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The unique properties of cancer- and metastasis-initiating cells endowed with a high self-renewal and

aberrant differentiation potential (including their elevated expression levels of anti-apoptotic factors,

multidrug transporters, and DNA repair and detoxifying enzymes) might be associated with their

resistance to current clinical cancer therapies and disease recurrence. The eradication of cancer- and

metastasis-initiating cells by molecular targeting of distinct deregulated signaling elements that might

contribute to their sustained growth, survival, and treatment resistance, therefore, is of immense

therapeutic interest. These novel targeted approaches should improve the efficacy of current therapeutic

treatments against highly aggressive, metastatic, recurrent, and lethal cancers.
Introduction
Major progress toward the identification of new therapeutic tar-

gets in cancer cells in recent years has led to the discovery and

development of new classes of anti-cancer drugs [1–7]. These anti-

cancer drugs hold great promise for improving the efficacy of

current clinical treatments by surgical resection, anti-hormonal

therapy, radiation therapy, and/or chemotherapy. In particular,

the progression of organ-confined cancers to locally invasive or

metastatic disease stages is generally associated with resistance to

current conventional treatments, disease relapse, and the death of

cancer patients within a short period [2–9]. Thus, the molecular

targeting of distinct oncogenic products in the cancer cells

involved in primary cancer progression and metastases at distant

tissues and organs might constitute more promising therapeutic

approaches than monotherapies for developing new combination

therapies against aggressive and recurrent cancers [2–8].

Importantly, a growing body of experimental evidence has

revealed that the accumulation of genetic and/or epigenetic altera-

tions in tissue-resident adult stem/progenitor cells or their early

progenies can result in their malignant transformation into cancer

stem/progenitor cells, also known as ‘cancer-initiating cells’ or

‘tumor-initiating cells’ [10–20] (Figure 1). Based on the cancer
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stem/progenitor cell concept of carcinogenesis, it is suggested that

highly leukemic or tumorigenic cancer-initiating cells can provide

crucial functions for primary cancer initiation and progression by

giving rise to the bulk mass of differentiated tumor cells. In support

of this hypothesis, it has been shown that the induction of genetic

and/or epigenetic alterations in adult stem cells and/or their more

committed progenitors can culminate in their malignant trans-

formation and leukemia or tumor development in animal models

[14,15,17,19–30]. These genetic aberrations include specific muta-

tions in distinct tumor suppressor genes (p53, p16INK4A, retino-

blastoma and/or phosphatase, and tensin homolog deleted on

chromosome 10, or PTEN), activating mutations in oncogenic

products such as RAS, chromosomal rearrangements generating

oncogenic fusion proteins, and/or the persistent activation of

diverse developmental signaling cascades such as hedgehog, epi-

dermal growth factor receptor (EGFR), HER2, Wnt/b-catenin, and/

or Notch [14,15,17,19–30]. In particular, cumulative telomere

shortening and mutations, sustained oxidative stress, chronic

inflammation, and/or fibrosis occurring over time during

chronological aging might culminate in a genomic instability

and the malignant transformation of these immature cells

[12,15,19,20,25–28].

Importantly, subpopulations of immature cancer cells with

stem cell-like properties have been isolated from primary malig-

nant tissues of cancer patients and established cancer cell lines
ee front matter � 2010 Elsevier Ltd. All rights reserved. doi:10.1016/j.drudis.2010.03.009
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FIGURE 1

Proposed model of cancer initiation, progression, and metastasis and treatment resistance mediated through cancer- and metastasis-initiating cells. This scheme
shows the malignant transformation of adult stem/progenitor cells into tumorigenic cancer stem/progenitor cells, also known as ‘cancer-initiating cells’, which

may be induced through genetic and/or epigenetic alterations in these immature cells and changes in their local microenvironments, including the activated

stromal cells. The symmetric or asymmetric division of cancer stem cells (CSCs) into transit-amplifying (TA) also designated as intermediate cells that, in turn, may
generate the bulk mass of poorly, moderately, and highly differentiated cancer cells is also illustrated. Moreover, the acquisition of a migratory phenotype by

tumorigenic cancer-initiating cells, which may be induced by the sustained activation of distinct oncogenic signaling pathways during the epithelial–

mesenchymal transition (EMT) program, is shown. The possible invasion of certain tumorigenic andmigrating cancer-initiating cells in the activated stroma, which

might lead to their dissemination through the peripheral circulation at distant tissues and organs, is also illustrated. Moreover, the possible loss of the migratory
phenotype of metastasis-initiating cells via the occurrence of mesenchymal–epithelial transition (MET) at secondary tumor sites is indicated. The dormancy

phenomenon of metastasis-initiating cells and their possible reactivation associated with the formation of secondary tumor formation under specific

microenvironmental conditions at distant sites is also illustrated. New cancer therapies, which use molecular targeting of cancer- and metastasis-initiating cells to

counteract cancer progression and metastases at distant tissues and organs, are also indicated.
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[14–17,31–47]. Among the cancer types harboring a subpopula-

tion of cancer-initiating cells, there are leukemias, lymphomas,

sarcomas, melanoma, brain tumors, and a variety of epithelial

cancers including skin, head and neck, thyroid, lung, cervical,

renal, hepatic, esophageal, gastrointestinal, colon, bladder, pan-

creatic, prostate, mammary, and ovarian cancers [14–17,31–

45,48–55]. The cancer-initiating cells typically expressed several

stem cell-like markers including telomerase, aldehyde dehydro-

genase (ALDH), CD133, CD44, CXC chemokine receptor 4

(CXCR4), KIT, ATP-binding cassette (ABC) multidrug transporters,

and/or transcription factors such as OCT-3/4, Nanog, and SOX2

[14–17,31,33–36,38–43,50,52–55]. The highly leukemic or tumori-

genic cancer stem/progenitor cells were able to give rise in vitro and

in vivo to the total mass of differentiated cancer cells that recapi-

tulated the complex morphological characteristics and heteroge-

neous phenotype of the original patient’s tumors [14,16,31,33–

37,39–43,52–55] (Figure 1).

In addition, the acquisition of a migratory phenotype by

tumorigenic cancer stem/progenitor cells during the epithelial–

mesenchymal transition (EMT) process concomitant with the

changes in the activated stroma might also lead to their invasion

from primary neoplasms, dissemination through the peripheral

circulation, and the formation of aggressive and metastatic cancers

at distant tissues and organs [10,11,15,19,20,35,36,43,47,53,56–

65] (Figure 1). Consistently, tumorigenic and migrating cancer

stem/progenitor cells with stem cell-like properties have been

detected at invasion sites in primary tumors, as well as isolated

from peripheral blood [15,35,36,39,43,66,67]. In addition, imma-

ture cancer cells with stem cell-like properties, also known as

‘metastasis-initiating cells’, have been detected and isolated from

secondary tumor samples from cancer patients and metastatic

cancer cell lines [10,11,15,35,36,39,47,49,65]. Although the can-

cer- and metastasis-initiating cells generally represent minorities

within the tumor cell population (Figure 1), it is important to note

that their numbers and phenotypic and functional features can

vary with cancer subtype, during cancer progression, after treat-

ment initiation, and after disease relapse [10,11,36,38,46,53,68–

80]. Furthermore, the number of cancer stem/progenitor cells

endowed with stem cell-like properties may depend on the meth-

ods used for their isolation and in vitro and in vivo characterization

[46,60,68,73,74,81,82]. In particular, a greater proportion of can-

cer-initiating cells might be detected in total cancer cell mass after

the induction of an EMT program, as well as after cancer therapy

initiation, which may lead to an elimination of the bulk cancer cell

mass concomitant with an enrichment of cancer cells with stem

cell-like properties that are resistant to conventional treatments

[10,11,36,38,46,60,68–72,81]. In addition, the metastasis-initiat-

ing cells detected in metastatic cancers may undergo a mesench-

ymal–epithelial transition and acquire specific phenotypic and

functional features at their novel microenvironment prevalent

at certain metastatic sites [10,11,61]. Hence, the metastasis-initi-

ating cells might show different phenotypic and functional fea-

tures and respond differently to current therapeutic treatments as

compared with their malignant counterpart detected at primary

cancers [10,11,61].

Of therapeutic interest, it has also been shown that the intrinsic

and/or acquired resistance of cancer- and metastasis-initiating

cells to current clinical therapies could result in their persistence
356 www.drugdiscoverytoday.com
at primary and/or secondary neoplasms after treatment initiation

and, thereby, be responsible for tumor regrowth and disease

relapse [4,15–17,31,36,38,39,42–46,50,52,54,55,69,75,76,83–91]

(Figure 1). It seems, therefore, that the molecular targeting of

these immature cancer- and metastasis-initiating cells must also

be considered for overcoming treatment resistance. In this regard,

we summarize the recent investigations undertaken to identify

new molecular targets in cancer- and metastasis-initiating cells.

The information provided should help in the design of new

therapeutic strategies for eradicating the total tumor cell mass,

including cancer- and metastasis-initiating cells and their differ-

entiated progenies, and thereby improve current clinical therapies

against aggressive, metastatic, recurrent, and lethal cancers.

Intrinsic and acquired phenotypes of cancer- and
metastasis-initiating cells associated with their
resistance to current cancer treatments
Numerous lines of experimental evidence have indicated that

tumorigenic cancer- and metastasis-initiating cells might be intrin-

sically resistant to certain chemotherapeutic drugs or radiation at

the start of treatment and/or acquire an enhanced multidrug resis-

tance (MDR) phenotype with cancer development or after treat-

ment initiation [4,15–17,31,36,38–40,42–46,50,52,54,75,76,84–

90,92,93]. Several intrinsic properties of cancer- and metastasis-

initiating cells common with their normal counterpart, tissue-resi-

dent adult stem/progenitor cells, might contribute to their intrinsic

resistance to current clinical therapeutic treatments and disease

recurrence. In particular, immature cancer- and metastasis-initiat-

ing cells, such as adult stem/progenitor cells, can exist in a quiescent

and less metabolicallyactive state (Figure 1).Thus, theycan displaya

slow division and be more resistant than their differentiated pro-

genies to radiation or cytotoxic drugs targeting the proliferative

cancer cells [4,10,11,15,59,88]. The adoption of a quiescent state by

cancer- and metastasis-initiating cells might explain, at least in part,

the long-term dormancy phenomenon associated with their persis-

tence at primary neoplasms and micrometastases for a long period

without clinical or histopathologic signs of apparent metastases

[4,10,11,15,59] (Figure 1). The changes in the microenvironment of

cancer- and metastasis-initiating cells leading to the reactivation of

mitogenic signaling pathways, however, could trigger their prolif-

eration and tumor regrowth and culminate in disease recurrence

[4,10,11,15,59] (Figure 1).

In addition, the high expression levels of multidrug transpor-

ters, DNA mismatch repair, and detoxifying enzymes in cancer-

and metastasis-initiating cells might be responsible, in part, for

their resistance to ionizing radiation and certain chemothera-

peutic drugs. More specifically, the ABC transporters localized at

the plasmic or endolysosomal membrane might protect these

immature cancer cells from the cytotoxic effects induced by

diverse structurally and functionally non-related chemothera-

peutic drugs and, in this manner, contribute to their MDR phe-

notype [4,38,39,44,45,55,86,88,92,94,95] (Figure 2). In fact, the

ABC efflux pumps can actively remove intracellular cytotoxic

agents out from cells at the expense of ATP hydrolysis, and

thereby reduce intracellular drug accumulation (Figure 2). In

regard to this, the high expression of ABC transporters in cancer

stem/progenitor cells is notably the basis of the Hoechst dye

exclusion method, which is useful to isolate a small cell fraction
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FIGURE 2

Potential signaling transduction pathways involved in the aggressive behavior and multidrug resistance phenotype of cancer- and metastasis-initiating cells and
new cancer therapies by molecular targeting distinct signaling elements. The mitotic effects induced through the activation of distinct intracellular signaling

pathways initiated by different growth factors, cytokines and chemokines in cancer stem/progenitor cells are illustrated. In particular, the possible upregulation of

the expression levels of numerous gene products involved in the sustained growth, survival, invasion, andmetastasis of cancer stem/progenitor cells are indicated.

Moreover, a decrease in intracellular drug accumulation mediated via the ATP-binding cassette (ABC) multidrug efflux pump and enhanced drug metabolism via
aldehyde dehydrogenase (ALDH) is also shown. The potential inhibitory effect induced by diverse pharmacological agents such as a selective inhibitor of receptor

tyrosine kinase (RTK) activity (gefitinib, erlotinib, or lapitinib), smoothened (SMO) co-receptor of hedgehog (cyclopamine or IPI-269609), NF-kB, PI3K or mTOR

signaling element, telomerase, ABC transporters, and ALDH (diethylaminobenzaldehyde, DEAD) in cancer cells is indicated. In addition, the inhibitory effect

induced by a monoclonal antibody (mAb) directed against interleukin-4 (IL-4) ligand, CD44 receptor, RTK, sonic hedgehog ligand (SHH), Wnt ligand, stromal cell-
derived factor-1 (SDF-1), or an antagonist of IL-4R and CXCR4 chemokine receptor are indicated. Abbreviations: COX-2, cylooxygenase-2, MMPs, matrix

metalloproteinases, VEGF, vascular endothelial growth factor, uPA, urokinase plaminogen activator.

R
ev
ie
w
s
�
G
E
N
E
T
O

S
C
R
E
E
N

designated as ‘side population’ (SP), displaying a high capacity to

efflux Hoechst 33342 dye from the bulk cancer cell mass

[15,44,45,52,55,72,86,88,92,96–105]. It has been observed that

a small subset of SP cells isolated from patients’ tumors or differ-

ent cancer cell lines, which displayed stem cell-like properties and

expressed high levels of distinct ABC drug efflux pumps and anti-

apoptotic factors, were more tumorigenic in animal models in vivo

and resistant to chemotherapeutic drugs or irradiation therapy

than non-SP cells [15,44,45,52,55,72,86,88,92,97–100,102–106].

For example, hepatoma HuH7 SP cells expressing high levels of

multidrug resistance 1 (MDR1/ABCB1) encoding P-glycoprotein,

breast cancer resistant protein (BCRP-1/ABCG2) and CEACAM6

displayed a higher resistance to doxorubicin, 5-fluorouracil and

gemcitabine than the non-SP cell fraction [44]. A SP cell subpo-

pulation detected in neuroblastoma cells from 15 out of 23

patients (65%), which expressed high levels of BCRP/ABCG2

and ABCA3 transporters, also showed a greater capacity to efflux

cytotoxic drugs, such as mitoxantrone, than the non-SP cell

fraction [45]. It is important to note that like other enrichment

and isolation methods of small subpopulations of cancer stem/
progenitor cells – including fluorescence-activated cell sorting

using specific antibodies directed against one or several stem cell-

like surface markers, and flow cytometric isolation of cells based

on ALDH enzymatic activity, as assessed by Aldehfluor assay – the

Hoechst dye efflux method can have certain limitations. Indeed,

it has been noted that the number of cancer cells detected in the

SP cell subpopulation versus the non-SP fraction can be influ-

enced considerably by experimental conditions, including the

source of patients’ malignant tissues (untreated, treated, and/or

relapsed patients), and the culture conditions used [45,107–109].

Moreover, it has been reported that the Hoechst dye might be

cytotoxic to certain cell types and the SP cell subpopulation may

be undetectable in certain non-malignant or malignant cells

[106,110].

In addition, a high expression level of O6-methylguanine DNA

methyltransferase in cancer- and metastasis-initiating cells might

protect them against the cytotoxic effects induced by methylating

and chloroethylating agents [carmustine, 1,3-bis (2-chloroethyl)-

1-nitrosourea, methyl methanesulfonate and temozolomide] by

repairing alkyl adducts at the O6-position of guanine in DNA
www.drugdiscoverytoday.com 357
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[38,92]. Furthermore, the cancer stem/progenitor cells found in

leukemia, retinoblastoma, lung, head and neck squamous, liver,

pancreatic, colorectal, breast, and prostate cancers also show

high ALDH expression levels and/or enzymatic activity

[10,11,16,50,78,85,111–114]. ALDHs are a group of enzymes that

have a crucial role in the metabolic process and cellular detoxifica-

tion by catalyzing the oxidation (dehydrogenation) of aldehydes

into carboxylic acids. Hence, ALDHs may contribute to the detox-

ification of a variety of compounds, such as the active metabolite of

an alkylating chemotherapeutic agent, cyclophosphamide and

treatment resistance [50,78,111,112]. In this regard, it has been

reported that certain ALDH isoenzymes (including cytosolic ALDH1

acidic protein), which are expressed in certain stem/progenitor cells

and progenies, can play a crucial role in retinoic acid (RA) biosynth-

esis and the regulation of stem cell fate during development and

adult life [115–118]. RA biosynthesis from vitamin A, also known as

retinol, involves two sequential oxidation steps consisting of the

oxidation of retinol to retinaldehyde followed by an irreversible

conversion of retinaldehyde to RA, which might be catalyzed by

NADP+-dependent ALDHs, including ALDH1 [115]. Despite the

important role of ALDHs in RA biosynthesis in certain adult

stem/progenitor cells, including hematopoietic stem cells and neu-

ronal stem cells, few studies have investigated the relationship

between ALDH expression levels and RA biosynthesis in cancer cells

with an aberrant differentiation potential, including cancer stem/

progenitor cells duringcancerdevelopment [116,117,119–126]. The

results from a recent study have indicated that the inhibition of

ALDH enzymatic activity by using a specific inhibitory agent,

diethylaminobenzaldehyde, in breast cancer cell lines promoted

tumor sphere formation [120]. By contrast, the treatment of breast

cancer cells with exogenous all-trans RA led to cell differentiation

and inhibition of tumor sphere formation ability [120]. These

observations suggest that the activation of RA signaling, which

could be induced through certain ALDH isoenzymes expressed in

cancer-initiating cells (including breast cancer initiating cells),

might result in a reduction of this immature cell population. Con-

versely, the inhibition of ALDH1 in a conditioned medium from

MiaPaCa-2 pancreatic cell clonal subpopulation by small interfer-

ence RNA (siRNA) has been observed to inhibit their invasive ability,

suggesting other potential mechanism(s) of action of ALDHs,

including ALDH1, in promoting the invasion of pancreatic cancer

cells [121]. Importantly, it has also been reported that defects in the

RA signaling pathway, such as a methylation of the RA receptor-b2,

and a feedback inhibition of ALDH expression induced at high

intracellular RA concentration can occur in certain cancer cell lines

(includingbreast cancer cells) and impede the differentiatingpoten-

tial of RA [117,122,124–126]. Moreover, only certain ALDH isoen-

zymes can catalyze the conversion of vitamin A into RA and,

therefore, their expression levels in normal and cancer stem/pro-

genitor cells and their progenies might be a determinant factor

controlling their specific functions in normal and pathological

conditions and the carcinogenesis process [118,123]. Future studies

are essential to establish the connections between the expression

levels of different ALDH isoenzymes and RA biosynthesis, and their

specific function(s) in cancer-initiating cells and the differentiated

progenies versusnormal cells in the development ofdifferent cancer

subtypes, aswell as their implications in the resistanceof cancercells

to current cancer therapies and disease relapse.
358 www.drugdiscoverytoday.com
Other phenotypic features that might contribute to the

survival and treatment resistance of these immature cells

include the sustained activation of diverse growth factor

signaling pathways and their high expression levels of anti-

apoptotic factors such as Bcl-2, survivin, NF-kB, and EMT

process-associated molecules, including snail, slug, and/or twist

[4,15,17,38,45,53,58,75,76,78,90,92,94,99,127]. These signaling

elements may confer survival advantages to these immature cells

in stress and hypoxia conditions prevalent in primary tumors.

With respect to this, we describe here new targeting approaches

that have been developed to overcome treatment resistance

and eradicate the total tumor cell mass, including cancer- and

metastasis-initiating cells and their differentiated progenies.

Molecular targeting of cancer- and metastasis-initiating
cells and their differentiated progenies
The molecular targeting of specific biomarkers and distinct deregu-

lated signaling elements that mediate the transforming events

occurring in cancer- and metastasis-initiating cells during disease

progression – and, more specifically, during the EMT process

and metastases at distant sites – represents new promising

therapeutic strategies to improve current cancer therapies

[4,15,17,38,45,50,53,58,71,75,76,78,90,92,99,127] (Figure 2).

Interestingly, recent data have revealed that the stem cell-like

markers (including CD133 and CD44 proteins) that are expressed

by numerous cancer stem/progenitor cell types can contribute to

their malignant behavior and, thereby, could constitute potential

molecular therapeutic targets [35,71,128,129]. For instance, it has

been observed that an anti-CD133 monoclonal antibody (mAb)

directed against epitope 1 (AC133/W6B3C1) or epitope 2 (AC141)

induced cytotoxic effects in FEMX-I melanoma cells in vitro and

decreased their metastatic capacity in a mouse model in vivo [128].

In the same way, the use of small hyaluronan oligosaccharides that

can effectively compete with natural ligand hyaluronan for bind-

ing to the CD44 receptor also inhibited the in vivo growth of spinal

cord gliomas formed after engraftment of the SP cell fraction from

the C6 glioma cell line in rats [129]. Moreover, it has been observed

that treatment of CD90+ cells endowed with stem cell-like proper-

ties and CD90� cell fractions from the MHCC-97L liver cell line

with an anti-CD44 mAb induced apoptosis in vitro, whereas only

the CD90+ cell fraction from the PLC cell line was sensitive to this

treatment type [35]. Importantly, anti-CD44 mAb also suppressed

the local and systemic tumor formation induced by the CD90+ cell

fraction from the MHCC-97L cell line subcutaneously or ortho-

topically implanted in the liver of nude mice in vivo [35]. In spite of

the great interest in targeting the cascades initiated through the

stem cell-like markers expressed on cancer-initiating cells, the

potential cytotoxic effects of these agent types on normal tis-

sue-resident adult stem/progenitor cells must also be considered

before their potential translation in clinical trials. In this regard,

the targeted delivery of these pharmacological agents, as described

below, could constitute an alternative therapeutic approach to

preventing systemic toxicity. In addition, among other potential

molecular targets often altered in cancer- and metastasis-initiating

cells, there are diverse growth factor, cytokine and chemokine

signaling elements that provide crucial functions in the stringent

regulation of self-renewal, differentiation, and/or migration of

normal tissue-resident adult stem/progenitor cells.
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Targeting growth factor, cytokine and chemokine signaling
pathways
Several studies have revealed that the malignant transformation

of cancer- and metastasis-initiating cells is frequently associated

with the sustained activation of telomerase and diverse develop-

mental cascades initiated by distinct growth factors, cytokines

or chemokines through their cognate receptors along disease

progression [7,15,19,20,46,47,54,58,59,108,111,130–132]. These

deregulated pathways include hedgehog, EGFR, HER2,

Wnt/b-catenin, Notch, transforming growth factor-b (TGF-b)/

TGFRb, interleukin (IL)-4/IL-4Ra, IL-6/IL-6R, IL-8/IL-8 receptor

CXCR1, BMI-1, stem cell factor/KIT, extracellular matrix compo-

nents/integrin, and/or stromal cell-derived factor-1 (SDF-1)/CXCR4

[7,15,19,20,24,46,47,54,58,59,108,111,130,131,133,134]

(Figure 2). In particular, it has been reported that the targeting

telomerase and blockade of these tumorigenic pathways by using

mAb, antisense oligonucleotides, siRNA, or specific inhibitory agent

led to growth inhibition, apoptotic cell death, and/or a reduction

of invasiveness or metastatic spread of cancer-initiating cells and

their progenies in vitro or in animal models in vivo

[7,15,19,20,54,58,59,70,108,111,112,130–133,135–137] (Figure 2).

For instance, the use of a specific inhibitor of smoothened (SMO)

co-receptor, cyclopamine or IPI-269609, as well as siRNA GLI-1

transcriptional effector of hedgehog cascade, has been observed

to reduce the number of cancer-initiating cells and their progenies

and inhibit tumor growth in vitro and/or in vivo [70,80,97,

111,112,130,131,135–139]. Moreover, cyclopamine treatment

improved the cytotoxic and/or anti-metastatic effects induced by

current chemotherapeutic drugs on gliomasphere cells and prostate

and pancreatic cancer cells [70,97,111,135,138,139]. In the same

way, it has been reported that a specific inhibitor of EGFR tyrosine

kinase activity, gefitinib or erlotinib, induced anti-proliferative and

cytotoxic effects on EGFR+/CD133+ tumor-initiating cells from five

patients with gliomablastomas (GBM TICs). It has been noted that

two cases of GBM TICs with high Akt activation were insensitive to

both drugs or only sensitive to high concentrations of erlotinib [80].

This observation suggests that the combined use of EGFR and Akt

inhibitors could be more effective in certain GBM patients than the

single drugs. Of clinical interest, the treatment of 40 women with

erbB-2-positive breast cancer with oral dual EGFR and the erbB-2

tyrosinekinase inhibitor lapitinib alone for six weeks followed bysix

weeks with the standard chemotherapy and the anti-erbB2 mAb

trastuzumab also caused complete tumor regression in 63% of

patients [79]. These data imply that this treatment type might be

effective in reducing the number of CD44+/CD24low breast cancer-

initiating cell-like cells. The molecular targeting of IL-4, whose

cytokine may protect the tumorigenic CD133+ cancer stem/pro-

genitor cells from human colon carcinoma of apoptotic death, by

using IL-4Ra antagonist or anti-IL-4 neutralizing antibody, also

sensitized these tumor-initiating cells to the antitumoral effects

induced by standard chemotherapeutic drugs [54].

Of particular interest, the use of pharmacological agents that are

able to interfere with the invasion, recruitment, homing, and/or

adhesion of tumorigenic and migrating cancer stem/progenitor

cells to the endothelial surface and stromal components at distant

metastatic sites, including bone marrow (BM), also constitute

potential cancer therapies [10,11,36,59] (Figure 1). More specifi-

cally, the blockade of chemoattractant gradient systems such as
SDF-1/CXCR4 could lead to the eradication of tumorigenic and

migrating cancer-initiating cells and metastasis-initiating cells

and, thereby, prevent metastatic spread, secondary tumor initia-

tion and disease relapse. Consistent with this, it has been shown

that treatment of CD133+/CXCR4+ prostate cancer stem cells from

a primary patient tumor with an anti-CXCR4 mAb abrogated their

migration induced by the exogenous SDF-1 protein in vitro [140].

Similarly, the treatment of highly metastatic human pancreatic

cancer cell line L3.6 pl harboring a CD133+/CXCR4+ cancer cell

subpopulation with an anti-CXCR4 mAb also resulted in a reduc-

tion of their metastatic capacity in vivo [36]. In this regard, other

attractive molecular therapeutic targets to counteract the invasion

of cancer-initiating cells also comprise the gene products that are

frequently induced during the EMT process and involved in their

survival and treatment resistance.

Targeting of EMT process- and treatment resistance-associated
molecules
The acquisition of more malignant phenotypes by cancer-initiat-

ing cells and their progenies occurring along primary cancer

progression, and more particularly during the EMT process, might

provide them with migratory properties essential for their invasion

and metastatic spread at distant sites [10,11,15,20,36,53,56–

65,76,81]. In general, the EMT program is associated with a dis-

ruption of cell–cell interactions, extensive remodeling of the

extracellular matrix components, and selection of cancer cells

endowed with survival advantages [11,58]. More specifically, the

occurrence of the EMT process may lead to a downregulation of

adhesion molecules such as E-cadherin, concomitant with the

enhanced expression of diverse mesenchymal genes such as vimen-

tin, b-catenin, snail, slug, and twist that may contribute in an

important manner to their resistance to current conventional can-

cer therapies and disease relapse [11,58]. Consistently, some recent

investigations have indicated the therapeutic benefit of targeting

different signaling elements contributing to the survival of cancer-

initiating cells to overcome radioresistance and intrinsic and/or

acquired MDR phenotype and counteract tumor growth and metas-

tases [4,15,39,58,76,78,86,87,90,92,127,141–143].

Among the molecular therapeutic targets altered during cancer

progression are the cellular signaling effectors of the EMT program

(Cripto-1, tenacin C, snail, slug, and/or twist), PI3K/Akt/mTOR,

NF-kB, ABC multidrug efflux pumps, ALDHs, Bcl-2 and survivin, as

well as deregulated apoptotic signaling elements such as ceramide

and caspases [4,15,39,58,71,76,78,86–88,90,92,102,127,141–143]

(Figure 2). For instance, a high-throughput screening strategy

aiming to identify the cytotoxic agents specifically targeting

epithelial cancer cells that express high levels of EMT-associated

molecules has led to the discovery of a compound, salinomycin,

exhibiting a selective toxicity for breast cancer-initiating cells [81].

It has been shown that salinomycin inhibited mammary tumor

growth and metastatic nodule formation in vivo and reduced the

number of CD44+/CD24low breast cancer cells while it induced the

expansion of differentiated breast cancer epithelial cells in vivo and

in vivo [81]. Conversely, the clinical chemotherapeutic drug pacli-

taxel, commonly used to treat breast cancer patients, displayed the

cytotoxic effect only on the differentiated breast cancer epithelial

cells, while the proportion of CD44+/CD24low cell subpopulation

was enriched after this treatment type [81]. These data underline
www.drugdiscoverytoday.com 359
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the importance of using the drugs or combination of cytotoxic

agents targeting the highly tumorigenic cancer stem/progenitor

cells and their more committed progenies to develop more effec-

tive therapeutic regimens for treating patients diagnosed with

aggressive and recurrent cancers. Moreover, it has been reported

that dofequidar fumarate, an orally active quinoline compound

that can inhibit diverse ABC transporters and is under clinical

investigation, reduced the efflux of chemotherapeutic drugs and

increased the sensitivity of SP cells with stem cell-like properties

isolated from various cancer cell lines to cytotoxic effects induced

by anticancer drugs [102]. Hence, dofequidar fumarate might

represent a potential therapeutic agent for reversing the MDR

phenotype of immature cancer cells.

In addition, the sustained activation of PI3K/Akt/mTOR signal-

ing elements induced by diverse growth factors and/or genetic

inactivation of the PTEN tumor suppressor gene through either

gene deletion or mutation is a frequent transforming event in a

wide variety of human cancers [88,90,142,144]. Therefore, the use

of a specific inhibitor of Akt (perifosine) and/or mTOR (rapamycin

or HSP90) downstream signaling effectors, which provide crucial

functions for sustained cell growth, survival, and migration, is of

great interest in reducing tumor growth and the metastatic spread

of cancer-initiating cells (Figure 2). As a matter of fact, it has been

shown that the inhibition of Akt kinase activity by using perifosine

reduced the number of ALDH1-expressing breast cancer-initiating

cells and primary and secondary tumor growth in vivo [144].

Moreover, inhibition of the PI3K/Akt pathway sensitized highly

invasive brain tumors established by orthotopic transplantation of

human GBM cells from a patient to immunodeficient rats in vivo

[142]. It has been reported, however, that the natural broccoli

compound sulforaphane induced the apoptotic effect on pancrea-

tic cancer-initiating cells through the inhibition of the NF-kB-

induced anti-apoptotic pathway and sensitized these immature

cells to tumor necrosis factor-related apoptosis-inducing ligand

(TRAIL)-induced cytotoxicity in vitro [143]. Sulforaphane was also

effective, alone or in combination with TRAIL, in inhibiting tumor

growth and angiogenesis in a pancreatic cancer xenograft model in

vivo without an apparent cytotoxic effect on normal cells [143].

In view of the fact that the ABC multidrug transporters can have a

major role in the MDR phenotype of cancer stem/progenitor cells,

several pharmacological agents have been investigated for inhibit-

ing their multidrug efflux pump activity [39,71,86,87,94,95,

98,108,141]. It has been observed that the treatment of the SP cell

fraction from human oral squamous cell carcinoma cell line H357

with a broad-spectrum ABC transporter inhibitor, verapamil,

blocked the mitoxantrone efflux-mediated via ABCG2 and multi-

drug resistance associated protein-1 (MPR-1/ABCC1) pumps and

restored the growth inhibitory effect induced by mitoxantrone on

this cancer stem cell-like population [86]. Importantly, the mole-

cular targeting of melanoma-initiating cells by using mAb directed

against ABCB5 transporter significantly reversed the resistance of

G3361 melanoma cells to doxorubicin and induced an inhibitory

effect on the growth of melanoma stem cell xenograft-derived

tumor in vivo [39]. In the same pathway, the inhibition of ABCG2

with 4-fumitremorgin C or PI3K/Akt/mTOR signaling pathway by

using LY294002 or rapamycin in the SP cell fraction sorted from

MHCC-97L hepatocellular carcinoma cells also induced an intra-

cellular translocation of ABCG2 transporter, attenuated the doxor-
360 www.drugdiscoverytoday.com
ubicin efflux and increased doxorubicin-induced cytotoxicity [141].

Inaddition, inhibition of the NF-kB signalingpathwayusingparthe-

nolide and pyrrolidinedithiocarbamate and its analog diethyl-

dithiocarbamate preferentially inhibits the proliferation and

colony formation of MCF7 mammosphere cell cultures and vera-

pamil-sensitive SP cell population enriched in breast cancer stem-

like cells [87]. Although this is important advance, further investi-

gations are required for improving the efficacy of these drug types in

vivo. In this regard, other potential approaches to eradicating cancer

stem/progenitor cells and their progenies include the targeted

delivery of anticancer drugs into these immature cancer cells,

immunotherapies, and targeting of their microenvironment to

counteract the angiogenic process [1,145,146].

Targeted delivery strategies
The targeted delivery of therapeutic agents into cancer- and

metastasis-initiating cells by using a conjugation of drugs to

tumor-specific antibodies, encapsulation of cytotoxic drugs in

liposomes or other carriers such as nanoparticles, as well as

genetically engineered stem cells as drug vehicles, are also promis-

ing strategies [1,145,147]. These delivery techniques might

enhance drug bioavailability, improve selectivity, and continue

delivering drugs into particular tumoral tissues and, thereby,

decrease systemic toxicity [1,145,147]. Furthermore, the oncolytic

adenovirus-based therapies represent another attractive approach

to eliminating cancer- and metastasis-initiating cells [93,148–150].

Of particular interest, recent studies have revealed that the small

single-stranded and non-coding RNA molecules of approximately

20–23 nucleotides known as ‘microRNAs’ (miRNAs), which con-

tribute to the stringent control of the gene expression, are often

deregulated during etiology and progression of diverse diseases and

cancers [127,151–155]. The miRNA can interact with the 30 untrans-

lated regions of specific target RNAs and, thereby, induce their

translational repression or rather stimulate the rapid degradation

of the target transcripts [127,151–153]. Thus, miRNAs that can

control the expression of a wide variety of proteins might be

potential therapeutic targets to modulate diverse gene products

contributing to the malignant behavior of cancer-initiating cells

[127,152,153,155]. Consistently, it has been observed that the

transfection of miRNA-124 or miRNA-137 induced the differentia-

tion of adult mouse oligodendroglioma-derived stem cells and

human GBM-derived stem cells and a growth arrest of GBM cells

[152]. Importantly, the treatment of CD44+/CD24�/low/Lin� breast

tumor-initiating cells isolated from a patient with breast cancer

treated with chemotherapy plus let-7-lentivirus noticeably abro-

gated their proliferation and ability to form mammospheres in vitro,

as well as the tumor formation and metastasis in non-obese diabetic

severe combined immunodeficiency mice in vivo [155]. The

enhanced let-7 expression was accompanied by a reduced expres-

sion of H-RAS and a high mobility group AT-hook 2, the molecular

targets of which might contribute to reduced self-renewal and

enhanced differentiation properties of breast tumor-initiating cells,

respectively [155]. In this way, the induction of the differentiation

of cancer stem/progenitor cells using agents such as RA and its

synthetic analogs, interferons (IFNs), or histone deacetylase inhi-

bitor mightalso represent a promising adjuvant therapeutic strategy

[156–158]. For instance, it has been reported that IFN-a treatment

caused a dramatic reduction in the verapamil-sensitive SP cell
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fraction from diverse ovarian cancer cell lines [157]. It is noteworthy

that differentiation cancer therapy should also be combined with

the cytotoxic agents targeting the cancer stem/progenitor cells to

prevent disease relapse associated with the persistence of residual

cancer-initiating cells.

Molecular targeting of the microenvironment of cancer- and
metastasis-initiating cells and their differentiated progenies
Because the local microenvironment of cancer stem/progenitor

cells also plays an active part in their malignant transformation at

primary neoplasms and metastases at distant sites and the angio-

genic process, the molecular targeting of host stromal cells is also a

potential approach to counteracting the tumor development and

angiogenic process [159–161]. In fact, it has been observed that

treatment of the mice-bearing orthotopic U87 glioma cell xeno-

grafts with an anti-VEGF mAb, bevacizumab, markedly reduced

microvasculature density and tumor growth [160]. This anti-car-

cinogenic effect was accompanied by a decrease in the number of

vessel-associated self-renewing CD133+/nestin+ tumor-initiating

cells [160]. A combination of anti-angiogenic inhibitor, VEGFR2

antibody DC101 and a cytotoxic agent (cyclophosphamide) was

more effective in reducing the number of tumor-sphere-forming

cells in C6 glioma xenografts in vivo than individual agents [159].

Some studies, however, have indicated that the recruitment and

incorporation of circulating BM-derived immature cells and tissue-

resident mesenchymal stem cells and endothelial progenitor cells

in tumor stroma might contribute to the promotion of the neo-

plastic development and neovascularization process [162–164].

Thus, the molecular targeting of these tumor-associated stem cells

or their use as a delivery vehicle might represent a potential

adjuvant strategy for counteracting cancer progression and metas-

tasis formation. In support of this, it has been shown that the use

of BM-derived endothelial progenitor cells engineered to express a

soluble truncated form of VEGFR2 impaired tumor growth in vivo

[163]. A significant reduction in metastatic tumor burden and

metastasis formation was also induced by using inducible

TRAIL-expressing mesenchymal stem cells [164].

In addition to the oncogenic effects induced through the acti-

vation of the hedgehog pathway in cancer cells, it has been

reported that hedgehog signaling may contribute to pathogenesis

of diverse human epithelial cancers, including pancreatic, colon,

prostate, breast, and ovarian cancers, by acting on the surrounding

stoma and promoting the tumor neovascularization process

[139,165–168]. More specifically, it has been observed that block-

ade of hedgehog signaling by using the SMO inhibitor IPI-926

induced an anti-angiogenic effect and improved the tumor deliv-

ery and anti-tumoral efficacy of gemcitabine, at least in part, by

disrupting the desmoplastic stroma on the pancreatic cancer cell

model in vivo [139]. Moreover, the results from another recent

study have revealed that the inhibition of hedgehog cascade by

using cyclopamine inhibited the tumor neoangiogenic process

and growth of pancreatic cancer cell-derived xenografts [168].
This anti-angiogenic effect of cyclopamine was mediated, in part,

by an impairment of the homing of BM-derived pro-angiogenic

cells at primary pancreatic tumor sites [168].

Concluding remarks
Significant advances have been made in the development and the

in vitro and in vivo validation of novel drugs targeting cancer- and

metastasis-initiating cells and their tumor microenvironment.

Hence, the use of these novel anticancer drugs represents a poten-

tial strategy for eradicating these immature cancer cells. In parti-

cular, the combination of therapeutic agents targeting the highly

leukemic or tumorigenic cancer stem/progenitor cells, as well as

the bulk mass of differentiated cancer cells, seems to be important

for improving the efficacy of current cancer treatments against

aggressive, metastatic, and recurrent cancers and, thereby, pre-

venting disease relapse.

Futureinvestigationsarestillessential tomorepreciselydetermine

the specific biomarkers and altered gene products in cancer- and

metastasis-initiating cells and the changes in their local microenvir-

onmentoccurringduringcancer initiationandprogressionto locally

invasive and metastatic disease stages. It will be important to further

establish the phenotypic and functional featuresof cells at the origin

of various human cancers, including the implications of tissue-

resident adult stem cells versus their more committed progenies,

as well as the deregulated regulatory mechanism(s) involved in their

malignant transformation, in considering the heterogeneity of can-

cers. Inaddition,thecomparativeanalysesofgeneexpressionprofiles

observed for cancer-initiating cells during primary tumor develop-

ment and the EMT process versus their respective normal tissue-

resident stem/progenitor cells should shed light on the molecular

transforming events occurring in these malignant cells and their

pathological consequences. Furthermore, the establishment of

molecular mechanisms associated with the specific migration of

metastasis-initiating cells to pre-determined metastatic sites, dor-

mancy phenomenon, and reactivation of metastasis-initiating cells

at distant sites after a long latency is also of great interest. These

studies should lead to the identification of novel drug targets and

therapeutic strategies to overcome treatment resistance and prevent

tumor regrowth, metastases, and disease relapse without major

systemic cytotoxic effects on normal cells, including tissue-resident

adult stem/progenitor cells. These multitargeted approaches could

beexploitedtodevelopnewandeffectivecombinationtherapiesfora

potential translation for treating and even curing patients diagnosed

with locally advanced, metastatic, recurrent, and lethal cancers.
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