(s) Treatment(s) References

or deacetylation at
gene promoters;
Inhibited the AKT
signaling pathway;
Increased acetylated
histones 3, 4, and H3/
K4 at the p21 and
p16 transcription start
sites; Inactivated
gemcitabine-induced
NF-κB in pancreatic
tumor cells;
Inactivated NF-κB
and increased growth
inhibition and
apoptosis;
Demethylated
the promoter of the
GSTP1 tumor
suppressor gene in
MDA-MB-468 cells

2008; Majid et
al., 2008

( − )-Epigallocatechin 3
 gallate (EGCG)

Green tea HT-29; PC-3; KYSE 510; KYSE
150;
MCF10A; HepG2

Reversed
hypermethylation of
p16INK4a,
RARβ, MGMT,
hMLHl in KYSE 510
and KYSE
150 cells; Induced
MnSOD and HO-1
via Akt
and ERK1/2
signaling; Induced
apoptosis
and down-regulated
Bcl-2 in HepG2

5–100 μM; Fang et al.,
2003; Na et al.,
2008; Tsang and
Kwok, 2010

Indole-3-carbinol (I3C) Cruciferous
vegetable

PC-3 Induced cell cycle
arrest, inhibition of
cell
growth, and
apoptosis; Up-
regulated Bax
and down-regulated
Bcl-2 via the
down-regulation of
NF-κB; Induced
apoptosis through the
inhibition of Akt
activation

30–100 μM Chinni et al.,
2001; Chinni
and Sarkar,
2002

6-Gingerol Ginger HaCaT; Hairless mice; Female
ICR
mice; NF-κB luciferase transgenic
mice

Reduced UVB-
induced expression
and
transactivation of
COX-2 and NF-κB
translocation in vitro
and in vivo; inhibited
TPA-induced COX-2
expression in mouse
skin in vivo by
blocking the p38
MAP
kinase- NF-κB
signaling pathway

5–30 μM Kim et al., 2005,
2007

Lycopene Tomato MDA-MB-468; MCF10A; THP-1 Demethylated the
promoter of the
GSTP1
tumor suppressor
gene in MDA-
MB-468

0.5–5 μM King-Batoon et
al., 2008;
Palozza et al.,
2010
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Dietary
compound(s)

Plant Model Molecular effect(s) Treatment(s) References

cells; Induced
demethylation
ofRARb2 and
the HIN-1 genes in
the noncancerous
cells
MCF10A; Reduced
ROS production and
prevented cell cycle
arrest in G0/G1 phase
induced by oxysterol

Phenethyl isothiocyanate
 (PEITC)

Cruciferous
vegetable

LNCaP; Male C57BL/6 mice Inhibited the activity
and level of HDACs;
Demethylated the
promoter and
restored
the unmethylated
GSTP1; Activated
p21 by
inhibition of HDACs;
Attenuated cell
growth by inhibiting
c-myc and HDACs;
Induced apoptosis
and cell cycle arrest
in
AOM/DSS-induced
mouse colorectal
cancer

0.5–10 μM;
0.05% in diet

Wang et al.,
2007; Wang et
al., 2008b;
Cheung et al.,
2010

Quercetin Citrus C6; RAW264.7 Inhibited LPS/TPA
induced
transformation
and iNOS expression;
Reduced intracellular
ROS production and
mitochondria
dysfunction via
induction ofHO-1

25–100 μM Chow et al.,
2005; Chen et
al., 2006

Resveratrol Grape PC12; C7H2-2A10; CEM-C7H2; Attenuated hydrogen
peroxide-induced
cytotoxicity, DNA
fragmentation, and
intracellular
accumulation of
ROS; Induced
apoptosis via a
mitochondrial
pathway
mediated by Bcl-2

25–200 μM Jang and Surh,
2001; Tinhofer
et al., 2001

Sulforaphane (SFN) Cruciferous
vegetable

MCF-7; MDA-MB-231; Male
athymic nude BALB/c (nu/nu)
mice; PC-3; HepG2; Nrf2 KO
mice;
C57BL/6 mice (Nrf2 WT)

Repressed hTERT by
impacting epigenetic
modifiers, such as
DNMT1 and
DNMT3a;
Decreased HDAC
activity in PC-3
xenografts;
Induced HO-1
modulated by the
blockade of
p38 MAPK signaling
pathway; Induced the
protective enzyme
HO-1 in DMBA/TPA
induced Nrf2 WT
mice, not KO mice

2.5–20 μM
100 nmol
(topical
application
in vivo)

Keum et al.,
2006; Xu,
Huang et al.,
2006; Myzak et
al., 2007;
Meeran et al.,
2010
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