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Abstract The cancer stem cell (CSC) concept has important implications not only
for our understanding of carcinogenesis, but also for the development of cancer
therapeutics. There is a growing body of preclinical evidence that cancer stem cells
contribute to chemotherapy and radiation resistance in breast cancer. The use of
drugs that interfere with stem cell self-renewal represents the strategy of choice, but
also a great challenge because cancer stem cells and their normal counterparts share
many pathways. Dietary compounds have been used in cancer prevention for deca-
des, and some of these compounds target specific mechanisms that control CSC
self-renewal. However, to date, no significant impact of CSCs on clinical outcome
has been identified. The new paradigm imposed by the CSC model may change the
way therapeutic effects are measured in clinical trials, stressing the effect on overall
survival over just rapid tumor size reduction. In this chapter, we present the concept
of cancer stem cell, mechanisms of conventional anticancer treatment resistance,
and how dietary compounds may be used to target the self-renewal capability of
CSCs.
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Introduction

Cancer is the second most frequent cause of death in developed countries. The stan-
dard of care for systemic cancer treatment usually involves conventional chemo-
therapy where the choice of drugs is based upon tumor phenotype, patient condition,
and whether the patient has previously responded to treatment, in the case where
the tumor relapsed after a first line of treatment. Although most chemotherapeutic
treatments induce tumor shrinkage, very often the tumor develops resistance and
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relapses. In recent years, it has become clear that most solid tumors show a hierar-
chical organization at the cellular level with a small population of cancer stem-like
cells responsible for tumor initiation and maintenance, the so-called cancer stem
cells (CSCs) or tumor initiating cells (TICs) for their ability to initiate tumors in
immune-compromised animal models. The presence of cancer stem cells in tumors
is likely one of the main reasons why current oncologic therapies are not very ef-
fective in preventing tumor progression, metastasis, and recurrence (Shafee et al.
2008; Tanei et al. 2009; Cirenajwis et al. 2010). Common chemotherapeutic drugs
and radiotherapy often fail to eliminate these cells. Therefore, elimination of CSCs
may become a necessary step for an effective cure, making CSCs as ultimate thera-
peutic target. Because CSCs are more resistant to conventional treatments than the
bulk of differentiated tumor cells, the combination of CSC specific targeting agents
with conventional chemotherapy will likely overcome tumor resistance and prevent
tumor relapse, thus eventually will improve patient survival.

Medicinal plants have served as the source of therapeutic agents for many kinds
of diseases including cancer. Natural compounds derived from fruits and vegetables
(here onward referred as phytochemicals) have demonstrated their effectiveness in
reducing the proliferation of tumor cells, both in vitro and in vivo. Epidemiological
evidence has shown an association between certain dietary elements and a reduction
of the incidence of cancer. In fact, some of the most common chemotherapeutic drugs
are derived originally from plants, such as taxanes (paclitaxel, docetaxel, and others,
derived from Taxus brevifolia), camptothecin (derived from Camptotheca acuminate),
or vinca alkaloids (such as vincristine, derived from Catharanthus roseus). Some of
the effects of phytochemicals may be directly related to the ability of the compounds
to target cancer stem cell self-renewal. The aim of this chapter is to describe the cur-
rent knowledge about the origin of cancer stem cells and how phytochemicals may
target these rare cell populations, with special attention to breast cancer.

Cancer Stem Cells and Cancer Treatment

Tumors comprise heterogeneous populations of cells that have varying degrees of
tumorigenic potential. Increasing evidence suggests that a biologically unique pop-
ulation of cancer stem cells exists in most neoplasms and may be responsible for tu-
mor initiation, progression, metastasis, and relapse. Evidence that tumors arise from
stem/progenitor cells has been obtained from leukemia (Bonnet and Dick 1997),
breast (Al-Hajj et al. 2003), brain (Singh et al. 2003), colon (Ricci-Vitiani et al.
2007), and most other tumors (pancreas, melanoma, glioblastoma, ovary, liver, and
prostate). However, the target cell for transformation that originates CSCs remains
unknown. This could be a stem cell, a progenitor cell, or a terminally differenti-
ated cell that acquires, through mutations and epigenetic changes, the stem cell
self-renewing property. It is possible that any cell in the tissue cell hierarchy with
proliferative capability could serve as a cancer-originating cell upon acquiring the
changes that promote self-renewal and prevent postmitotic differentiation.
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There are a number of reports using in vitro culture of tumor cells and animal
models showing that CSCs are more resistant to conventional cancer therapies,
thereby placing these cells at the root of tumor recurrence and metastases. Several
preliminary reports have indeed shown that this is also the case for human can-
cer patients. In breast cancer, Li et al. (Li et al. 2008) showed that conventional
chemotherapy increased the fraction of CD44Meh CD24 7o cells in a neoadjuvant
setting of advanced breast cancer patients. Tanei et al. (Tanei et al. 2009) have
shown that paclitaxel and epirubicin-based chemotherapy enriches for aldehyde
dehydrogenase-1 positive cells in breast tumors; another marker for CSCs (Gines-
tier et al. 2007). CSCs from brain tumors expressing the neural stem cell surface
marker CD133" were resistant to standard chemotherapeutic drugs (Singh et al.
2004). Current therapeutic agents for the management of the cancer patient are
directed towards rapidly proliferating cells, failing to address the mechanisms of
self-renewal and tumor initiation, which are the mechanisms that define stem cell
activity. Therefore, if CSCs have intrinsic different sensitivity to these agents, then
treatment would not succeed in complete cancer eradication, and tumor shrinkage
reflects the effect in rapid proliferating non-CSC cells. On the other hand, target-
ing just CSCs may not be sufficient as a cancer therapy because proliferating cells
could also give rise to CSCs. Thus combined elimination of CSCs and non-CSCs
may be the way to go for a complete cancer treatment. But, how are CSCs less
sensitive to the conventional anticancer therapies? Several studies show that CSCs
are relatively resistant to conventional antineoplastic agents, both in vitro and in
vivo in animal models. For example, after treatment of TM40D breast cancer cells
with paclitaxel/epirubicin, a common first-line treatment for breast cancer, most
of the surviving cells expressed the CSC markers CD44%/CD24'"°¥, also evidenced
in tumor biopsies from treated breast cancer patients (Creighton et al. 2009). In
colorectal cancer, human primary tumors transplanted into mice after treatment
with oxaliplatin or irinotecan showed an increased fraction of cells with a CSC phe-
notype, compared with tumors before treatment or untreated tumors, and increased
tumorigenicity (Dylla et al. 2008).

Mechanisms of Drug Resistance in CSCs

Stem Cells are not Actively Dividing Cells

Normal stem cell longevity is ensured by prolonged exit from the cell cycle, a
mechanism that prevents the exhaustion of the replicative potential and limits DNA
damage (Wilson et al. 2008). A similar mechanism is presumed to operate in CSCs,
making these cells less sensitive to antiproliferative drugs, minimizing the exposure
to DNA-damaging metabolic products. However, the existence of dormant CSCs
has not been directly demonstrated and the cell cycle status of CSCs in homeostasis
is still controversial.
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Increased Expression of Antiapoptotic Proteins

Two major apoptosis-inducing pathways coexist in cancer cells. The extrinsic or re-
ceptor-mediated pathway is initiated upon engagement of one or several of the death
receptor (DR) family, promoting the assembly of a multiprotein complex that ulti-
mately activates the initiator caspase-8, that subsequently will activate the effector
caspases (-3, and -7). The intrinsic pathway is initiated by the loss of outer mitochon-
drial membrane permeability and the release to the cytosol of proapoptotic media-
tors, mainly cytochrome ¢ and Smac proteins. Cytochrome ¢ binds to the scaffolding
protein Apaf-1 that assembles a protein complex for the activation of the initiator
caspase-9. Smac proteins are inhibitors of the inhibitors of apoptosis (IAPs) family,
preventing their role as caspase activation blockers. The intrinsic pathway is engaged
by a plethora of intracellular stimuli, mainly reflecting cell stress. Both pathways are
tightly controlled by a complex network of proapoptotic and antiapoptotic proteins,
such as the Bcl2 family proteins. CSCs have been reported to harbor multiple defects
in the apoptosis-inducing machinery. For example, CD133-positive glioblastoma
stem cells were reported to be resistant to Fas-induced apoptosis (extrinsic pathway),
which was associated with the expression of a monomeric form of Fas protein (Ber-
trand et al. 2009). These cells also show higher expression of the inhibitor of apopto-
sis proteins XIAP and cIAPs compared to the CD133 negative population (Liu et al.
2006). CD133 positive cells in several tumor models showed increased expression
of FLIP, an inhibitor of TRAIL (one of the DR) activation, making them more re-
sistant to TRAIL-induced apoptosis (Zobalova et al. 2008). Increased expression of
antiapoptotic Bcl2 family members have been described in glioma, breast, and colon
cancer stem cells (Madjd et al. 2009; Kemper et al. 2012; Qiu et al. 2012), suggesting
an alternative target to overcome treatment resistance in these tumors.

Increased Expression and Activity of Multifunctional Drug Efflux
Channels from the ATP-Binding Cassette (ABC) Gene Family

Hematopoietic stem cells were described to express increased concentration of the
transporters p-GP (MDR1, ABCB1) and BCRP (ABCG2; Lou and Dean 2007), and
this feature has been exploited to isolate the stem cell population on the basis of dye ex-
clusion (side population). However, stem cells from other tissues lack overexpression
of these molecules. Besides, even if some transporters are overexpressed in stem cells,
this may only explain resistance to the specific drugs that can be effluxed by them, not
the wide resistance response observed including resistance to ionizing radiation.

Increased Expression of Detoxifying Machinery

The family of enzymes aldehyde dehydrogenase (ALDH) is involved in detoxifica-
tion of intracellular aldehydes. In particular, ALDH1A1 and ALDH3A1 isozymes
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have been shown to play important functional roles in normal stem cells able to me-
tabolize chemotherapeutic agents, such a cyclophosphamide (Sladek et al. 2002).
ALDH activity, detected by the conversion of the metabolic substrate Aldefluor®,
is commonly used as a marker for CSCs (Charafe-Jauffret et al. 2009) and high
ALDHI1 expression has been shown to correlate with poor prognosis in breast can-
cer patients (Ginestier et al. 2007).

Lack of Hormone Receptors

CSCs in hormone-dependent cancers, such as breast cancer or prostate cancer, have
been shown not to express hormone receptors [estrogen receptor (ER) and proges-
terone receptor (PR) for breast cancer; and androgen receptor (AR) for prostate
cancer]|. Therefore, CSCs are not being affected by drugs targeting hormone recep-
tors (such as tamoxifen).

Targeting CSCs seems the right approach to cure the patient effectively, assum-
ing that the CSC population is stable over time and that the CSC phenotype is intrin-
sic cell autonomous features not attainable by differentiated non-CSC cells. Results
from our group and others, however, suggest that this may not be the case and point
towards a more flexible and dynamic CSC population (Mani et al. 2008; Iliopoulos
etal. 2011; Leis et al. 2012). If this is the case, then therapy must be directed not to-
wards CSCs, but towards the molecular mechanisms responsible for the activation
of CSCs at tumor initiation and during tumor progression. In particular, stemness-
associated pathways, such as those involved in the induction and maintenance of
pluripotency, are promising targets for anti-CSCs drug development.

Functional Assessment of Cancer Stem Cell Activity

Application of stem cell biology to cancer research has been limited by the lack of
simple methods for identification and isolation of normal and malignant stem cells.
Assays commonly used to assess stem cell activity in tumors are described below.

Cell Surface Markers

In 1997 Dick et. al. demonstrated that human leukemias are driven by a small popu-
lation of cells with the CD34" and CD38™ phenotype. Transplantation to humanized
NOD/SCID mice at a number as few as 100 cells are capable of regenerating the
original tumor (Bonnet and Dick 1997). Clarcke and Wicha extrapolated this con-
cept to solid tumors demonstrating that human breast tumors have a population of
cells with stem cell properties. Using flow cytometry based on cell surface markers
they differentiated the tumorigenic (tumor initiating) from the nontumorigenic cancer
cells, identifying the tumorigenic cells as CD44* CD24 % Lin". This population has
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capacity to generate the phenotypic heterogeneity found in the initial tumor when
transplanted to humanized NOD/SCID mice (Al-Hajj et al. 2003). Since then, spe-
cific surface markers expressed on CSCs but not on the bulk of the tumor have been
identified on a variety of cancers, including brain cancers (CD133%), prostate can-
cer, melanoma, multiple myeloma, colon (CD133"), pancreatic, and head and neck
cancers. Nevertheless, there is still not a single CSC specific marker, likely due to
functional plasticity of this population. Thus, a cell that shows CSCs activity may not
express a CSC-designated marker although functionally capable of initiating tumors.
This complicates pathological evaluation of CSC content from natural tumor samples.

Side Population (SP)

ATP binding cassette (ABC) transporters represent a family of proteins with the capac-
ity to bind ATP as an energy source to transport endogenous or exogenous molecules
across the cellular membrane). Some of these proteins, such as the proteins encoded
by MDR, MRP, and BCRP1, contribute to drug resistance and subsequent recurrence
in cancers (Hadnagy et al. 2006). BCRP1 excludes the fluorescent dye Hoechst 33342
that universally binds to the AT-rich regions of the minor groove of DNA, identifying a
side population (SP) of cells, which is enriched for cells with stem cell characteristics.
A variety of established cancer cell lines, which have been maintained in culture for
decades, and also tumors contain a small SP. These SP cells, but not non-SP cells, self-
renew in culture, are resistant to anticancer drugs, have the capacity to form tumors
when transplanted in vivo and can be identified as the “side” of the bulk of the Hoechst
33342 positively stained cells in fluorescence-activated cell sorting (FACS) analysis
plots. However, this staining is technically challenging and not always reproducible;
in addition, DNA intercalating agents affect the viability of the cells in subsequent cul-
tures, limiting the application of this procedure. On the other hand, this is a functional
parameter not limited to the expression of a particular marker on the cell surface.

Aldehyde Dehydrogenase 1

Aldehyde dehydrogenase 1 is an intracellular enzyme whose functions include the
oxidation of toxic aldehyde metabolites to carboxylic acids like those formed dur-
ing alcohol metabolism. It has been shown that ALDHI1 activity enriches for cells
with stemlike properties in a variety of solid malignancies (Ginestier et al. 2007).
This enhanced detoxifying activity, besides its use as a marker for stem cells, may
relate to the lower sensitivity of stem cells to certain chemotherapeutics, such as
cyclophosphamide (Sladek et al. 2002). Interestingly, ALDH activity does identify
a different population from, for example, CD44* CD24 ¥ in breast cancer, point-
ing to the existence of different CSC populations or several functional states on
CSCs. As ALDHLI activity has been used as a common marker for both normal and
malignant stem and progenitor cells, commercial kits have been released to identify
and isolate cells with high ALDHI1 activity.
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Sphere Formation Assay

Derived from the neural stem cell field, CSCs when cultured in serum-free re-
stricted medium with proper growth factors preventing attachment to a substrate,
can form floating spheroidal aggregates (tumorospheres) that are enriched in CSC
(Dontu and Wicha 2005). Hepatoma cell lines, squamous cell carcinoma cell lines,
or head and neck squamous carcinoma cell lines, among others, form nonadherent
tumor spheres in culture that possess CSC properties. In breast carcinoma cell line
MCF7, the mammosphere assay has been demonstrated to enrich and propagate
cells with enhanced tumor initiating ability (Deleyrolle et al. 2011). This assay is
used as a stem-cell-like functional assay that allows the propagation of mammary
epithelial and breast tumor cells in an undifferentiated state based on their ability
to proliferate in suspension and as a functional in vitro assay for cancer stem-like
specific drug screening. A limitation of the sphere assay relates to whether this as-
say properly identifies the frequency of in vivo quiescent stem cells as opposed to
measuring cells that adapt or can act as a proliferating mammary stem cell in vitro.
Furthermore, not every cell line, despite its tumor-initiating ability, can form tumor
spheres in culture, raising questions about the restrictions imposed on cell growth
in this assay.

Mice Xenografts

Currently, the gold standard functional assay to demonstrate tumor-initiating ability
consists of hetero-transplantation of human cancer cells into immunodeficient mice.
This xenograft model has been used to study cancer pathogenesis and drug develop-
ment for several decades (Morton and Houghton 2007), and with the development
of FACS analysis, self-renewal capacity of a subpopulation with a given cell surface
phenotype is commonly assessed using limiting dilution cell transplantation into
immune-deficient mice and then scored for tumor engraftment. Mice xenograph
models can also be utilized to recapitulate a primary tumor from biopsy samples.
Primary tumors are minced and enzymatically digested. Then primary tumor-de-
rived cells are transplanted into mice, either under the skin or into the organ type
in which the tumor originated, at varying cell densities. The developing time of the
tumor will depend on the number of cells inoculated. This assay is costly and very
low throughput, limiting its use to laboratories with dedicated animal facilities.

Zebrafish

The mice xenograft model presents several caveats at a practical level, such as ex-
pensive animal facilities, number of animals used in each experiment, and the length
of time to tumor formation. Zebrafish have been widely used in preclinical tests
and drug screening, as well as toxicity assays for a variety of reasons: fish are inex-
pensive to maintain, breed in large numbers (100-300 embryos per week/couple),
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develop rapidly ex vivo, embryos are transparent, have short generational cycles
(2-3 months), are immunodeficient until day 11 postfertilization, require a small
amount of drugs per experiment, small in size, optically clear during development,
and amenable to genetic manipulation. Recently, tumor cell xenografts into 2 days-
postfertilization zebrafish embryos have proved useful to assess stem cell features
(Eguiara et al. 2011). Therefore, zebrafish xenografts may represent a better alterna-
tive to medium throughput drug screening in vivo, not achievable using mice.

Molecular Targets of Phytochemicals in Cancer Stem Cells

The molecular mechanisms that control self-renewal of cancer stem cells are
essential elements for tumor survival and propagation. Multiple signaling path-
ways (Fig. 1) have been identified including the Wnt/B-catenin, Hedgehog (Hh),
and Notch and PI3K-Akt signaling pathways (Beachy et al. 2004). Although genes
involved in these pathways are expressed in normal stem cells, they are frequently
mutated or aberrantly activated in almost all cancers. As mentioned in Fig. 1, di-
etary phytochemicals are natural products target multiple signaling pathways in
CSCs, such as Wnt signaling in breast cancer (Kakarala et al. 2010) or side popula-
tion in brain tumors (Fong et al. 2010). It would be interesting to determine if these
compounds have differential effects on CSCs, and if so, understanding the mecha-
nism of action of phytochemicals would lead to the development of novel therapeu-
tic drugs for cancer treatment. Some of the phytochemicals possessing anti-CSCs
activities are mentioned below.

Curcumin

Curcumin is a well-known dietary polyphenol present in an Indian spice called
Curcuma Longa usually used in the preparation of curry. It has anticancer activity
both in vitro and in vivo models (Epstein et al. 2010). Unfortunately, it also af-
fects cell proliferation through cell cycle arrest and cytotoxicity in both normal and
transformed cells (Karmakar et al. 2006). It has been described that curcumin af-
fects many signaling pathways (Fig. 1) related to apoptosis, proliferation, stem cell
self-renewal, and epithelial-to-mesenchymal transition (EMT), as well as Wnt/B-
Cathenin and Notch pathways (Yan et al. 2005; Karmakar et al. 2006; Ryu et al.
2008; Kakarala et al. 2010; Yang et al. 2012).

Piperine

Piperine is a dietary polyphenol, isolated from black and long peppers, which has
been reported to reduce cancer incidence in animal models (Pradeep and Kuttan
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Fig. 1 Schematic representation of signaling pathways that operate in CSCs and where the descri-
bed phytochemicals exert their effect

2002; Selvendiran et al. 2004). It was reported that piperine altered cancer stem
cell self-renewal by inhibiting the ability of stem cells to grow as floating mam-
mospheres and reducing the cell population that shows increased ALHD activity
(Kakarala et al. 2010), without affecting the differentiated cells in the culture. The
specific mechanisms operating in cancer stem cell self-renewal targeted by piperine
are not currently known.

Resveratrol

Resveratrol, another polyphenol is an ingredient of red wine, stops breast cancer
cell growth by blocking growth stimulating effect of estrogen (De Amicis et al.
2011). This paper suggests that resveratrol is able to counteract the malignant pro-
gression by inhibiting the proliferation of hormone-resistant breast cancer cells.
This has important implications for the treatment of women with breast cancer re-
sistant to hormonal therapy. It has also been described as a DNA demethylating
agent in breast tumors and breast carcinoma cell lines (Zhu et al. 2012). It has
recently been described that resveratrol synergizes with curcumin to inhibit colon
cancer growth in mouse models, suggesting a better response to chemopreventive
agents (Majumdar et al. 2009).
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Cruciferous Vegetable Derived Compounds

Cruciferous vegetables such as broccoli, cabbage, kale, Brussels sprouts, and radish,
have been shown to contain absorbable 3,3’-diindolylmethane (DIM), which pre-
vent cancer (Bradlow et al. 1999). Sulphoraphane is another bioactive compound
that is abundant in cruciferous vegetables and was shown to block mammosphere
formation in breast carcinoma cell lines in vitro and decrease tumor size in mouse
xenograft models, associated with a reduction of the stem cell marker ALDH (Li
et al. 2010), although it is not clear what pathways are targeted.

Silibinin

Silymarin and its major constituent silibinin, are extracted from the medicinal plant
Silybum marianum (milk thistle) and has traditionally been used for the treatment of
liver diseases. Recently, these orally active flavonoid agents have also been shown
to exert significant antineoplastic effects in a variety of in vitro and in vivo cancer
models, including skin, breast, lung, colon, bladder, prostate, and kidney carcino-
mas (Hogan et al. 2007) due to induction of apoptotic death. More studies are re-
quired in order to determine whether it has any effects on CSCs.

Epigallocatechin-3-Gallate (EGCG)

(—)-Epigallocatechin-3-gallate (EGCQG) is a bioactive polyphenolic compound pres-
ent in green tea, which is one of the most widely consumed beverages in the world.
Epidemiological studies suggest an association between green tea consumption and
cancer prevention agents (Landis-Piwowar et al. 2007). It has been extensively de-
scribed as a Wnt pathway regulator, one of the key pathways controlling stem cell
self-renewal in breast cancer and colon cancer (Bose et al. 2007). EGCG induces
HMG box-containing protein 1 (HBP1) transcriptional factor, which is a recognized
suppressor of Wnt signaling (Kim et al. 2006). Another described effect of EGCG
is altering chromosomal structure through reduction in Bmi-1 levels (Balasubra-
manian et al. 2010). Bmi-1 is highly expressed in cancer stem cells such as leuke-
mia, neuroblastomas, and skin cancer, accompanied by the decreased expression of
pl6™4a and p19AT™ tumor suppressor genes. Taken together, these studies support
the further evaluation of EGCG in CSCs.

Vitamin A and D

One of the isoforms of vitamin D, cholecalciferol (Vitamin D3), was demonstrated
to block Hedgehog-dependent signaling in breast cancer cell lines through binding



Therapeutic Action of Phytochemicals on Cancer Stem Cells 181

to Smo, although it did not show effects on tumor growth in vivo (Bijlsma et al.
2006; Bruggemann et al. 2010). Vitamin D can also interfere with the oncogenic
mechanisms of B-catenin activity (the effector in the canonical Wnt signaling path-
way) through a dual mechanism: vitamin D can modulate the expression of the Wnt
signaling inhibitors DKK1 and DKK4 in colon cancer cells (Aguilera et al. 2007,
Pendas-Franco et al. 2008), and on the other hand promote the translocation of
[B-catenin from nucleus to plasma membrane and thereby inhibit the expression of
[-catenin-responsive genes through association with the Vitamin D receptor (VDR)
(Palmer et al. 2001).

Genistein

Genistein is an isoflavone which is the major bioactive compound extracted from
soy. Epidemiological evidence suggests that soy consumption decreases the risk
of cancer (Messina et al. 1994). As other isoflavones, genistein has been explored
as an angiogenesis inhibitor. Besides, various studies have found that moderate
doses of genistein have growth inhibitory effects on prostate, brain, breast, and
colon cancer (de Lemos 2001; Morito et al. 2001; Hwang et al. 2009; Nakamura
et al. 2009; Das et al. 2010; Sakamoto et al. 2010). Regarding cancer stem cells,
lifetime feeding of genistein (250 mg/kg per day) to rats increased expression
of the Wnt signaling antagonist secreted frizzled-related protein 2 (sFRP2) and
thus might account for a reduction in stem cell self-renewal (Su et al. 2007). It
is interesting that downregulation of sFRP2 is a frequent event in breast cancer
(Suzuki et al. 2008).

Clinical Trials Related to CSCs and Future Perspectives

A great proportion (70%) of drugs tested in oncology fail in randomized phase III
clinical trials, despite extensive evidence in animal models showing therapeutic ef-
fect. The efficacy of antitumor agents in phase II clinical trials is commonly eval-
uated following RECIST (Response Evaluation Criteria In Solid Tumors) rules
that define when cancer patients improve (“respond”), stay the same (“stable”),
or worsen (“progression”) during treatments. Since the bulk of tumor cells (non-
CSCs) constitute most of the tumor mass, efficacy mainly reflects the ability to
kill those non-CSCs. Thus it is not tumor size reduction, but instead complete
response (CR), that is a valid endpoint when associated with reduced recurrence
rate. An agent that only targets CSCs is predicted to show only moderate effect on
tumor size (therefore scored as a failure) but would have dramatic effect prevent-
ing tumor recurrence. On the other hand, an agent that targets the bulk of tumor
cells but not CSC self-renewal will initially show good clinical response but will
not prevent recurrence. Such a trial may result in a failure because of evidence
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of tumor progression. Therefore, innovative clinical trial designs are required to
assess efficacy of these drugs with appropriate biological and clinical endpoints.
For example, 80% of breast cancer patients show good clinical outcome in five
years, therefore, a clinical trial designed against breast cancer stem cells would
be directed to patients that have failed a second or third line of treatment (usually
chemotherapy) where they are less likely to respond to any treatment. It will be
lengthy process and involve a significant number of patients, thus the cost would
be huge. It is necessary to introduce recurrence in the adjuvant setting to identify
effective CSC targeting agents. For new agents that are tested against CSCs, in or-
der to expedite their approval by the regulatory authorities, it might be desirable to
seek niche indications where rapid clinical endpoints can be assessed. For exam-
ple, small-cell-lung-carcinoma typically responds well to first-line chemotherapy,
however, most patients relapse within 12 months. Therefore, a valid indication
would be to treat with anti-CSCs agents just after the first line of chemotherapy,
where the endpoint would be to look for relapse-free survival. Once a novel agent
is approved, its transition to other indications is faster. Another possibility would
be to combine current chemotherapeutic treatment with anti-CSC phytochemicals,
however, this scenario would complicate the design of clinical trials. Only if such a
phytochemical is proved to lower the resistance threshold of a known chemothera-
peutic would it be advisable to use them in combination.

Dietary phytochemicals are considered attractive alternatives for development in
cancer chemoprevention. As outlined before, resveratrol, piperine, genistein, or cur-
cumin have undergone extensive mechanistic and preclinical efficacy investigation,
although their clinical use is still very scarce. As opposed to chemical anticancer
drugs, that are designed to act on specific targets, dietary agents exert a plethora of
actions with an unknown hierarchy of biological importance, lacking a clear corre-
lation between effect and mechanistic information. Moreover, as chemopreventive
agents, clinical trials involve lengthy periods of time to assess efficacy, as well as a
significant number of patients. Dose determination is also tricky, as effective doses
used in vitro usually are several orders of magnitude above the typical dose of the
phytochemical found in the ordinary diet, with potential for appearance of toxic
effects in vivo. Of course, any toxic effect for chemopreventive agents is unaccept-
able. Altogether, these caveats make clinical trials with dietary compounds unat-
tractive to trial sponsors, which explains the lack of funding.

Nevertheless, it would be very promising to study dietary compounds’ efficacy
against CSCs. Given that these diet-based compounds are usually multitargeted,
they may mediate other cellular events, for example, induction of CSC differen-
tiation and sensitization of CSCs to chemotherapeutic agents, in addition to their
potential impact on self-renewal signaling. No specific clinical trial has been
designed thus far to assess phytochemicals effect on CSCs, although numerous
trials are actively seeking to investigate their use as more effective strategies for
cancer treatment, and to reduce cancer resistance and recurrence, thus improving
patient survival.
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