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Abstract

Cancer is the second leading cause for mortality in US only after heart disease and lacks a good or
effective therapeutic paradigm. Despite the emergence of new, targeted agents and the use of various
therapeutic combinations, none of the treatment options available is curative in patients with
advanced cancer. A growing body of evidence is supporting the idea that human cancers can be
considered as a stem cell disease. Malignancies are believed to originate from a fraction of cancer
cells that show self renewal and pluripotency and are capable of initiating and sustaining tumor
growth. The cancer-initiating cells or cancer stem cells were originally identified in hematological
malignancies but is now being recognized in several solid tumors. The hypothesis of stem cell-driven
tumorigenesis raises questions as to whether the current treatments, most of which require rapidly
dividing cells are able to efficiently target these slow cycling tumorigenic cells. Recent
characterization of cancer stem cells should lead to the identification of key signaling pathways that
may make cancer stem cells vulnerable to therapeutic interventions that target drug-effluxing
capabilities, anti-apoptotic mechanisms, and induction of differentiation. Dietary phytochemicals
possess anti-cancer properties and represent a promising approach for the prevention and treatment
of many cancers.
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INTRODUCTION

Cancer is a hyperproliferative disorder in which invasion and angiogenesis leads to tumor
metastasis. The World Health Organization (WHO) has estimated cancer cases for the year
2009, men 766,130 and women 713,220 in the United States. The estimated death rate in 2009
was 292,540 men and 269,800 women in the United States [1]. Although progress has been
made in the early detection of cancer and in improvements of cancer therapies, the ability to
provide long-term survival has been limited. Increasing evidence suggests that biologically
unique population of cancer stem cells (CSCs) exists in most neoplasms and may be responsible
for tumor initiation, progression, metastasis, and relapse. Tumors comprise from
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heterogeneous populations of cells that have varying degrees of tumorigenic potential. Only a
subset of tumor cells are thought to initiate and promote tumorigenesis [2] and recent evidence
has implicated a pluripotent subset of cells that have the capacity to seed the cellular
heterogeneity seen in tumors [3]. Further characterization of cancer stem cells may lead to the
identification of key cellular activities. Once pathways are established in these cells, therapeutic
interventions could potentially be designed that target drug-effluxing capabilities, stem cell
pathways, anti-apoptotic mechanisms, and induction of differentiation. These cancer stem cells
are the earliest undifferentiated progenitors with an unlimited capacity to propagate [4]. Given
their potential role in tumorigenesis, cancer stem cells may represent important targets for
prevention and therapy.

COLON CANCER

Colorectal cancer is a second leading cause of death in the United States and is a major health
problem globally [5]. Colorectal cancer affects over 146,970 individuals yearly, and accounts
for around 49,920 deaths [1,6]. Screening for colon cancer can be done by colonoscopy to find
polyps, and removing these polyps at an early stage can prevent cancer progression. When the
polyps are allowed to persist in the colon for a long time, they may develop into cancer. Hence
regular colonoscopy is recommended in the United States for those over 50 years of age [7].
Recurrence of colon cancer is common with an estimated 40% of cases returning in 3to 5 years
for treatment. Chemotherapeutic compounds currently being used for the treatment of
colorectal cancer include 5-flurouracil, Oxaliplatin and Gemcitabine [8]. Because conventional
therapies, including surgical resection, chemotherapy, and radiation are often inadequate in
treating this disease, new treatment options are critically needed. Despite the emergence of
novel targeted agents and the use of various therapeutic combinations, no treatment options
are available that are curative in patients with advanced cancer. More recently, the cancer stem
cell concept is gaining importance because it suggests new approaches to anti-cancer therapies
[9,10]. This concept is very similar to that of normal tissue stem cells, namely that the majority
of cells in a tumor are heterogeneous, but a rare number of cells within the tumor exist termed
cancer stem cells or tumor initiating cells that are capable of tumor maintenance and/or
regrowth following therapeutic interventions [9]. Potential markers of colorectal cancer stem
cells have been proposed, including CD133, CD166, integrin 1, signal transducer CD24,
CD44, ALDH1 and LGR5 [10,11].

PANCREATIC CANCER

Pancreatic cancer is an aggressive malignancy with one of the worst outcomes among all
cancers. It is the fourth leading cause of cancer death in the United States with less than 5%
five-year survival rate. The lifetime risk of developing pancreatic cancer in both men and
women is about 1 in 79 (1.27%) [12,13]. The American Cancer Society (ACS) estimated that
new cases of 42,470 Americans (21,050 men and 21,420 women) would be diagnosed with
pancreatic cancer during 2009. The ACS also estimated that 35,240 Americans (18,030 men
and 17,210 women) would die of pancreatic cancer in 2009 [1]. Despite advances in molecular
pathogenesis, problems such as drug resistance and susceptibility for metastasis make
pancreatic cancer a major unsolved health problem in the United States [14]. Unfortunately,
pancreatic cancer is a rapidly invasive, metastatic tumor that is resistant to standard therapies
[15,16]. At present, single agent based chemotherapy (e.g. Gemcitabine) is the mainstay
treatment for metastatic pancreatic adenocarcinoma. Recent data indicate that in addition to
Gemcitabine, 5-FU plus a platinum agent such as Oxaliplatin could be used as a therapeutic
paradigm for early stage cancer patients [17]. However, none of the available current
chemotherapeutic agents have objective response rates of over 10% [18,19]. The magnitude
of this problem mandates the need for novel therapeutic agents. Recently, cancer stem cells
(CSCs) and epithelial-mesenchymal transition (EMT)-type cells, which share molecular
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characteristics with CSCs, have been postulated to play critical roles in drug resistance and
cancer metastasis in pancreatic cancer [4,20]. Recent studies suggest that
CD44*CD24*ESA* (epithelial specific antigen) and ALDH1 could potentially be pancreatic
cancer stem cell markers [21,22]. In addition, we have determined that the recently identified
intestinal stem cell marker DCAMKL-1 is also expressed in a small proportion of cells in the
pancreas and in pancreatic cancer stem cell marker [23], unpublished observation]. However,
the role of DCAMKL-1 as a bonafide stem maker remains to be elucidated.

BREAST CANCER

Breast cancer is the most common form of cancer diagnosed in women world wide, affecting
an estimated 10% of the subjects [24,25]. Although the rate of mortality as a result of breast
cancer has decreased in Western countries in part due to early detection, ACS estimates that
192,370 new breast cancer cases will be identified in the United States in 2009 with an estimated
death rate of 40,170 (15%) [1]. Breast cancer is a very heterogeneous disease at both the
histological and molecular levels. At least six distinct subtypes have been described on the
basis of gene expression profiling, with the most important determinants of these subtypes
being the presence or absence of expression of the estrogen receptor or the progesterone
receptor, or the amplification/overexpression of the HER2/ERBB2 locus [26]. Despite the
ability of these subtypes to predict outcome, patient response to chemotherapy or targeted
therapy remains variable. The current standard of therapy for breast cancer include surgical
resection, radiation, and chemotherapeutic agents such as cisplatin, pacliataxel, carboplatin,
bevacizumab, doxorubicin, cyclophosphamide, docetaxel, and epirubicin [27].

Our current understanding of CSCs comes primarily from studies on breast cancer stem cells
(BrCSC). These have been isolated from human breast tumors or breast cancerderived pleural
effusions using flow cytometry for a specific pattern of cell surface marker expression
(CD44*, CD247/low ESA* [28,29]. Many groups have attempted to confirm that the minimum
surface phenotype for a tumorigenic BrCSC is CD44*/CD24 [30]. In addition, CD133 (also
a marker of CSC population in other tumors) and in some cases, selected members of the
integrin family of receptors (betal, alpha6 or beta3 integrins), alone or in conjunction with the
CD44*/CD24~ phenotype have also been used to isolate the BrCSCs [31]. Aldehyde
dehydrogenase (ALDH) expression has also been used as a marker for BrCSCs [32]. While
these have been exciting, it remains to be seen whether a single cell isolated by this method
can develop new tumors in animal models.

STEM CELLS

During tumor development, tissues accumulate a series of mutations over the years and these
populations of cells would have to self-renew, clonally expand, and acquire additional
mutations. It is now widely believed that long lived, uncommon cells are tissue stem cells (SCs)
or cell derived from them that acquire the ability to self-renew. Self-renewal, one of the
defining characteristics of stem cells, is a cell division in which one or both of the resulting
daughter cells remain undifferentiated, retaining the ability to give rise to another stem cell
with the same capacity to proliferate as the parental cell [33,34]. In addition to self-renewal,
stem cells have the capacity to differentiate, generating cells in each organ. When mutated,
they can become cancer stem cells (CSCs). Cancer stem cells are defined by similar
characteristics, mainly their abilities to self-renew, a characteristic that drives tumorigenesis,
and to (aberrantly) differentiate, a property that generates the bulk of cells within a tumor.
These self-renewing ‘cancer stem cells” might constitute only a small fraction of the cells within
atumor, with the bulk of the tumor composed of more differentiated cells that lack self-renewal
capacity (Fig. 1) [35]. CSCs may account for only a small fraction of cells (approximately 1%)
in any given tumor [36,37]. Progress in stem cell research and the identification of potential
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esophageal, gastric, intestinal, colonic, hepatic and pancreatic stem cells provides hope for the
use of stem cells in regenerative medicine and treatments for disease [38,39].

a. Signaling Pathways

Although pathways that regulate self-renewal are tightly controlled in normal stem cells, in
tumor-initiating cells they may be constitutively activated or improperly regulated through
genetic and/or epigenetic changes, leading to uncontrolled growth [40]. Several studies show
that BMI1 (polycomb ring finger oncogene) and the Wnt signaling molecule -catenin regulate
the self-renewal and the proliferation of leukemia-initiating cells [41,42]. Actually, many
leukemia-initiating cells have a higher self-renewal capacity than normal hematopoietic stem
cells. In addition, it was recently shown that maintenance of cutaneous tumor-initiating cells
is dependent on Wnt and B-catenin signaling.

The molecular mechanisms that control self-renewal of stem cells are an essential element for
tumor survival and propagation. Specific pathways identified to play a key role for self-renewal
of embryonic stem cell include the Wnt/B-catenin, Hedgehog (Hh), and Notch signaling
pathways [40]. Although genes involved in these pathways are expressed in normal stem cells,
they are frequently mutated or aberrantly activated in cancers, thus making them potential
therapeutic targets. Table 1 lists the major signaling pathways for normal and cancer stem cells.
A few natural compounds have been identified that affect these pathways, but their efficacy in
targeting stem cells is currently unknown. Further work is therefore required before these
preventive and/or therapeutic agents target stem cells to efficiently inhibit tumorigenesis. In
addition, further work is also need to determine whether such agents have differential effects
against cancer versus normal stem cells.

WNT SIGNALING PATHWAY

In a normal mucosa, the Wnt pathway controls proliferation and migration within a colonic
crypt via the expression of transcription factors and adhesion molecules [43]. This pathway
however, is dysregulated in colorectal cancers. Patients with familial adenomatous polyposis
coli (APC) have a malfunctioning APC protein that allows for the accumulation of -catenin
in the cytoplasm. B-catenin is normally bound to membranous E-cadherin. When B-catenin
enters the nucleus not only does it trigger the cell cycle, it precipitates the loss of membranous
E-cadherin and suppresses its expression [44]. Thus, cell-cell contact is reduced, thereby
permitting migration of cells from the epithelium to the mesenchyme. This process has been
coined 'epithelial to mesenchymal transition' (EMT) [44,45]. EMT is an essential process in
certain physiological circumstances such as embryogenesis and wound healing. In epithelial
cells, loss of E-cadherin leads to diminished cell-cell contact, allowing for motility and
migration of cells.

In colorectal cancers, the highest concentration of nuclear p-catenin is found at the advancing
margin in free tumor cells that have lost E-cadherin expression [44,45]. Presence of these cells
has been associated with metastasis and poor survival. Lower levels of B-catenin are found in
adenomas and within the central tumor. To further enhance the oncogenic potential, nuclear
f-catenin increases the expression of survivin, a protein that promotes cellular proliferation
and resistance to apoptosis [46]. Another second study also proposed that colorectal cancer
stem cells are located at the tumor margin and become mobile through their high nuclear B-
catenin and subsequent suppression of adhesion molecules [47]. These cells form a 'front' that
functions as a 'germinal layer' and can break away to metastasize to form new colonies of cancer
cells. Mutations in the Wnt/B-catenin pathway are associated with a number of cancers [48]
and implicated in controlling cancer SC self-renewal capabilities [49].
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Several phytochemicals, such as curcumin, (—)-epigallocatechin-3-gallate (EGCG), and
resveratrol have been recently shown to inhibit Wnt signaling in cancers and could potentially
be excellent candidates for targeting cancer SCs [50,51]. EGCG has been shown to alter Wnt/
-catenin signaling in breast cancer cells [52]. Moreover, EGCG inhibited Wnt-induced gene
expression responses such as reduced activity of TCF/LEF binding and decreased c-Myc
expression. This attenuation of Wnt/B-catenin activity was mediated through the stabilization
of HBP-1, a transcriptional repressor of Wnt/B-catenin signaling and a suppressor of
oncogenesis [48]. EGCG also inhibited tumor formation in APC™"* mice [53]. EGCG
treatment resulted in a significant reduction in nuclear B-catenin levels, further implicating the
Whnt/B-catenin signaling pathway.

NOTCH SIGNALING PATHWAY

Notch and its signaling components are implicated in a wide variety of developmental
processes, such as central nervous system development, vasculature system development,
organogenesis, and adult-type hematopoietic stem cell generation [54]. Notch ligand binding
to Notch family receptor induces transcriptional activation of target genes. Notch signaling is
activated by direct cell—cell contact. Activation of Notch leads to proteolytic cleavage of the
intracellular domain of Notch (NICD). The NICD cleavage product then translocates to the
nucleus and coordinates transcription factor complexes and co-activators of the Mastermind-
like family of proteins [54,55]. Among Notch ligand genes, JAG1 gene is predicted to be an
evolutionarily conserved target of the canonical WNT signaling pathway based on the
conservation of double TCF/LEF-binding sites within the 5" promoter region of mammalian
JAG1 orthologues [56,57]. Notch4 is activated due to Mouse mammary tumor virus integration
during mammary carcinogenesis [58] where WNT signaling pathway is also activated [59].
Notch and WNT signaling pathways are both necessary for the self-renewal of hematopoietic
stem cells [60]. Notch and WNT signaling pathways synergize to inhibit terminal
differentiation of intestinal epithelial cells partially through downregulation of ATOH1/
HATH1 bHLH transcription factor [56]. Together, these facts indicate that Notch and WNT
signaling pathways keep the homeostasis of stem and progenitor (transit-amplifying) cells
through the inhibition of terminal differentiation. Notch signaling also promotes the expansion
of neuronal and breast SCs [61,62]. Aberrant Notch signaling is implicated in controlling tumor
self-renewal in medulloblastomas [63]. Notch expression is enriched in brain tumor SCs, and
inhibition of Notch signaling resulted in apoptosis in the cancer SC population and blocked
xenograft tumor formation [63].

The phytochemical curcumin, a common flavoring agent and an active ingredient of the spice
turmeric inhibits Notch signaling pathway in both colon and pancreatic cancer (Subramaniam
and Anant, unpublished observations) [64,65]. Similarly, the phytochemical resveratrol, which
is found in grapes, berries and peanuts exhibits anti-cancer properties by affecting the Notch
pathway [66]. Resveratrol treatment of Acute lymphaoblastic leukemia cells resulted in
decreased Notch protein expression [67]. Resveratrol appeared to affect Notch at the post-
translational level because Notch mRNA levels were not affected. Moreover, mRNA levels of
downstream effectors of Notch were decreased in the presence of resveratrol [67].

HEDGEHOG SIGNALING PATHWAY

The hedgehog (Hh) signaling pathway plays a crucial role in vertebrate embryogenesis by
controlling cell fate, proliferation, survival and differentiation. In the adult organism, Hh
signaling remains active and is involved in the regulation of tissue homeostasis, regeneration
and stem cell maintenance [68]. Three Hh homologs have been identified in vertebrates,
contrasting with the single Hh gene found in Drosophila. These gene homologs are called Sonic
hedgehog (Shh), Desert hedgehog (Dhh) and Indian hedgehog (Ihh), which are expressed at
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different stages of ontogeny in different tissues and may have distinct biological functions
[69]. Hh signal transduction is initiated by the binding of the processed and lipid modified Hh
ligand to its receptor Patchedl (Ptchl), a 12-pass transmembrane protein. In the absence of the
Hh protein, Ptch1l represses signal transduction by inhibiting the seven transmembrane protein,
Smoothened (Smo) [70]. The ultimate step in the pathway is mediated by the zinc finger
transcription factors Glil, Gli2 and Gli3, where Glil and Gli2 represent the main activators of
Hh target genes and Gli3 acts mostly as a repressor [71]. This signaling is aberrantly activated
in glioma, medulloblastoma, basal cell carcinoma, lung cancer, esophageal cancer, gastric
cancer, pancreatic cancer, breast cancer, and other tumors [72].

Shh signaling proceeds through two transmembrane proteins, Patched, and Smoothened. At
rest, Ptchl inhibits Smo activity, but upon its binding to Shh, releases this inhibition, thus
allowing Smo-mediated activation followed by Shh related transcriptional responses [73].
Mutations in this pathway are associated with an increase in cellular proliferation,
transformation, and ultimately cancer. An oncogenic form of Shh has been identified in basal
cell carcinoma and Shh is misregulated in pancreatic adenocarcinoma, prostate
adenocarcinoma, esophageal and stomach cancer and nonsmall cell lung carcinoma [74].
Misregulated Shh signaling contributes to mechanisms whereby these cancers use both
autocrine and paracrine signaling to affect proliferation and differentiation of their surrounding
environment. Shh is a mediator of angiogenesis and has been shown to induce vessel formation
in endothelial cells [75]. Shh was also shown to induce the expression of angiopoietins | and
Il and the family of VEGF signaling proteins from mesenchymal cells, highlighting the
significance of tumor-associated fibroblasts in combination with Shh signaling to mediate
blood vessel formation [76]. Inhibition of Shh signaling has been shown to reduce tumor burden
and metastasis in both prostate and pancreatic adenocarinomas [77,78]. Recently, pancreatic
cancer stem cells were shown to express high levels of Shh [79,80], which is interesting given
the implications for Shh in adult stem cell renewal, in pancreatic ductal progenitor cells and
also in adult hair follicle stem cells [59]. Perturbations in the Shh pathway are linked to cancer
stem cells in multiple myeloma, pancreas, and breast [62,81]. Hedgehog signals induce stem
cell markers BMI1, LGR5, CD44 and CD133 based on cross-talk with WNT and/or other
signals.

The first phytochemical that was observed to inhibit the Hh pathway was cyclopamine [82,
83], a naturally occurring compound found in the plant Veratrum californicum, commonly
called the corn lily. Cyclopamine targets the Shh pathway, specifically by inhibiting the
activation of Smo [82]. Cyclopamine treatment of murine medulloblastoma blocked
proliferation and induced neuronal differentiation, effectively depleting the cancer stem cell
population [83]. This study further demonstrated that cyclopamine reduced tumor burden in a
mouse tumor allograft and was cytotoxic to cultured human medulloblastoma cells. In addition,
cyclopamine is effective in targeting cancer SCs of pancreatic cancer, breast cancer, and
multiple myeloma [4,62]. Sonic Hh (Shh) expression is elevated in pancreatic cancer SCs
[79], the putative mediators of pancreatic tumor invasion and metastasis [84]. Combination
therapy of cyclopamine and gemcitabine inhibited metastatic spread and reduced primary
tumor burden in pancreatic orthotopic xenografts [85]. In breast cancer and multiple myeloma
SCs, cyclopamine reduced mammosphere formation and SC proliferation, respectively [81].
Recent study has shown that curcumin inhibits the Sonic Hedgehog signaling pathway and
triggers apoptosis in medulloblastoma cells. Moreover, curcumin inhibited the Shh-Glil
signaling pathway by downregulating the Shh protein and its most important downstream
targets Glil and Ptchl [86]. Taken together, plant polyphenols target the self-renewal
properties of cancer SCs, highlighting a potential and novel paradigm for cancer prevention.
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OTHER SIGNALING PATHWAYS

Apart from the above three major signaling pathways like Notch, Wnt, and Hedgehog, there
were other signaling pathways implicated in maintaining cancer stem cells including JAK-
STAT, MAPK/ERK and P13-K/Akt.

JAK-STAT PATHWAY

The Janus kinase (JAK) and signal transducer and activator of transcription (STAT) pathway
plays an important role in the signaling of various cytokines and growth factors affecting
various cellular functions, including proliferation, growth, and immune response. JAK-STAT
pathways have been implicated in various cancers. JAK-STAT pathway plays a role in self-
renewal and continual maintenance of germ line stem cell population [87]. Moreover, autocrine
JAK-STAT signaling has been shown to regulate the kidney stem cell self-renewal [88].
Curcumin has been shown to suppress JAK-STAT signaling in brain microglial cells [89]. The
obvious requirement for STAT activation in stem cells and the link between tumorigenesis and
cancer stem cells suggests the need to further understand this signaling pathway and identify
the molecules that affect this pathway.

MAPK-ERK PATHWAY

The Mitogen-Activated Protein Kinase (MAPK) pathways transduce a wide variety of signals,
leading to a variety of cellular responses including inflammation, growth, differentiation and
cell death. These Ser/Thr protein kinases are phosphorylated and activated by MAPK-kinases
(MAPKKY), which are phosphorylated by MAPKK-kinases, which are in turn activated by
interaction with the small GTPase family proteins connecting the MAPK component to cell
surface receptors. Activated MAPK signaling appears to confer resistance to TGF-p—induced
apoptosis in CD133" cells compared with CD133™ cells [90]. Moreover, increased MAPK
signaling specifically in CD133* CSCs resulted in activated ERK1/2. Furthermore, aberrant
MAPK/ERK pathway in liver cancer stem cells may play a pivotal role in the initiation and
development of HCC [90]. Alterations in the MAPK pathway with elevated ERK levels have
also been described in Matla deletion mice, which develop HCC spontaneously by 18 months
[91]. In contrast, inhibition of this pathway using specific inhibitors or antisense
oligonucleotide was shown to inhibit HCC proliferation in a dose-dependent manner [92].
Interestingly, a recent report indicates that MAPK-2, another member of the MAPK/ERK
pathway, was upregulated in prostate progenitor cells expressing CD133 [93]. Curcumin,
Resveratrol, Silibinin and indole-3 carbinol has been shown to suppress MAPK activation in
both inflammation and cancer [94-97]. However, the effect of these compounds on cancer
stem cells needs to be discerned.

PI13-K-AKT SIGNALING

Phosphoinositide 3-kinase (P13-K) plays a crucial role in effecting alterations in a broad range
of cellular functions in response to extracellular signals. A key downstream effector of PI13-K
is the serine-threonine kinase Akt, which in response to PI13-K activation phosphorylates and
regulates the activity of a number of targets including kinases, transcription factors and other
regulatory molecules. P13-K is constitutively activated in human cancers by several
mechanisms including through activation of tyrosine kinase growth factor receptors, loss of
the inhibitor PTEN, by oncogenic RAS or by activation mutations in the PI3-K protein itself
[98]. Several downstream targets of Akt have been identified that confirm the important role
this protein in the regulation of growth and cell survival signaling pathways. It has been
suggested that CD133 and nestin positive stem cells in gliomas and medulloblastomas survive
radiation by activating the Akt pathway [99]. P13-K pathway has also been shown to regulate
post-irradiation survival of cancer stem cells residing in the perivascular niche in
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medulloblastoma [99]. Recent data suggests thatmTOR plays an important role in PI3-K-AKT-
mediated signaling for cancer stem cell self-renewal and resistance to chemotherapy or
radiotherapy. This is believed to be the root cause of treatment failure and cancer recurrence
and in the activation of metastatic activity. Curcumin and other compounds such as Resveratrol,
Silibinin and Indole 3-carbinol regulate P13-K-Akt pathway in colorectal cancer cells [100-
103]. Itwould be interesting to determine if these compounds have differential effects on cancer
stem cells, and if so understanding the mechanism of action would lead to development of
novel therapeutic parameters for cancer.

b. Identification of cancer stem cells

CD44

CD133

Several proteins have emerged as potential markers for the identification of cancer stem cells
in avariety of systems: CD44, prominin-1 (CD133), CD 166, integrins and new markers LGR5,
DCAMKL-1 and BMI1 (Table 2).

CD44 is a class | transmembrane glycoprotein that can act as a receptor for extracellular
matrices such as hyaluronic acid, and is a known downstream target of the Wnt/B-catenin
pathway [104]. It was the first marker identified for a solid tumor stem cell found in a study
of tumorigenic breast cancer [30]. Currently, it is not known whether all CD44 positive cells
are stem cells, because a large population of cells within a tumor expresses CD44. Given that
CD44 has many splice variants, the possibility exists that a specific splice variant is expressed
in the stem cells. Colorectal cancer stem cells were similarly shown to express CD44 and the
epithelial cell adhesion molecule EpCAM, and in several colorectal tumors CD166 could be
used for further enrichment of colon cancer stem cells within the EpCAM/CD44-positive
population [105,106]. In a recent study, they have identified CD44 as a gastric cancer stem cell
marker. CD44-positive murine cells formed spheroid colonies, xenograft tumors, and also gave
rise to CD44-negative cells and exhibited differentiation. The CD44 (+) gastric cancer cells
demonstrated properties of chemo- and radio-resistance, which likely accounts for the
resistance of this tumor type to standard treatment protocols. Moreover, CD44 expression
correlated with the presence of dysplasia in murine and human gastric cancer [104]. This stem
cell marker emphasizes the necessity of novel therapeutic approaches to target a better clinical
outcome for patients with cancer.

Recent lineage-tracing studies of adult Prominin-1 (also called CD133; a pentaspan
transmembrane glycoprotein that localizes to membrane protrusions) showed that some
Prominin-1-positive cells are located at the base of crypts in the small intestine, co-express
LGRS and can generate the entire intestinal epithelium [39]. Prominin-1 is thought to function
in maintaining stem cell properties by suppressing differentiation. Although it was first
reported as a specific cancer stem cell marker for glioblastoma [107,108], it was subsequently
shown to be a useful cancer stem cell marker for many gastrointestinal tumors including
colorectal cancer. Several groups identified human colon cancer-initiating cells using
Prominin-1 as a marker [38]. This finding was later challenged by the finding that both
Prominin-1-positive and prominin-1-negative colon cancer cells could initiate tumorigenesis.
A recent study has shown that a single prominin-1*/CD24* colon cancer stem cell can self-
renew and reconstitute a complete and differentiated carcinoma [109]. Interestingly, spheroid
cultures of these colon cancer stem cells contain expression of prominin-1, CD166, CD44,
integrin B1, signal transducer CD24, LGRS, and nuclear p-catenin, which have all been
suggested to be marker for the cancer stem cell population [110]. Prominin-1 has also been
reported to be a marker for cancer stem cells in primary pancreatic cancers and pancreatic
cancer cell lines [84].
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Aldehyde dehydrogenase 1 (ALDH1) has been reported as a cancer stem cell marker in
pancreatic cancer, breast cancer, prostate cancer, lung cancer, multiple myeloma, and leukemia
[22]. However, it is not clear whether ALDHL1 is expressed only in the stem cells or also in
other progenitor cells within a tumor. Nevertheless, ALDH1 can be used in fluorescence
activated cell sorting as a method to enrich stem cells. There are several members in the ALDH
family. They catalyze the oxidation of a wide variety of aldehydes to carboxylic acids, and are
known to play an important role in endobiotic and xenobiotic metabolism. Consequently,
ALDHs have been known to provide resistance to hematopoietic stem cells against alkylating
agents of the oxazaphosphorines family, such as cyclophosphamide and its derivatives [22].

DCAMKL-1

LGR5

BMI1

Recently, Doublecortin and Ca2*/calmodulin-dependent kinase-like-1 (DCAMKL-1) was
identified to be a bonafide stem cell marker [23]. In the normal intestine, DCAMKL-1 positive
cells were identified to be in the +3 to +6 position and in occasional colon-based columnar
(CBC) epithelial cells [23]. Many previous studies have demonstrated that the stem cell is
located in the +3 to +6 position [111]. The adenomatous polyposis coli (APC)/multiple
intestinal neoplasia (APCMi"*+) mouse has an autosomal dominant heterozygous nonsense
mutation of the mouse APC gene and exhibit spontaneous gastrointestinal tumors similarly
found in humans with germ line and somatic APC mutations [112]. When expression of
DCAMKL-1 was examined in the adenomas in the APCMiM* mice, DCAMKL-1-expressing
cells were negative for proliferating cell nuclear antigen and nuclear p-catenin in normal-
appearing intestine. However, B-catenin was nuclear in DCAMKL-1-positive cells in
adenomas. Thus, nuclear translocation of B-catenin distinguishes normal and adenoma stem
cells. Targeting DCAMKL-1 may therefore represent a strategy for developing novel
chemotherapeutic agents [113].

The LGR 5 (a leucine-rich orphan G-protein-coupled receptor, also called Gpr49) gene encodes
for a receptor in the Wnt signaling pathway. Using lineage tracing studies in mice, this gene
has been shown to be a potential marker for normal adult intestinal stem cells and this protein
specifically labels stem cells in the mouse small intestine as well as other adult tissues [110,
114]. Also, mice generated from a LGR5-EGFP-IRES-Cre-ERT2 strain crossed with the Rosa-
LacZ strain demonstrated that LGR5+ crypt based columnar cells are multipotent for all mature
intestinal epithelial cell types, undergo self-renewal, persist for at least 60 days based on LacZ
expression, and are resistant to irradiation. Furthermore, LGR5 marked 1SCs that were rapidly
cycling (dividing every 24 hours) under homeostatic conditions [115]. LGRS has greater
resistance to radiation and therefore may also be a marker for colorectal cancer stem and/or
progenitor cells. Subsequent studies, however have demonstrated that the protein is expressed
in multiple cells in the intestinal epithelium raising the question of whether LGRS is a bonafide
marker for stem cells or that of progenitors [23].

BMIL1 is a transcriptional repressor belonging to the polycomb gene family and its suppressor
functions are involved in maintaining neuronal, hematopoietic and mammary gland stem cells
[116,117]. A study published in 2009 suggested that BMI1 labels a subpopulation of
differentiated acinar cells capable of self-renewing for more than 1 year [118] . BMI1 seems
to be expressed within each acinus in one or more differentiated acinar cells that retain
proliferative potential and replace the surrounding dying cells. This study, along with the
characterization of BMI1 in the small intestine, suggests a more general role for BMI1 in self-
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renewal of stem cells as well as in the maintenance of the proliferative ability of differentiated
cells [39].

TARGETING DRUG RESISTANCE

Although chemotherapy can reduce tumor mass, an aggressive population of cancer stem cells
within the tumor may be capable of resisting chemotherapeutic drugs [119], leading to relapse
and multi-drug resistance [120]. For example, cancer stem cells from brain tumors express the
neural stem cell surface marker CD133* were resistant to standard chemotherapeutic drugs
[107]. Cancer stem cells isolated from human glioblastomas were more resistant to
chemotherapeutic agents (e.g., temozolomide, carboplatin, paclitaxel, and etoposide) than were
their non-cancer SC counterparts (CD1337). Additionally, CD133 expression was higher in
recurrent glioblastomas as compared to that in a newly diagnosed patient, suggesting the
CD133" cancer SCs were better able to survive therapy. Finally, there is a close association
between CD133 and MDR expression in glioblastoma tissue [121]. Greater MDR expression
has also been associated with cancer stem cells from melanomas, pancreas, and breast [41,
122,123].

CHEMOPREVENTIVE AGENTS AND CANCER

To prevent, the onset of cancer, the National Institutes of Health (NIH) in the United States
recommended a high fiber, low fat diet, consisting more fruits and vegetables. Epidemiological
studies suggest that diet plays a major role in the prevention of many cancers [124].

CURCUMIN

Curcumin is acommon flavoring agent and an active ingredient of Indian spice turmeric, which
has been used in Indian folk medicine to treat a number of ailments. It may be a dietary
component responsible for lower rates of colorectal cancer in certain part of India [125].
Extensive research over the last half century has revealed several important functions of
curcumin. By modulating the activation of various transcription factors, curcumin regulates
the expression of inflammatory enzymes, cytokines, adhesion molecules and cell survival
proteins. Curcumin has no discernable toxicity, inhibits the growth of transformed cells
[126] and has also been shown to suppress initiation, promotion, and progression of colon
carcinogenesis in carcinogen-induced rodent models [127]. Curcumin also down regulates
cyclin D1, cyclin E and MDMZ2 and up regulates p21, p27 and p53 [128,129]. The recent
preclinical and clinical studies have demonstrated the antitumor, anti-angiogenic properties of
curcumin [130,131]. The anti-tumor properties including inhibition of tumorigenesis and
induction of apoptosis have been demonstrated in both in vitro and in vivo studies [132,133].
Moreover, curcumin has been shown to have potent anti-angiogenic activity through its ability
to inhibit proliferation of vascular endothelial cells, and capillary tube formation and growth
in vivo [134,135]. Pilot Phase I clinical trials have shown that curcumin is safe even when
consumed at a daily dose of 12 g for 3 months [128,129]. The anti-tumor properties of curcumin
have been attributed, at least in part, to its ability to inhibit the expression and activity of COX-2
[136,137]. Inaphase 1 clinical trial, curcumin was found to be effective in inhibiting the growth
of a variety of tumors [138].

Colon CSCs have been shown to express surface markers CD44, CD166, CD133, and
epithelial-specific antigen (also known as EpCAM) [105]. CSCs also show resistance to a
number of conventional therapies [139], which may explain why it is difficult to completely
eradicate cancer and why recurrence is an ever-present threat. Thus, therapeutic strategies that
specifically target colon CSCs are likely to be effective in eradicating tumors and in reducing
the risk of relapse and metastasis. 5-Fluorouracil or FOLFOX, which remains the backbone of
colorectal cancer chemotherapeutics, shows limited success. Recent studies have demonstrated
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that curcumin enhances the effects of 5-FU and oxaliplatin in mediating growth inhibition of
colon cancer cells by modulating EGFR and IGFR [140]. Also, curcumin by itself or in
combination with the conventional colon cancer chemotherapeutic regimen could be an
effective therapeutic strategy to prevent the emergence of chemoresistant colon cancer cells
by reducing/eliminating the CSCs [141]. Recent studies in breast cancer cells demonstrated
that curcumin and piperine inhibited Wnt signaling. Curcumin and piperine separately, and in
combination, inhibit breast cancer stem cell self-renewal but do not cause toxicity to
differentiated cells. Both curcumin and piperine inhibited mammosphere formation, serial
passaging, and percent of ALDH+ cells by 50% in normal and malignant breast cells. There
was no effect on cellular differentiation. These compounds could be potential cancer preventive
agents. Mammosphere formation assays may be a quantifiable method to assess cancer
preventive agent efficacy and Whnt signaling assessment can be a mechanistic biomarker for
use in human clinical trials [142].

RESVERATROL

Resveratrol (3,4',5-tri-hydroxy-trans-stilbene), which is mostly found in red wine, is a natural
polyphenol [143]. It possesses several pharmacologic effects that are closely related to health
therapies, including cardiac protection as well as antiviral, anti-inflammatory, and antiaging
activities [144]. Recent studies reported that resveratrol has an anticancer effect and inhibits
tumorigenesis by inducing apoptosis via Fas, p53, and p21 WAF/CIPL mediated pathways
[145,146]. It exhibits a broad spectrum of antiproliferative effects against human cancer cells
[147]. Resveratrol can also increase radiosensitivity of cancer cell lines [148,149]. In addition,
resveratrol treatment decreased the expression of VEGF and fibroblast growth factor-2 in
bladder cancer xenografts, which might also contribute to the inhibition of tumor growth
[150]. More recently, resveratrol was shown to synergize with curcumin to inhibit colon cancer
growth in mouse models, suggesting that the combination of chemopreventive agents might
have greater efficacy [151]. In addition, resveratrol has also been shown to inhibit Notch
signaling and P13-K/Akt pathways, and to activate the proapoptotic/tumor suppressor p53
signaling pathway [67].

A recent study reported that CD133* tumor initiating cells isolated from tissue samples of
atypical teratoid/rhabdoid tumors (AT/RT) patients shared characteristics with stem-like cells
and were refractory to radiation therapy compared with CD133™ cells. Resveratrol could both
inhibit the proliferation and tumorigenicity of these CD133™ cells in vitro and in vivo and
further enhance radiosensitivity and IR-induced apoptosis [144]. Resveratrol treatment induces
both anticancer and radiosensitizing effects on medulloblastoma CSCs, [152]. This improves
the response to radiation therapy for patients with pediatric brain tumors [152]. Resveratrol
prevents cell shedding from mouse mammary cancer spheroids and inhibit cancer cell invasion
in confrontation cultures derived from embryonic stem cells [153].

DIINDOLYMETHANE OR INDOLE-3-CARBINOL

The active and beneficial substances in cruciferous vegetables have been shown to contain
absorbable 3,3’-diindolylmethane (DIM) and its precursor, indole-3-carbinol (I13C) and it has
been shown long history in cancer prevention research [154,155]. DIM was shown to inhibit
the growth of breast tumor xenografts, in part through inhibiting tumor angiogenesis [156].
The compound has also been shown to reduce the risk for developing breast cancer [157].
Moreover, disappearance of cervical dysplasia has been observed when treated with this
compound [158]. More recently, B-DIM, a formulated DIM with greater bioavailability was
observed to be much more effective as an antitumor agent when combined with erlotinib in an
orthotopic pancreatic tumor model, when compared with either agent alone [159]. Further
studies are now necessary to identify stem cells in the cervical and pancreatic cancers and to
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determine whether B-DIM and/or 13C alone or in combination with Erlotinib can be potent
inhibitor of these cells.

Silymarin is an active extract from the seeds of the plant milk thistle (Silybum marianum (L.)
(Asterceae), and contains approximately 65-80% silymarin flavonolignans (silymarin
complex) with small amounts of flavonoids and approximately 20-35% fatty acids and other
polyphenolic compounds. The major component of the silymarin complex is silibinin [160].
Silibinin (or its crude form silymarin) is also a flavonoid compound having anticancer efficacy
against various cancers including colon cancer [161,162]. Recent studies suggest that silibinin
suppresses the growth while inducing apoptotic death of human colorectal carcinoma cells in
culture and in tumor xenografts [163]. In many animal studies, it has been observed that
silibinin/silymarin feeding to mice up to 2 gm/kg dose does not show any apparent signs of
toxicity, and that the agent is physiologically available in different organs of the mice [164].
The non-toxic nature of the compound coupled with its anticancer potential makes silibinin a
suitable candidate for cancer chemoprevention studies.

CRUCIFEROUS VEGETABLE COMPOUNDS

Consumption of cruciferous vegetables such as broccoli, cabbage, kale, Brussels sprouts, radish
is more strongly associated with cancer protection [165]. Benzyl isothiocyanate (BITC) and
Sulforaphane are cruciferous vegetable compounds, which have been shown to inhibit various
animal models of cancers including chemically induced cancers and genetic models of cancer
[166—169]. Recent studies suggest that sulforaphane protects against tumor development
during the post-initiation phase, the mechanism of suppression being cell cycle arrest and
apoptosis [169]. As before, studies are required to determine whether compounds isolated from
cruciferous vegetables have any effects on CSCs.

CONCLUSION

The cancer stem cell hypothesis is gaining acceptance after the accumulation of extensive
research evidence suggesting that the small subset of the tumor mass is responsible for the
sustained growth of the tumor. Furthermore, it is becoming apparent that the cancer stem cells
are responsible for disease relapse and resistance to the existing therapies. Identifying new
drugs that can specifically target cancer stem cells could lead to a new generation of anti-cancer
medicines and a new strategy of treatment. Dietary phytochemicals are natural products found
in our diet and can be used to target cancer stem cells. As the phytochemicals sensitizes the
chemotherapy resistant cells, and targets aberrantly expressed molecules and various signaling
pathways in the cancer stem cells, developing novel therapeutic molecules from these lead
compounds will target the highly resistant cancer stem cells, thereby preventing the recurrence.
Thus identification of such cancer stem cell targeting therapy and their use in combination with
standard chemotherapy agents will curtail this dreadful disease. The next level of challenge
will be the protection of normal stem cells and targeting the cancer stem cells specifically.
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Fig. (1).
Cancer Stem Cell Hypothesis. Conventional therapies are directed towards rapidly dividing
cells and fail to eliminate the rare cancer stem cells (CSCs) resulting in regrowth of the tumor.
However, recent studies suggest that when CSCs are targeted and killed, it will lead to the
elimination of the tumor.
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Table 1

Major Stem Cell Signaling Pathways and Compounds

JAK-STAT, MAPK/ERK, PI3-K/Akt

Sulforaphane

Major Signaling Pathways Compounds References
Notch Resveratrol, Curcumin [65]
Whnt/B-Catenin EGCG [51]
Hedgehog Cyclopamine [4,116]
Other Signaling Pathways
Curcumin, Reseveratrol, Silibinin, Diinodolymethane, | [95,102,103,151]
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Page 24

Markers that have Been Proposed to Characterize Normal Intestinal SCs and Used to Target Cancer Stem Cells

Marker Function Reference

Normal Stem cells | DCAMKL-1 Unknown [23]

Musashi-1 RNA binding protein [170]

Bmi-1 Polycomb-repressor protein [118]

Lgr5 Unknown, WNT target gene [114]

Aldh-1 Enzyme [29]

Cancer Stem cells CD133 Unknown [38]
CD44 Hyaluronic acid receptor [104,105]

CD166 Adhesion molecule [106]

Aldh-1 Enzyme [29]
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