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Abstract

Cancer stem cells often have phenotypic and functional characteristics similar to normal stem cells including the properties of self-renewal and
differentiation. Recent findings suggest that uncontrolled self-renewal may explain cancer relapses and may represent a critical target for cancer prevention. It is
conceivable that the loss of regulatory molecules resulting from inappropriate consumption of specific foods and their constituents may foster the aberrant self-
renewal of cancer stem cells. In fact, increasing evidence points to the network delivering signals for self-renewal from extracellular compartments to the
nucleus including changes in stem cell environments, inducible expression of microRNAs, hyperplastic nuclear chromatin structures, and the on/off of
differentiation process as possible sites of action for bioactive food components. Diverse dietary constituents such as vitamins A and D, genistein,
(−)-epigallocatechin-3-gallate (EGCG), sulforaphane, curcumin, piperine, theanine and choline have been shown to modify self-renewal properties of cancer
stem cells. The ability of these bioactive food components to influence the balance between proliferative and quiescent cells by regulating critical feedback
molecules in the network including dickkopf 1 (DKK-1), secreted frizzled-related protein 2 (sFRP2), B cell-specific Moloney murine leukemia virus integration
site 1 (Bmi-1) and cyclin-dependent kinase 6 (CDK6) may account for their biological response. Overall, the response to food components does not appear to be
tissue or organ specific, suggesting there may be common cellular mechanisms. Unquestionably, additional studies are needed to clarify the physiological role of
these dietary components in preventing the resistance of tumor cells to traditional drugs and cancer recurrence.
Published by Elsevier Inc.
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1. Introduction

Cancer stem cells utilize several developmental mechanisms for
self-renewal, each of which appears to be fundamental to the
initiation and relapse of tumors [1]. Relevant examples include the
loss of regulation inWnt signaling pathways in colorectal cancer stem
cells [2], reduced let-7 miRNAs (miRs) in breast tumor-initiating cells
[3] and the ability of polycomb oncogene bmi-1 to maintain the
proliferative potential of leukemic stem cells [4]. Furthermore, most
cancer stem cells lose the self-renewal property as they differentiate
into progeny and/or daughter cells that form the entire heteroge-
neous tumor cell population [5]. Such information suggests a close
relationship exists between self-renewal and differentiation. Evi-
dence continues to arise that multilayered regulatory networks that
consist of extrinsic signaling pathways [6], genetic and epigenetic
events [7,8], and the cellular differentiating process [9] may be targets
for blocking self-renewal of cancer stem cells.

The cancer stem cell theory predicts that, even if “conventional”
cancer cells are eliminated by drugs or radiation, it is only when the
stem cells are destroyed that a full recovery is possible. Increasing
evidence points to the ability of both drugs and bioactive food
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components to modify the self-renewal capabilities of cancer stem
cells [10–16]. Similar to drugs, diverse dietary constituents including
vitamin A in liver, (−)-epigallocatechin-3-gallate (EGCG) and
theanine in tea, sulforaphane in cruciferous vegetables, vitamin D in
fish, curcumin in curry spices, genistein in soy, and choline in eggs
have been reported to influence the self-renewal of cancer stem cells
[11–19]. This review focuses on the mechanisms by which bioactive
food components may modify one or more of the molecular targets in
self-renewal processes.

2. Evidence demonstrating bioactive food components influence
niche signaling pathways

Uncontrolled self-renewal processmay be initiated by deregulated
developmental signals that arise from special extracellular microen-
vironments known as niches [1]. The loss of tight regulation in self-
renewal signals including Wnt, Notch and hedgehog pathways is
considered as a bona fide characteristic of cancer stem cells [20]. For
example, the aberrant activation of Notch signaling together with the
overexpression of Wnt1 transforms primary human mammary
epithelial cells into tumor-initiating cells [21]. The next three sections
highlight the ability of specific dietary components to modulate these
niche signaling pathways and thereby influence the self-renewal
process (Fig. 1).
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Fig. 1. Modulating effects of bioactive food components on niche signaling pathways
and cross-talks among them in cancer stem cells. The self-renewal characteristic of
stem cells is maintained by various niche signaling pathways includingWnt, Notch and
hedgehog, and modified by direct and/or indirect interactions among different
signaling pathways in this regulation. A number of bioactive food components
including genistein, sulforaphane, vitamin D, EGCG, curcumin, dietary cholesterol and
piperine are shown to inhibit the abnormally up-regulated Wnt signaling pathway in
cancer stem cells. Dotted lines indicate likely events without evidence yet. Arrows
represent stimulation and lines with blunted ends indicate inhibition. Palmitic acid,
cholesterol and glycine shown inside the circle indicate the modification of ligands for
the activation of the pathway. The left side of ligands indicates the amino terminal and
the right-side, carboxyl terminal. SFN, Sulforaphane; EGCG, (−)-epigallocatechin-3-
gallate; pal, palmitic acid; gly, glycine; cho: cholesterol.

Fig. 2. Vitamin D suppresses the β-catenin-dependent canonical Wnt pathway in both
stem and non-stem colon cancer cells. Vitamin D inhibits the aberrant activation of
Wnt signals by stimulating the Wnt repressor DKK, exporting β-catenin from the
nucleus to the cytosol and interfering with the TCF/β-catenin-mediated oncogene
expression via the formation of VDR–β-catenin complex. The suppressive effects of
vitamin D on theWnt pathwaymay also arise from the indirect interference with Snail,
a transcription factor that enhances Wnt signaling. DKK, Dickkopf; β, β-catenin; CBP,
CREB binding protein; TCF, T-cell factor; VDR, vitamin D receptor.
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2.1. Dietary constituents modulate the Wnt pathway

Recent reports indicate that among the niche signals the Wnt
pathway controls the self-renewal of stem cells at various organ sites
including embryonic, hematopoietic, colon, hepatic, breast, prostate
and skin in both normal and cancer stem cells [22]. Although all these
cells may utilize this pathway, activation ofWnt signaling is limited to
a subpopulation of cells that display cancer stem properties [23].
Therefore, it is likely that cancer stem cells serve as key targets for
modulating the effects of dietary compounds on theWnt pathway for
cancer prevention.

2.1.1. Vitamin D increases Wnt inhibitor DKK-1 expression
Interestingly, the oncogenic effects of β-catenin observed in tumor

cells consisting of both stem and non–stem cancer cells can be
reduced by 1,25-dihydroxyvitamin D3, possibly through regulatory
processes that ultimately interfere with the aberrant activation of the
Wnt pathway (Fig. 2). For example, 2-day treatment with 1,25-
dihydroxyvitamin D3 (100 nM) has been shown to modulate the
expression of Wnt signaling inhibitors including DKK-1 and DKK-4 in
human SW480-ADH colon cancer cells. The former is commonly
down-regulated and the latter is up-regulated in colon tumor cells
[15,16]. Vitamin D in its active form, 1,25-dihydroxyvitamin D3, has
been reported to increase tumor suppressive DKK-1 expression at the
concentration of 100 nM [15] and decrease the oncogenic DKK-4 after
as little as 1 nM exposure [16]. Since physiological plasma 25-
hydroxyvitamin D concentrations are approximately 100 nM [24], it is
possible that normal dietary intake of this vitamin or sunlight
exposure may influence the activity of both genes and help
harmonize to maintain the Wnt pathway under control.

The same concentration (100 nM) of 1,25-dihydroxyvitamin D3

has also been shown to promote the translocation of β-catenin from
nucleus to plasma membrane and thereby inhibit the expression of
β-catenin-responsive genes in colon cancer cells [25]. The nuclear
export of β-catenin induced by 1,25-dihydroxyvitamin D3 can be
abolished by the transcription factor Snail1 which causes a
repression in VDR expression, at least in SW480-ADH colon cancer
cells [26] (Fig. 2). These results suggest that the anticarcinogenic
effects of 25-hydroxyvitamin D against colon cancer [27] may arise,
at least in part, from its ability to suppress tumorigenic β-catenin
actions in the Wnt pathway.

Finally, dietary vitamin D was shown to enhance the formation of
the complex between vitamin D receptor (VDR) and β-catenin in the
nucleus and thus compete with another transcription factor TCF4 for
ligands thereby repressing β-catenin /TCF4-mediated gene transcrip-
tion [28]. In a primary keratinocyte stem cell model, the unliganded
VDR was shown to be critical for the cooperative transcriptional
interactions of β-catenin and Lef 1 [28]. Furthermore, it appears that
the level of VDR expression in the host influences the self-renewal
property of kerotinocyte stem cells dramatically. Keratinocyte stem
cells isolated from the VDR-null mice developed significantly fewer
sphere-forming colonies after 4 weeks of culture compared with
those isolated from their wild-type littermates, suggesting the VDR is
required for the self-renewal of bulge keratinocyte stem cells [28].

2.1.2. Wnt signaling antagonism may also be involved
Wnt signaling antagonists such as secreted frizzled-related

protein 2 (sFRP2) have been reported to increase the self-renewal
of mesenchymal stem cells and thereby lead to superior tissue
engraftment and enhanced wound healing [29]. Recent genome-
wide expression profiling of rat mammary epithelial cells indicated
that lifetime feeding of genistein (250 mg/kg per day), a bioactive
constituent in soy, increased expression of sFRP2 [30] and thus
might account for a reduction in stem cell self-renewal. Since
mutations in APC or β-catenin, which are key components of
canonical Wnt pathways, are rare in breast cancer that may be
initiated by its cancer stem cells, we speculate that the constitutively
activated Wnt signaling in breast tumors may be due to the lack of
antagonistic regulation. The re-expression of sFRP2 by genistein is
particularly important in the context that the down-regulation of
sFRP2 is a frequent event in breast cancer [31] (Fig. 3).
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Fig. 3. The possible effects of soy isoflavone genistein and tea polyphenolic compound
EGCG on the Wnt pathway in breast cancer stem cells. Genistein re-expresses sFRP2,
which is a Wnt antagonist, and EGCG promotes the expression of HBP1 transcription
factor which blocks the TCF-mediated cyclin D1 expression in breast cancer cells. sFRP,
Secreted frizzled-related protein; EGCG, (−)-epigallocatechin-3-gallate; GSK, glycogen
synthase kinase; APC, adenomatous polyposis coli; TCF, T-cell factor.
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It is also possible that the up-regulated Wnt pathways in breast
cancer cells may follow β-catenin-independent non-canonical path-
ways that transduce the signals down to the dishevelled/Ca++-
dependent cascades facilitating proliferation. Admittedly, the
hypothesis that genistein influences a non-canonical Wnt pathway,
which may contribute to the depression in self-renewal of breast
cancer stem cells, needs additional attention. Since the anticarcino-
genic effects of genistein have been shown to be dependent upon
estrogen activity [32], and since the effects seem to be time dependent
[33,34], multiple factors must be considered to delineate the
interaction between genistein and breast cancer stem cells.

In fact, the involvement of genistein with stem cell behavior was
observed in leukemic cells almost 20 years ago. Among multiple
functions of genistein, its inhibitory effects on protein tyrosine kinases
were examined in patientswith chronicmyelogenous leukemia (CML)
that represents dysregulated tyrosine kinase activity in its hemato-
poietic stem cells. The treatment of long-term culture-initiating cells
from CML with genistein (200 μmol/L for 18 h) decreased the self-
renewal of cancer stem cells, but not of normal stem cells, by more
than half [18]. While the results suggest a significant role of genistein
in reducing cancer stem cells, a couple of issues including the amount
used (pharmacological vs. nutritional) and the unclarified mecha-
nism(s) for its action remain to be addressed.
2.1.3. Wnt receptor Lrp5 plays a role in self-renewal
In mammary gland, knock-outs of Wnt receptor Lrp5 (Lrp5−/−)

exhibit fewer terminal end buds and diminished side branching in
mammary stem/progenitor cells, suggesting this pathway is critical
for maintaining the ductal stem cell activity [35]. Recently, it has been
shown that theWnt pathway is blocked by EGCG in breast cancer cells
(Fig. 3). The addition of EGCG (25 to 100 μM) to cultured MDA-MB-
231 human breast cancer cells suppressed Wnt in a dose-dependent
manner [36]. At 100 μM, more than 50% depression was observed
according to the Wnt-stimulated reporter assay. The reduction
appeared to involve the induction of HMG box-containing protein 1
(HBP1) transcriptional factor which is a recognized suppressor ofWnt
signaling. Quantitative real-time RT-PCR analysis revealed that the
endogenous HBP1 mRNA was induced two- and fourfold by 50 and
100 μM EGCG, respectively. No changes were observed with either β-
catenin or GSK-3β. The biological consequences of EGCG-induced
HBP1 expression include a suppression in c-myc, which is a Wnt
signaling target gene, and has been shown to be constitutively up-
regulated in breast cancer cells [36]. A new study confirmed that the
role of Wnt pathway in highly enriched mammary stem cells in
culture is the maintenance of their self-renewing property [37]. We
speculate that the effects of EGCG on Wnt stem pathway in breast
cancer cells are associated with the modulation of the self-renewal
property of mammary stem cells.

Other effects of EGCG on cancer stem cells were examined in a
couple of sites including blood and neurons [38,39]. In circulating
systems, the proliferation of leukemic blast cells isolated from acute
myeloid leukemia patients which are premature and usually do not
appear in normal conditions was significantly suppressed in response
to 100 μM EGCG treatment [38]. Likewise, the treatment of normal
neural stem cells isolated from rat embryonic cortical neurons with
20 μg/ml EGCG for 24 h dramatically inhibited their ability to attach
and differentiate [39]. Nevertheless, the specific mechanism
involved with this response remains unresolved.

2.1.4. Sulforaphane, a cruciferous vegetable component, may eliminate
breast cancer stem cells by modulating Wnt signaling

Sulforaphane, a promising dietary cancer preventive agent
abundant in cruciferous vegetables and known to target antioxidant
transcription factor Nrf2 [40], has been shown to suppress the
mammosphere formation of stem cells isolated from estrogen
receptor–positive MCF-7 and estrogen receptor–negative SUM159
breast cancer cells with an IC50 of approximately 0.5–1 μmol/L [14].
This concentration is about 10-fold lower than that exhibiting its
antiproliferative effects. Furthermore, when tumor-bearing animals
were supplemented with 50 mg/kg sulforaphane for 2 weeks, the
tumor size was significantly reduced by half and that was correlated
with the decreased stem population isolated using ALDEFLUOR assay
[14]. The mechanism explaining how sulforaphane suppresses breast
cancer stem cells is unclear because, with the same concentration, no
changes in β-catenin or CDK1 were observed [14]. Nevertheless,
evidence exists that this level can be physiologically achievable.
Plasma concentrations of sulforaphane equivalents appear to peak
between 0.94 and 2.27 μmol/L in humanswithin 1 h after a single dose
of 200 μmol broccoli sprout isothiocyanates [41].

Overall, these investigations suggest that multiple sites of Wnt
signaling pathway, especially antagonizing molecules, are modulated
by various bioactive food components including vitamin D, genistein,
EGCG and sulforaphane that are commonly consumed in diet.
However, most studies have dealt with the effects of these dietary
components on the self-renewal property of cancer cells that have not
been enriched with cancer stem cell population. Therefore, additional
attentionmay bewarranted to examine and/or validate the efficacy of
dietary components on the self-renewal property in the isolated
cancer stem cell population with the surrounding niche environment.
Furthermore, the mechanism for the event with the same concentra-
tion needs to be revealed.

2.2. Dietary effects on the hedgehog pathway

Increasing evidence exists that the regulation of the self-
renewal property of pancreatic, glioma and leukemia cancer stem
cells involves the hedgehog (Hh) signaling pathway [42–44].
When human glioma-initiating cells were isolated on the basis of
sphere formation and treated with inhibitors for Hh, Notch or
Wnt, only the Hh signaling inhibitors prevented the self-renewal
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of glioma-initiating cells [43]. Likewise, it was reported that the
loss of Hh receptor, Smo, impaired haematopoietic stem cell
renewal and decreases the induction of CML by the BCR-ABL1
oncoprotein [44]. The modification of these signals by lipid-related
dietary components including cholesterol and curcumin is dis-
cussed below.

2.2.1. Oxidation of dietary cholesterol may positively regulate Hh
signaling in mesenchymal stem cells

The activation of Hh ligands requires cholesterol at their carboxyl
ends [45], which creates a plausible hypothesis that dietary
cholesterol might regulate its signal transduction. This hypothesis
has been extensively investigated [46,47] and reports that, at least in
the M2-10B4 pluripotent marrow stromal cell line (mesenchymal
stem cells), specific derivatives of cholesterol such as 20-OH-
cholesterol and 22-OH-cholesterol increase the expression of Hh
target genes [48]. While the mechanism explaining how these
oxidative species stimulate Hh signaling remains unclear, the effects
of cholesterol derivatives were shown to be abolished by the
addition of 4 μM cyclopamine, an inhibitor of the Hh pathway, in
culture [48]. Since the oxidative status of cholesterol can be
modulated by endogenous reactive oxygen species that are
frequently altered by bioactive food components, the impact of
diet on the Hh pathway in these cells and their self-renewal
properties is warranted.

2.2.2. Cholecalciferol binds to Hh Smo receptor in culture but not in vivo
It has been suggested that one of the vitamin D isoforms,

vitamin D3 (cholecalciferol), is an antagonist of the Hh signaling
pathway [49]. Vitamin D3 binding to the Smo receptor appears to
result in down-regulation of Hh signaling pathways in both MDA-
MB-231 breast tumour cells and the C3H/10T1/2 fibroblasts,
possibly explaining this change in signaling. Interestingly, the
magnitude of inhibition of oncogenic Smo activity conferred by 1
μM vitamin D3 was stronger than that of 10 μM cyclopamine in
the Ptch1-transfected C3H/10T1/2 cells [50]. However, with in
vivo models, vitamin D3 was not found to be effective against
tumor cell growth [51]. This discordance may stem from three
possible causes. One, the concentration required for the changes
in the Gli transcription factor to induce ductal hyperplasia is
rather high, observed at 100 μM vitamin D3 [49]. Healthy women
typically have plasma 25-hydroxyvitamin D concentration in the
40- to 50-nM range [52]. Thus, the physiological relevance of
these high exposures remains questionable. A recent study
reporting the lack of tumor-suppressive effects of vitamin D3

(10 μM) against pancreatic cancer in vivo but not in vitro serves
as additional justification for further investigations [51]. Second,
the production of the Smo inhibitor demonstrated in an in vitro
study [49] was reduced by pravastatin and rescued by mevalo-
nate, which suggests that it could be an endogenously synthesized
sterol derivative. Thus, vitamin D that is derived from either
nutritional sources or UV irradiation of 7-dehydrocholesterol in
the skin may not be the molecular species that caused Smo
inhibition. Third, it is possible that Shh signaling may work
through a paracrine mechanism [53]. While it is true that
pancreatic tumors overexpress Shh ligands, these may work
indirectly by stimulating other growth factors or through stromal
cells. At this point, the consequence of adding Shh inhibitors
deserves additional attention.

2.2.3. Curcumin is shown to block Hh signaling in stem-like fractions of
pancreatic and brain tumor cells

In addition to vitamin D, a few commonly found dietary
polyphenolics including curcumin in tumerics were shown to inhibit
Hh signaling in transgenic adenocarcinoma of the mouse prostate as
monitored by glioma-associated 1 (Gli1) mRNA or Gli reporter
activity with IC50 values ranging from b1 to 25 μM [54]. These dietary
components are known to reduce various cancer risks, which suggests
that the inhibition of Hh pathway may serve at least partially as the
mechanism for their suppressive effects on tumor cell growth.

One of these compounds, curcumin, is well known for its poor
bioavailability; administration of 3.6 g oral curcumin daily for 4
months resulted in about 10 nM concentrations in the peripheral
blood of advanced colon cancer patients [55]. One approach taken to
increase the bioavailability of curcumin was the reduction of the
particle size to increase the surface area, whichmakes it more soluble.
Investigators engineered encapsulated nanoparticle curcumin with
more than 100-folds higher bioavailability than traditional curcumin
and tested its efficacy in xenograft models of human pancreatic
cancer that overexpresses Hh pathway [56]. In pancreatic cancer, cells
enriched for cancer-initiating stem cells exhibit drug resistance,
metastatic properties andmore than 40-fold higher expression of Shh
compared with normal pancreatic epithelial cells [57]. A single
administration of 25 mg/kg of nanoparticle curcumin combined with
gemcitabine completely abrogated systemic metastases, which did
not occur with a treatment using gemcitabine only [56]. It has been
shown also that the treatment of brain cancer stem cells with
nanoparticle-encapsulated curcumin inhibited their growth, self-
renewal and clonogenicity by blocking Hh signaling [58]. These
results suggest that curcumin may suppress the cancer stem
properties of the Hh signaling pathway that lead to drug resistance
and metastases. Future studies on the mechanism and the tissue
specificity of curcumin effects on the Hh pathway are warranted.

2.3. Dietary influence on Notch signaling pathway

Notch is a receptor that is activated by removing its extracellular
domain upon binding its ligands including Delta-1, -3, -4 and Jagged-1
and -2. The activated intracellular domain (NICD) migrates to the
nucleus, binds to a transcription factor CSL (CBF1/RBPjk in verte-
brates, suppressor of hairless in Drosophila, and LAG superfamily in
Caenorhabditis elegans) and triggers the expression of Notch target
genes such as hairy and enhancer of split (HES) which activates the
self-renewal of stem cells [59,60]. The critical role of Notch signaling
in tumor-initiating cells was demonstrated in breast cancer stem cells.
Notch4 receptor activity was shown to be eightfold higher in stem
cell-enriched breast cancer cell population compared with differen-
tiated cells [61]. Furthermore, an inhibitor of its receptor, N-[N-(3,5-
difluorophenacetyl)-l-alanyl]-S-phenylglycine t-butyl ester, was
shown to reduce mammosphere formation in a preinvasive ductal
carcinoma in situ [60].

2.3.1. Curcumin and piperine modulate Notch
While evidence exists that activated Notch signaling impairs

mammary stem cell self-renewal and promotes the proliferation of
alveolar epithelial progenitors [62], the Notch alone does not seem to
be sufficient. However, its activation together with the expression of
Wnt1 is recognized to transform primary humanmammary epithelial
cells [21,63,64]. In addition, the recent finding that there is a cross-
talk between Notch and estrogen receptor-α or her 2/neu [65]
suggests that the development of human breast cancer may arise
from the network that is wired with the cross-communication
between and/or among individual signaling pathways. Recently,
two dietary polyphenolics, curcumin and piperine, were found to
inhibit the mammosphere formation of breast cancer cells by half
when provided at 5 μM and completely at 10 μM [17]. Nevertheless, it
remains unclear whether the suppressive effects of curcumin and
piperine on the mammosphere formation come from the direct
interaction with a specific pathway such as Notch or via the
generation of secondary alterations in Wnt pathways.
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3. Dietary modulation of self-renewal gene expression by
epigenetic events

In mammalian cells, genes are surrounded in chromatin by various
components including histones, associated proteins such as polycomb
group repressive complex (PRC), and miRNAs within an exclusive
structure. These components are recognized to influence gene
expression patterns without changing DNA base pairs, which is
known as epigenetic programming. Interestingly, the chromatin of
stem cells is extremely plastic and hyperdynamic compared to
differentiated cells. It contains both activating and repressive types
of histone modifications [66]. Evidence exists that deregulation of
epigenetic chromatin programming in normal stem cells influences
their self-renewal property, which leads to tumor initiation and
propagation [67]. Those include changes in chromosomal structure
and alterations in various miRs that are expressed in a cell-type and
time-specific manner.
3.1. EGCG modulates chromosomal structure in cancer stem cells

PRCs consist of two distinct groups, PRC1 and PRC2, which work
coordinately. PRC1 recruits histone deacetylase and thereby
facilitates the methylation of K27 of histone H3. PRC2 subsequently
binds to the methylated K27 of H3 and suppresses gene expression
[68]. Mice deficient in one of the PRC1 genes, Bmi-1, exhibited a
postnatal self-renewal defect that led to the depletion of stem cells
in blood, ovary and neurons by early adulthood [69]. Bmi-1 is
highly expressed in cancer stem cells such as leukemia, neuroblas-
tomas and skin cancer, which is accompanied by the decreased
expression of p16Ink4a and p19Arf tumor suppressor genes [70–72].
Recently, Bmi-1 was reported to be influenced by EGCG, a bioactive
food component in green tea (Fig. 4) [12]. Treatment of a
transformed cell line derived from squamous cell carcinoma (SCC-
13 cells) with 40 μM EGCG for 24 h reduced Bmi-1 levels that
coincided with an inhibition of skin carcinogenesis [12]. Human
studies reveal that a plasma concentration higher than 7.5 μM of tea
polyphenols including EGCG is required for antioxidant activity
[73]. Thus, it remains to be determined whether the lower
concentrations are sufficient to change Bmi-1 gene expression.
The EGCG-induced decrease in Bmi-1 level was associated with
reduced levels of cell cycle-dependent kinases 1, 2 and 4, and
cyclins D1 and E [12], which suggests that this tea polyphenolic
compound may suppress the accelerated cell-cycle progression in
these transformed cells.
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3.2. Theanine in black tea may help maintain the self-renewal of human
embryonic stem cells

Interestingly, high-throughput screening of undifferentiated
human embryonic stem cells identified that theanine, a specific
amino acid in black tea, was highly effective in maintaining the self-
renewal property of these cells [13]. Human embryonic stem cells
(hESCs) were seeded into the 384-well plates, 6000 cells per well, and
the cells were imaged with automated microscopy at 7 days after
plating. Oct4 expression was used as a biomarker for the stem cell
property. hESCs stimulated by fibroblast growth factor 2 (FGF2), a key
growth factor that maintains the balance between proliferation and
self-renewal signals in these cells, were used as a positive control. This
new technology provided evidence that the supplementation of
culture media with 10 μM theanine increased Oct4 expression to the
level comparable to that achieved by FGF2. While these results
suggest that a dietary component in commonly consumed black tea
modulates the expression of a self-renewal regulatory gene Oct4, the
mechanism of action including epigenetic modulation remains to
be established.
3.3. Diet-induced rearrangements of miRs in cancer stem cells

Stem cell self-renewal and differentiation are known to be
associated with various miRs that are expressed in a cell-type- and
time-specific manner [8]. MiRs are non-coding RNAs that are short
fragments between 18 and 25 nucleotides long and generated from
the endogenous RNA containing a local hairpin structure [74]. These
RNAs are abundant in mammals and have various roles during
developmental processes [75]. Changes in miR levels are commonly
observed in various cancer stem cells [76]. For example, let-7miRs are
markedly reduced in cancer stem cells and increased following
differentiation [3], suggesting that cancer stem cells may utilize miRs
in controlling their cell identity. Recently, it has been shown that the
inhibition of let-7 miR leads to increased glucose metabolism and
insulin sensitivity in mice [77].

MiR expression profiles can also be influenced by various dietary
stimuli including high fat, high glucose andmethyl deficiency [78–80].
The expression of miR-143, a miR that plays a role in adipocyte
differentiation, was up-regulated in high-fat diet–induced obese mice
[78]. Likewise, the expression of miR-30d that increases insulin gene
expression was up-regulated in the presence of high glucose in the
pancreatic β-cell line MIN6 [79]. Finally, a folate deficiency in normal
human lymphoblast cells, TK6, was found to lead to lower S-adenosyl
G
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methionine levels, global genomic hypomethylation and an increased,
but reversible, expression ofmiR-222 [81]. This changewas confirmed
in whole blood–derived RNA obtained from human subjects who
participated in a population-based case-control study of head and
neck squamous cell carcinoma [82]. The subjects in the lowest
percentile of dietary folate intake had a significantly higher relative
expression of this miR compared with those in the highest folate
intake category. In rats, however, different species of miRs including
let-7a and miR-17-92 responded to liver cancer induced by feeding a
diet deficient in folic acid, methionine and choline [80,83]. While the
cause of these changes remains unknown, it is possible that dietary
components may influence the developmental and/or tumorigenic
processes involved with cancer stem cells and thereby bring about
alterations in miR expression profiles. Since the changes induced by
food components are highly dependent on the cell type examined, the
functional relationship between diet-specific stimuli and the corre-
sponding changes in miR expression profiles needs to be delineated.

4. Dietary components may modulate the differentiation of tumor
initiating cells

4.1. The role of retinoic acids in stem cell differentiation

Retinoic acids were shown to directly interact with a develop-
mental transcriptional factor, Sox3, and thereby up-regulate its
expression which is a critical determinant of neuronal differentiation
[84]. Human embryonal carcinoma cells that develop testicular germ
cell tumors possess pluripotency and self-renewal ability. The removal
of the stem properties by the addition of the dietary component all-
trans retinoic acid (10 μM) for 2 days results in a loss of tumorigenicity
accompanied by G1 cell-cycle arrest and the repressed expression of a
cassette of genes on chromosome 12p in these cells [85]. While the
concentration used is pharmacological and the mechanism for these
actions remains to be determined, it has been thought that the ability
of vitamin A to induce differentiation as shown in NT2/D1 embryonal
carcinoma cells [84] and suppress the self-renewal property involved
with the lineage-specific transcription factor Nanog on chromosome
12p [85] may explain the observed outcome.

In the culture of hematopoietic stem cells isolated using lin− c-
kit+ sca-1+ markers, the effect of all-trans retinoic acid on their self-
renewal was examined [86]. Supplementation of these primitive stem
cells with 1 μM all-trans retinoic acid enhanced their ability to
repopulate and prevented their differentiation. Since all-trans retinoic
acid can activate a number of nuclear receptors including retinoic acid
receptors (RARs; -α, -β and -γ) and peroxisome proliferator-
activated receptor β/σ (PPARβ/σ), it remains unclear which of these
participates in promoting the self-renewal property. The knockout
mice of RARγ, but not of RARα, exhibited markedly reduced numbers
of hematopoietic stem cells in their bone marrow compared with
wild-type mice [87]. Furthermore, when the hematopoietic cells
isolated from these mice were cultured in vitro with all-trans retinoic
acid, they were no longer able to maintain the self-renewal. These
results suggest that RARγ is critical for sustaining the ability of
hematopoietic stem cells to maintain and self-renew. Considering
the effects of vitamin A metabolites on developmental, differenti-
ation and self-renewal processes, the study examining the relation-
ship between these dietary components and the core
developmental transcription factors including Sox-3, Oct4, Nanog
and GATA is warranted.

4.2. Choline may influence the differentiation of hepatic and neural stem
cells

Choline is another dietary component that is involved with the
differentiation of hepatic oval stem cells into the mesenchymal tumor
tissue [88]. The LE/6 hepatic stem cell line was derived from the liver
of male Sprague-Dawley rats fed a choline-deficient diet and
transplanted by subcutaneous injection into adult female nude
mice. The results indicate that 22 of 50 nude mice inoculated with
LE/6 hepatic epithelial stem cells developed trans-differentiated
mesenchymal tumors, while the choline adequate did not develop
any. These results suggest that choline may inhibit the differentiation
process of hepatic oval stem cells from epithelial to mesenchymal and
the choline deficiency may accelerate this process resulting in tumor
formation.

Choline is also known to be critical during fetal development,
particularly during the differentiation of the brain [89]. The area of the
brain that seems to be the most sensitive to choline is reported to be
the hippocampus where nerve cells continue to grow and differen-
tiate into neurons throughout adulthood [90]. Recently, it was shown
that neurogenic zones could be reservoirs for brain tumor-initiating
cells [91]. In culture, choline deprivation caused decreased H3K9
methylation in E14 neural progenital cells [19]. In animal models,
choline deficiency interferes with nerve cell growth and neurogen-
esis, which results in decreased memory and learning ability [92].
Choline deficiency during pregnancy was reported to be associated
with the delivery of infants with neural tube defects, suggesting the
significance of choline during this period of development [93].
Overall, these findings suggest that investigations dealing with the
effects of choline deficiency on brain cancer stem cells are warranted.

4.3. Effects of dietary components on adipocyte differentiation

New adipocytes are considered to arise from the differentiation of
mesenchymal stem cells, resident preadipocytes in adipocyte tissue,
or bone marrow-derived circulating progenitor cells arriving at the
adipose tissue. Interestingly, a couple of dietary constituents
including fat and ceramide are shown to modulate the differentiation
of adipocytes in various sites including adipose tissues or blood
vessels [94–96]. For example, high-fat feeding of wild-type C57BL/6
mice for 3 to 5 weeks was shown to promote the circulating adipocyte
progenitor cells and their differentiation into adipocytes [94]. High-
fat (42% calories from fat) feeding of 8-week-old male C57BL/6J mice
for 2 weeks also brought about the decreased differentiation and a
heightened proinflammatory state in perivascular adipocytes, which
was mediated via the activation of the nuclear hormone receptor
PPAR-γ [95].

When murine mesenchymal stem cells were treated with low
concentration of ceramide (10–25 μM), this dietary component was
shown to inhibit the adipogenesis of mesenchymal stem cells [96].
The critical role of ceramide in adipocyte differentiation was
demonstrated in another study showing that the deprivation of
ceramide caused increased formation of mesenchymal stem cells that
can differentiate into adipocytes [97]. Interestingly, these effects of
ceramide on mesenchymal stem and adipocytes are shown to be
reversible [98]. Overall, the above-mentioned results suggest that the
differentiation of stem cells into adipocytes seems to be suppressed
by an adequate amount of dietary ceramide and enhanced by a high-
fat diet. Further research on the prevention of adipocyte differenti-
ation/accumulation using dietary strategies should be a promising
research frontier.

5. Conclusions

One of the potential targets for bioactive food components is that
associated with self-renewal properties of cancer stem cells, although
the majority of support arises from cell culture studies at this point.
While the origin of self-renewal properties remains unclear, evidence
continues to surface that some bioactive food components can
modulate various steps in the process and help prevent cancer
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regeneration/recurrence. The characteristic sites for these dietary
constituents include Dkk-1 and sFRP2which areWnt antagonists; the
activation of Hh ligands; Notch target gene expression; Bmi-1, which
induces a suppressive histone modification; miRs, which prevent the
expression of self-renewal genes; and the EMT, which determines
the differentiation of mesenchymal stem cells, all of which can block
the uncontrolled self-renewal of cancer stem cells. Adequate
consumption of specific food items including vitamins A and D,
genistein, EGCG, sulforaphane, theanine, curcumin, choline and
possibly many others may suppress the chaotic property of cancer
stem cells to self-renew. However, greater attention is needed to
determine the minimum amounts required and specific circum-
stances that would derive the benefits from these agents. The
identification of cancer stem cell models that provide clues about
niche signaling as well as stem properties will assist in defining
which dietary components are most important in modifying cancer
stem cell self-renewal. Likewise, a greater understanding of how
cross-talk among stem pathways influences the overall response
and what quantities of food components are needed to elicit a
biological response in these cells is urgently needed. Unquestion-
ably, a diet-induced shift from deregulation to regulation in cancer
stem cells could have profound influence on cancer relapses and
therefore is of immense societal importance.
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