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Abstract
Tumors have long been viewed as a population in 
which all cells have the equal propensity to form new 
tumors, the so called conventional stochastic model. 
The cutting-edge theory on tumor origin and progres-
sion, tends to consider cancer as a stem cell disease. 
Stem cells are actively involved in the onset and 
maintenance of colon cancer. This review is intended 
to examine the state of the art on colon cancer stem 
cells (CSCs), with regard to the recent achievements of 
basic research and to the corresponding translational 
consequences. Specific prominence is given to the 
hypothesized origin of CSCs and to the methods for 
their identification. The growing understanding of CSC 
biology is driving the optimization of novel anti-cancer 
targeted drugs.

© 2013 Baishideng. All rights reserved.
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Core tip: According to the “cancer stem cell” (CSC) the-
ory, tumor growth  and spread are driven by a minority 
of cancer cells which exhibit characteristics similar to 
normal stem cells. Although CSCs have been implicated 
in colon carcinogenesis, due to the complexity of their 
biology and unsolved technical issues, an unequivocally 
approved identification and isolation strategy is still a 
matter of debate. Several markers have been used to 
identify colon CSCs but the function of these proteins 
in CSC biology has not yet been clarified. Moreover, the 
possibility that CSCs might contribute to the failure of 
existing chemotherapies to eradicate malignant tumors, 
indicate that targeting of CSCs may represent a promis-
ing strategy to eradicate chemoresistant cancers. Aim 
of this review was to acquire more information on the 
biology of human colon CSCs and shed light on the role 
of this cells in the onset and the maintenance of colon 
cancer.
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INTRODUCTION
The intestine epithelium is subjected to a rapid and con-
tinuous regeneration, supported by crypt intestinal stem 
cells (ISCs). This feature severely increases the risk for 
malignant conversion[1]. Indeed, colorectal cancer (CRC) 
is one of  the most common type of  neoplasm world-
wide, representing the second leading cause of  morbidity 
and mortality from cancer in both Europe and the United 
States. This means that CRC can also be considered one 
of  the main national emergencies, both in terms of  mor-
bidity and in terms of  social and economic costs[2]. 

Studies on CRC pathogenesis have been originally 
focusing on the clonal selection process, a model of  car-
cinogenesis postulated in 1975[3]. The characterization 
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of  the genetic mechanisms underlying this process has 
been performed, for the first time, in the early 90s by 
Bert Vogelstein, who developed the molecular model of  
CRC progression known as “Vogelstein model”. Accord-
ing to it, the CRC develops from epithelial cells lining 
the gastrointestinal tract, which undergo sequential mu-
tations in specific DNA sequences that disrupt normal 
mechanisms of  proliferation and self-renewal[3,4]. This 
pathogeneic model still represents a paradigm of  tumor 
growth and provides a standard rationale to dissect the 
molecular mechanisms responsible for CRC. Though, 
current anticancer treatments are often unable, even 
those based on molecular targeted strategies, to eradicate 
the disease. Otherwise, the cellular origin of  human can-
cers is still controversial and the mechanisms responsible 
for the complexity and heterogeneity of  tumors remain 
to be defined[3,4]. In recent years, converging evidence 
has suggested that human cancer can be considered as a 
stem cell disease. Therefore, the “stochastic” theory for 
the cellular origin of  cancer, based upon the assumption 
that all cancer cells are equally malignant and able to give 
rise to tumors, has been abandoned in favor of  the “hi-
erarchical” theory. The latter assumes that: (1) tumors are 
hierarchically organized; and (2) only a rare subpopula-
tion of  undifferentiated cells at the apex of  this hierarchy 
have the unique biological properties necessary for tumor 
initiation, maintenance and spreading. Given the similari-
ties between tumor-initiating cells and normal stem cells 
(SC), the tumor-initiating cells have been termed “cancer 
stem cells” (CSCs)[5]. In its simplicity, this hypothesis sug-
gests that tumorigenesis is an “aberrant organogenesis”, 
supported by a minority of  cancer cells, that by consecu-
tive genetic changes, can differentiate to give rise to dif-
ferent phenotypes in the neoplastic population[6].

The hierarchical model implies that within tumors 
there are cells with different tumorigenic potential: cells 
that have lost the ability to propagate the tumor and cells 
that retain their clonogenic ability. Indeed, biologically 
distinct populations of  CSCs have been identified within 
hematological malignancies[7] and in most solid tumors, 
including colon cancer[8,9]. The origin of  CSCs is still 
unclear but the discovery of  stem cells in the majority 
of  normal tissues, including colon crypts, support the hy-
pothesis that normal SC might represent a possible target 
for tumorigenic mutations, due to both their long life and 
their capacity of  self-renewal[10].

Cancer stem cells theory has profound translational 
implications. Current treatments are hardly able to com-
pletely eradicate cancer cells, being often complicated by 
the occurrence of  tumor recurrence and/or metastasis 
and are burdened by toxicity issues. The failure of  che-
motherapy may at least in part lie in its capacity of  target-
ing the bulk of  cancer without affecting stem cells. These 
can on turn replicate after treatment and, eventually, 
develop selective features responsible for the occurrence 
of  drug-resistance, which usually characterize and com-
plicate the course of  the disease[11-13]. 

Several studies have suggested that the CSC fraction 

may be identified within a variety of  human cancers, 
including CRC, by the expression of  the CD133 surface 
marker[8,9,14,15]. CD133 (also known as prominin-1 in ro-
dents or AC133 in humans), a 120 kDa transmembrane 
and cell surface protein, has been shown to characterize 
normal and cancer stem cells in several human tissues, 
including the colonic mucosa. Hence, CD133 has been 
used to identify and isolate tumor initiating cells from 
human colon cancers. CD133+ cells are able to maintain 
themselves as well as to differentiate and re-establish tu-
mor heterogeneity upon serial transplantation in vivo[8,9]. 
However, despite constant research efforts, the molecular 
mechanisms and signaling pathways that regulate the be-
havior of  CD133-expressing cells remain unknown. Aim 
of  this review was to acquire more information on the 
biology of  human colon CSCs and shed light on the role 
of  CD133+ tumor-initiating cells in the onset and the 
maintenance of  colon cancer.

CANCER STEM CELLS: PROPERTIES
It is widely accepted the concept that tumor is an het-
erogeneous entity derived from a small subpopulation 
of  undifferentiated cancer cells, the CSCs. CSCs are de-
fined as cells having three unique properties: the capacity 
of  self-renew indefinitely, the ability to recreate the full 
repertoire of  cancer cells of  the parent tumor and the 
expression of  a distinctive set of  surface biomarkers[16]. It 
must be emphasized that self-renewal is not synonymous 
with proliferation. Self-renewal involves the ability of  SC 
populations to precisely maintain their numbers through 
a combination of  symmetric and asymmetric SC divi-
sion, giving rise to one or both daughter cells identical 
to the mother and retaining SC properties[17]. In the case 
of  CSCs, mechanisms involved in self-renewal are de-
regulated and seem to lead to CSC overpopulation. The 
underlying mechanisms for generating excess of  CSC 
numbers are believed to relate to increases in symmet-
ric CSC division (which produces two CSC daughters) 
relative to asymmetric CSC division (which produces 
one CSC daughter and one non-CSC daughter). Many 
authors have documented this concept quantitatively, us-
ing mathematical modeling[17] or fluorescent dye assay[18]. 
These authors have showed that only increased symmet-
ric division of  CSCs could account both for the biologic 
observation that there is an exponential increase in CSC 
populations in tumoral tissues and for the known long lag 
phase, which is typical in the development of  many can-
cers, including colorectal cancer[17]. Although CSCs have 
the capacity for self-renewal, they are relatively quiescent; 
that is, they have proliferative capacity but are often not 
cycling. Indeed, they have been shown to have signifi-
cantly longer cell cycle times than proliferating non-SCs. 
This is presumably due to the arrest of  SCs at a G0-like 
cell cycle phase or checkpoint[19].

Another property of  CSCs is their potential for mul-
tilineage differentiation. This is consistent with the con-
cept that CSCs, like normal SCs, give rise to a hierarchical 
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organization of  cell populations that underlie organogen-
esis[20].

CSCs also display alterations of  DNA repair, due 
to the presence of  cytoprotective properties (including 
telomerase activation and high expression of  anti-apop-
totic factors), and a relatively low proliferative potential. 
In addition, they express high levels of  proteins belong-
ing to the ABC membrane transporters family, involved 
in chemotherapeutic resistance (i.e., to paclitaxel, cisplatin, 
5-fluoruracilee, mitoxantrone, methotrexate, anthracy-
clines, etoposide, vinca alkaloids, camptothecins, topote-
can, imatinib)[20]. These unique properties of  CSCs would 
explain the failure of  many antitumor therapies, which 
affect rapidly dividing cells, determining only a reduction 
of  tumor cells number, while CSCs divide slowly and are 
not sensitive to the cytotoxic drugs. New insight in the 
molecular mechanisms that underlie these processes were 
obtained by studying the intracellular regulator of  gene 
expression[21].

On this regard, Bitarte and colleagues showed that 
the micro RNA miR-451 was downregulated in co-
lonspheres, obtained from different colon carcinoma 
cells, versus parental cells. The expression of  miR-451 
caused a decrease in self-renewal, tumorigenicity, and 
chemoresistance to irinotecan of  colonspheres. Authors 
demonstrated that miR-451 downregulation allows the 
expression of  the target gene macrophage migration in-
hibitory factor, which induces cyclooxygenase-2 (COX-2) 
expression. In turn, COX-2 allows Wnt activation, which 
is essential for CSC growth. Furthermore, miR-451 resto-
ration decreased expression of  the ATP-binding cassette 
drug transporter ABCB1 and resulted in irinotecan sen-
sitization. These findings correlated well with the lower 
expression of  miR-451 observed in patients who did not 
respond to irinotecan-based first-line therapy compared 
with patients who did[22]. Moreover, various signaling 
pathways have already been identified and described in 
CSCs. It is known that standard pathways for self-renewal 
of  normal stem cells, such as Wnt, Notch and Hedgehog 
signaling, are also present in CSCs and have an important 
role in their function. Targeting critical steps in those 
pathways, however, will be complicated by intense cross-
talks as well as main safety issues related to the pleiotro-
pic effects of  these signaling molecules[23]. Nevertheless, 
there are already several reports indicating that CSCs can 
be selectively targeted without damaging normal stem 
cells[24]. These and other findings could reasonably pave 
the way to the development of  novel, more efficient and 
less toxic anti-cancer medications.

CANCER STEM CELLS: DEFINITION 
In operational terms, CSCs can only be defined ex-
perimentally on the basis of  their ability to regenerate 
continuously the tumor. The implementation of  this 
approach, explains the use of  alternative terms in the lit-
erature. For example, the term “tumor-initiating cells” is 
frequently used to describe putative CSCs. However, both 

these terms (cancer stem cell and tumor-initiating cells) 
can cause confusion about the cell type to which they 
relate[16]. In fact, the term CSCs might suggest that these 
cells arise from normal stem cells, which have acquired a 
number of  genetic mutations sufficient to induce malig-
nant transformation. This assumption is probably true in 
many cancers, but may not be the case of  all tumors. It is 
plausible, indeed, that in some tumors, a number of  dif-
ferentiated cells can acquire the capacity for self-renewal, 
through multiple mutagenic events, and thus ‘‘reacquire’’ 
stem-like properties[25].

On the other hand, the term “tumor-initiating cells”, 
according to experimental evidence, refers to the ability 
of  these cells to initiate tumors when transplanted in a 
xenograft model. In this case, it could be incorrectly in-
ferred that the cell that gives rise to the xenograft tumor 
is the same cell in which the first oncogenic mutation oc-
curred. This is unlikely, since it is clear that the cells that 
drive aberrant growth at one precise moment may differ 
from those acting during different stages in tumor evolu-
tion or during metastasis. Furthermore, both genetic and 
epigenetic instability can induce cellular heterogeneity 
within the stem and non-stem cell populations of  the tu-
mor[26]. It has been argued that species differences alone 
might account for the selective growth of  subpopulations 
of  cells in xenotransplantations. Indeed, the great major-
ity of  cells in a mouse lymphoma were shown recently 
to possess tumor initiating capacity when allografted into 
syngenic mice[27].

WHICH IS THE ORIGIN OF COLON 
CANCER STEM CELLS?
Although, as mentioned earlier, the sequence of  events 
in CRC has been intensively studied, the cell of  origin for 
cancer formation is still poorly known. Two possible hy-
potheses have been suggested: the so called “bottom-up” 
and the “top-down” theories. The first proposes that an 
ISC, either a progenitor or a differentiated cell, is the first 
transformed cell, as a consequence of  anomalous dif-
ferentiation, giving rise directly to cancer cells or repro-
gramming itself, acquiring SC behavior before inducing 
cancer[28-30] (Figure 1). 

ISCs represents the ideal target for neoplastic trans-
formation, due to their extended life span that alter their 
behavior as a result of  genetic and epigenetic changes. 
Also, similar signalling pathways may regulate self-renew-
al in stem cells and cancer cell, so that the transformation 
of  an SC would require fewer mutations compared to a 
progenitor cell[31,32]. Conversely, histological evidence sug-
gested that colon cancer might arise from late progeni-
tors or even an early differentiated cell[33], sustaining the 
“top-down model” of  CRC development. By contrast, 
genetic observation recently support strongly the bottom-
up theory. Indeed, the identification of  specific genes 
expressed in the stem cells of  the intestine has recently 
allowed to show that the cell of  origin of  adenomas, in-
duced by a constitutively active Wnt signaling, is the stem 
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lectively migrate to sites of  mucosal damage and wound 
healing including colorectal cancers, where a number of  
tumor-related inflammatory reactions and abnormal tis-
sue regeneration phenomena take place actively. It also 
has been shown that cancer cells release specific factors 
that induce BM-MSC mobilization and recruitment to 
the tumor stroma where they eventually contribute to the 
formation of  a tumor-supportive microenvironment[44] 
(Table 1).

IDENTIFICATION OF COLON 
CANCER STEM CELLS: LIMITS AND 
CONTROVERSIES 
The correct identification and isolation of  the cells re-
sponsible for tumor formation is always challenging in 
cancer research. Although CSCs have been implicated in 
colon carcinogenesis, due to the complexity of  their biol-
ogy and unsolved technical issues, an unequivocally ap-
proved identification and isolation strategy is still a matter 
of  debate[32]. The gold standard for identifying a CSC is 
the capacity to propagate tumors as xenografts in immu-
no-compromised mice. However, it has been argued that 
species differences alone might account for the selective 
growth of  subpopulations of  cells in these assays. In-
deed, the great majority of  cells in a mouse lymphoma 
were shown recently to possess tumor initiating capacity 
when allografted into syngenic mice[27]. Moreover, serial 
transplantation experiments with animal models are la-
borious and time-consuming, hence the need to develop 
reliable surrogate assays.

Several in vitro assays have been used to identify CSCs 
can derive, including sphere assays, surface cell markers 
and the Hoechst dye efflux properties, which identify the 

cell of  the small intestine[30,34,35]. This studies have dem-
onstrated that ISC-specific deletion of  both functional 
adenomatous polyposis coli (APC) alleles using Bmi1-, 
CD133- and (leucine-rich-repeat containing G-protein-
coupled receptor 5) Lgr5- CRE recombinase mice leads 
to efficient tumor formation. Interestingly, Barker and 
colleagues also showed that tumor formation does not 
occur when APC is deleted in progenitors or differenti-
ated cells[30]. These results show that the cell giving rise to 
adenomas in the small intestine is the stem cell. It is still 
pending, though, whether BMI-, LGR5-expressing cells 
or CD133-expressing cells of  the tumor, are able alone to 
induce tumor progression and therefore are markers of  
the intestinal CSC.

Recently, Schwitalla et al[36] have suggested that these 
models do not exclude each other and that tumor-
initiating mutations can occur in both Lgr5+ crypt stem 
cells or in more differentiated Lgr5-cells, as long as these 
initially negative cells dedifferentiate and re-express Lgr5. 
Indeed, the authors have demonstrated, in a genetic mod-
el of  intestinal tumor initiation, that epithelial non-stem 
cells can re-express stem cell markers and be converted 
into tumor-initiating cells. This phenomenon is strictly 
dependent on the degree of  Wnt activation and can only 
be observed when Wnt signaling is markedly elevated[37]. 

It has also been discussed that even cells from outside 
the tumor, for example, bone marrow-derived cells, might 
also serve as CSC’s ancestors. This phenomenon has been 
firstly demonstrated in a murine model of  gastric cancer 
induced by Helicobacter pylori, in which SC derived from 
bone marrow were able to generate the tumor[37,38].

Emerging evidence suggests that bone-marrow-
derived mesenchymal stem cells (BM-MSCs) contribute 
to tissue regeneration in the colon partly by promoting 
neovascularization or arteriogenesis[39,40]. Although tu-
mor stromal fibroblasts are mainly recruited from local 
tissue fibroblasts, it has been proposed that BM-MSCs 
are recruited into the stroma of  developing tumors[41-43]. 
Several studies have demonstrated that BM-MSCs can se-

"Bottom-up" model "Top-down" model

Normal cell
Neoplastic cell

Figure 1  Schematic presentation of two possible ways of colon adeocar-
cinoma formation. A: “Bottom-up” theory: intestinal stem cells (ISCs, arrow) 
at the base of the crypt, within the stem cell zone, are the cell of origin of neo-
plasia as a consequence of anomalous differentiation; B: “Top-down” theory: a 
progenitor or differentiated cell is the first transformed cell that can acquire stem 
cells (arrow) behavior before inducing cancer.

ISC

Table 1  Summary of  characteristics  and controversies about 
colon cancer stem cells

Origin “Bottom-up” theory[30-32,34,35]

 “Top-down” theory[33] 
CSCs can derive from epithelial non-stem cells that re-

express stem cell markers[36]

CSCs can derive from bone marrow cells[37-43]

Identification 
assays

Serial transplantation in immune-compromised 
mice[8,9,27]

Expression of cell surface marker CD133[5,8,9,14,31,44-46,48,49] 

Side Population[52-61]

Therapeutic  
strategies

Induction of CSC differentiation by salinomycin or 
BMP4[72,73]

Monoclonal antibodies directed against cell surface 
molecules, such as CD133, CD44, EGFR (cetuximab) 

and VEGF (bevacizumab)[74,76-79]

Blockage of self-renewal pathways, including 
Wnt, Notch, PTEN, Hedgehog , EMT and IL-4 

pathway by microRNA or selected small-molecule 
antagonists[65-70,80-86]

Target the Warburg effect[87,88]

CSC: Colon cancer stem cell; EGFR: Epidermal growth factor receptor; 
VEGF: Vascular endothelial growth factor; EMT: Epithelial-to-mesenchy-
mal transition. 
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so-called Side-Population (SP). Studies have also been 
performed to define putative CSC genetic signatures. 
However, each of  these methods has potential pitfalls 
that complicate the interpretation of  results[25].

It is clearly not sufficient to define a stem cell based 
only on surface markers. Moreover, none of  the markers 
used to isolate stem cells in various normal and cancer-
ous tissues is expressed exclusively by the stem cell frac-
tion. Indeed most markers used for colon CSC isolation 
are chosen either because they are expressed in normal 
stem cells or as they were found to identify CSCs in other 
malignancies, either hematological or solid. The disad-
vantage of  choosing markers in this fashion is that the 
functional effect of  expression of  the marker in CSCs is 
usually unknown.

For instance, focusing on CRC, several studies have 
suggested that the CSC fraction within colon cancer 
might be identified by the expression of  the cell surface 
marker CD133[8,9]. CD133 is a trans-membrane glycopro-
tein, expressed by normal progenitors belonging to neu-
ronal, hematopoietic, epithelial and endothelial lineages. 
In the last years, CD133 has become the “molecule of  
the moment”, being recognized as a putative CSC marker 
for many human solid tumors, including liver, pancreas 
and colon neoplasms[14,45]. However, despite constant 
research efforts, the molecular mechanisms and signaling 
pathways that regulate the behavior of  CD133-expressing 
CSC, remain unknown.

In particular, we demonstrated the existence of  a 
population of  self  renewing cells expressing CD133 
within primary and metastatic human CRC[5]. This anti-
gen was expressed in significantly higher percentage in 
CRC samples, compared to the respective normal tissues. 
CD133-positive cells were also found in liver metastases 
(up to 10%), while they were hardly detectable in the 
healthy liver tissue[5]. In addition, CD133+ cells, isolated 
from different human colonic adenocarcinoma lines 
(CaCo-2, HT29, LoVo), were highly clonogenic in vitro 
and gave rise to tumors following transplantation in mice. 
Conversely, the CD133-negative fraction of  all cell lines 
had a lower clonogenic potential in soft agar assays and 
did not generate tumors in secondary recipients[45], con-
firming the tumor initiating properties of  CD133+ CSC. 
Interestingly, we also provided the original demonstration 
that modulation of  CD133 expression in the CaCo-2 
colon cancer cell line was associated with corresponding 
variations in the expression levels of  both Endothelin-1 
and nuclear receptor subfamily 4, group A, member 2[46], 
both known to play an important role in the proliferation 
and metastasis processes. This modulation was associ-
ated with a significant inhibition of  the cells’ clonogenic 
and migration ability, thus further confirming a role of  
the CD133 molecule in the definition of  the CSC pheno-
type[46].

There are though still some controversies on the role 
of  CD133 as a CSC marker in CRC; the opposing theo-
ries emerge from the evidence that most CD133 antibod-
ies target glycosylation-dependent epitopes[35], whose 

presence is related to the differentiation stage of  the cell. 
Experimental data from colon and glioblastoma cells 
suggested that the differential glycosylation of  specific 
epitopes may mask the presence of  CD133 on cells pre-
viously characterized as negative[47,48]. Moreover, CD133 
has been found to be expressed by the full spectrum of  
undifferentiated and differentiated colonic epithelial cells, 
both in humans and in mice[49]. Shmelkov et al[49] have 
demonstrated that primary and metastatic colon cancers 
contain CD133+ and CD133- parenchymal tumor cells, 
and both types of  cells are capable of  tumor initiation, as 
observed in a xenotransplantation model. A similar lack 
of  specificity has been also observed for other potential 
CSC markers of  CRC, such as CD44, CD166, CD29, 
CD24, Lgr5, and nuclear beta-catenin[50]. In fact, the vast 
majority of  cells that express these markers are not stem 
cells[51].

Another approach to identify CSCs is their presence 
within the so-called “Side Population”. SP cells have 
been first described within the hematopoietic system. In 
particular, bone marrow stem cells contain a subpopula-
tion that extrude the DNA-binding dye, Hoechst 33342, 
out of  the cell membrane. Comparing the fluorescence 
intensity on the wavelength of  blue against the red, the 
SP appears as a tail of  cells with low fluorescence. This 
phenotype is attributed to the activity of  the ABC mem-
brane transporter proteins that can confer drug resistance 
to stem cells. These proteins can be blocked by inhibitors 
of  efflux pumps, such as verapamil[52-54]. The SP frac-
tions have been identified in various human tissues[55,56], 
cancer specimens[57,58] and tumor cell lines[59,60] and it has 
been suggested that they may represent the true stem cell 
population. However, as with cell surface markers, the 
SP phenotype is not synonymous with stemness. Indeed, 
a recent article claimed that both SP and non-SP cells, 
isolated from gastrointestinal cancer cell lines, displayed 
similar clonogenic and tumourigenic potential in vitro and 
in vivo, and showed identical expression of  putative stem 
cell markers. Therefore, the Authors concluded that the 
SP does not enrich for stem cells in gastrointestinal cell 
lines[61]. Also, possible toxicity of  the dye, in cells not ca-
pable of  extrusion, should also be considered as a caveat 
to interpreting functional assays of  SP cells.

Without a better understanding of  normal tissue stem 
cells and their susceptibility to neoplastic transformation, 
it will be difficult to conduct conclusive studies of  the 
existence and origins of  CSCs (Table 1).

WHICH STRATEGY TO TARGET COLON 
CSCS?
According to the CSC model, the few self-renewing 
CSCs that mediate tumor growth are difficult to kill and 
their persistence might explain tumor recurrence after 
therapy[62]. Indeed, chemotherapeutics interfere with the 
ability of  rapidly growing cells to divide, so CSCs may be 
spared, leading to tumor recurrence and metastasis[11-13]. 
Therefore, to assess the efficacy of  therapeutics, it is 
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necessary to accurately distinguish tumorigenic from 
non-tumorigenic cancer cells and to understand which 
progression model occurs in the tumor. Unfortunately, 
the complex network of  mechanisms that regulate SC 
renewal and carcinogenesis is not clear.

Chemotherapeutic resistance is exerted either through 
a shift from active state to quiescence or through a wide 
spectrum of  protective mechanisms that characterize 
CSC biology; these include altered DNA damage repair, 
altered cell-cycle checkpoint control, malfunction of  
apoptosis, expression of  drug transporters and detoxify-
ing enzymes, and a high expression of  proteins belonging 
to the ABC membrane transporters famil[63,64].

Moreover, the plasticity of  CSCs and the epithelial-
to-mesenchymal transition (EMT) complicate therapeutic 
approaches because participate in the acquisition of  both 
de novo and acquired drug resistance[65]. Indeed, EMT can 
trigger reversion to a CSC-like phenotype, providing an 
association between EMT, CSCs and drug resistance[66]. 
Several key signaling pathways contribute to this process, 
such as transforming growth factor β and Wnt, that are 
well known to induce EMT and promote stem cell main-
tenance[67,68]. Recent studies have implicated microRNA 
functionality in these processes; indeed the dysregulation 
of  microRNA expression is likely to be a major contrib-
uting factor in the etiology of  some cancers[69,70].

It is therefore essential to renovate the therapeutic 
repertoire by designing new treatments that specifically 
target CSCs and, at the same time, also eliminate the non-
CSC population, intervening in the process of  EMT[65,71]. 
Novel therapeutic strategy based on targeting EMT path-
ways and CSC maintenance might be a promising tool for 
CRC defeat.

Moreover, CSCs can be functionally antagonized by 
inducing their differentiation. Differentiation therapy 
forces cells to shift into a mature phenotype, lose their 
self-renewal abilities, and therefore become vulnerable to 
conventional treatment. For instance, salinomycin, a high-
ly selective potassium ionophore, was recently described 
as the first compound that can selectively eradicate the 
tumor through induction of  terminal epithelial differen-
tiation of  CSCs[72]. Gupta et al[72] revealed that salinomy-
cin decreases the proportion of  CD44high/CD24low breast 
cancer cells, whereas paclitaxel has opposing effects. Im-
portantly, cells exposed to salinomycin were less capable 
of  inducing tumors following injection into mice; sali-
nomycin also slowed the growth of  the animals’ tumors 
through unknown mechanisms[71]. Salinomycin is thought 
to inhibit potassium-positive channel-regulated migration 
and interfere with EMT and metastasis[72]. Also induction 
of  differentiation in colon CSCs by exposing these cells 
to Bone Morphogenetic Protein 4 (BMP4), which can 
initiate a differentiation program as well as mediate apop-
tosis, sensitizes CRC cells to the effects of  5-Fluorouracil 
(5-FU) or oxaliplatin in vivo, resulting in complete and 
long term regression of  colon xenografts[73].

The potential toxic effect, that might occur from 
the impact on normal SCs, can be minimized by target-

ing molecules or pathways that are preferentially active 
in CSCs[73]. Monoclonal antibodies could be directed 
against cell surface molecules, such as CD133, CD44, or 
even drug transporters, resulting in reduction of  tumor 
size, metastatic potential, and resistance to chemoradio-
therap[74,75]. 

Advances in high-throughput technologies and bio-
informatics will allow developing additional compounds 
targeting CSC signaling pathways. Currently there are two 
established targets for such therapies: epidermal growth 
factor receptor (EGFR), which belongs to the ErbB fam-
ily of  tyrosine kinase receptors and is abnormally acti-
vated in many tumors[76], and vascular endothelial growth 
factor (VEGF), which is known to promote formation 
of  new vessels by inducing growth and differentiation 
of  endothelial cells[77,78]. Several clinical trials have dem-
onstrated that introduction of  targeted therapies with 
monoclonal antibodies against EGFR (cetuximab) and 
VEGF (bevacizumab) in addition to 5-FU, resulted in a 
significant survival increase in patients with advanced dis-
ease[79].

Another rational target includes blockage of  various 
self-renewal pathways, including Wnt, Notch, PTEN, and 
Hedgehog[80]. Small-molecules that inhibit the Wnt path-
way and γ-secretases that inhibit the Notch pathway have 
been recently identified as novel approaches to CRC[73]. 
The Wnt/β-catenin pathway has been implicated in the 
maintenance of  the intestinal crypt stem cell phenotype 
and Wnt signaling dysregulation through either loss of  
APC function or oncogenic β-catenin mutations has 
been shown to cause the majority of  sporadic cancer cas-
es[81]. Disruption of  Tcf/β-catenin complexes by selected 
small-molecule antagonists has been shown to antagonize 
cellular effects of  β-catenin and to result in inhibition of  
cellular proliferation in colon cancer cells[82]. Similarly, the 
Notch signaling pathway has been reported to be overex-
pressed in colon CSCs, where it was found to play a role 
in colon CSC viability, tumorigenicity, and self-renew-
al[83-87]. Van Es et al[87] have demonstrated that blocking the 
Notch cascade with a gamma-secretase inhibitor induced 
goblet cell differentiation in adenomas in mice carrying a 
mutation of  the APC tumor suppressor gene and subse-
quent tumor growth arrest. Moreover, Hoey et al[88] have 
demonstrated that by inhibiting delta-like 4 ligand (DLL4), 
an important component of  the Notch pathway, with 
human monoclonal antibody 21M18 in colon carcinoma 
xenografts, the tumor growth as well as the CSC fre-
quency, was decreased compared to control. Interestingly, 
even though treatment of  the xenografts with irinotecan, 
a chemotherapeutic often used in colon cancer, slowed 
down tumor growth, and the clonogenicity was increased. 
Combination treatment of  irinotecan with anti-hDLL4 
reduced again the tumor growth and stem cell frequency, 
at even higher levels than the anti-DLL4 treatment alone. 
This indicates that inhibiting Notch signaling reduces 
CSC frequencies and sensitizes tumor cells for irinotecan 
treatment.

It has recently been observed that the inhibition of  
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the interleukin (IL)-4 pathway with an anti-IL-4 antibody 
or an IL-4 receptor antagonist in CD133+ colorectal 
CSCs augmented the antitumor effects of  conventional 
chemotherapeutics[89-90]. Indeed, colon carcinomas pro-
duce IL-4 that functions in an autocrine manner, promot-
ing antiapoptotic pathways in these tumors. Inhibiting 
IL-4 by blocking antibodies sensitizes the cells for killing 
by 5-FU and oxaliplatin IL-4[89-90]. 

Reversing chemoresistance and radioresistance repre-
sents a promising proposal. This can be achieved through 
interference with a plethora of  cellular components, 
including inactivation of  drug transporters and DNA 
checkpoint kinases, depletion of  reactive oxygen species 
scavengers, and inhibition of  signal transduction path-
ways.

Interestingly, little is as of  yet known with regard to 
the metabolism of  CSC population, leaving an exciting 
avenue unstudied in the dawn of  the emerging field of  
metabolomics. The Warburg effect, the premise of  which 
is that cancer cells restrict use of  fatty-acid oxidation in 
favor of  glycolysis as an ATP energy source, can also 
be harnessed to create novel broad-spectrum anticancer 
agents[91-94]. A recent study by Akao et al[95] provided initial 
evidence of  metabolic changes in therapy-resistant cell 
populations by demonstrating significant overexpression 
of  a metabolic “master-regulator” Sirt1 in DLD-1 5-FU-
resistant cells. 

Altogether, these data illustrate the therapeutic utility 
of  the cancer stem cell concept, which, by enabling spe-
cific examination of  more aggressive cancer-initiating and 
cancer propagating subpopulations, provides the tools 
for discovery of  novel mechanisms of  cancer therapeutic 
resistance (Table 1).

CONCLUSION
Understanding the details of  CSCs’ biology is a primary 
goal in basic oncology research but would also pave the 
way for a better clarification of  CRC progression. The 
translation implication of  such information is clearly 
deducible. In particular, the combination of  previously 
known and new markers defining CSC specificity, could 
lead to the development of  a better oriented anticancer 
therapy, possibly targeting CSCs.
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