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Abstract

Recent findings suggested the presence in several cancers, comprising colorectal malignancies, of a small subset
of tumor-initiating cells, or cancer stem cells. So the isolation and characterization of tumorigenic colorectal cancer
cells was extremely important for the development of new diagnostic and therapeutic procedures. Even if a defined
and universally approved phenotype of colorectal cancer stem cells has not been defined yet, several markers have
been reported able to isolate cancer stem-like cells. For the majority of these markers, it has not been associated a
clear function but more of them seem to be involved in colon cancer stem cell maintenance, survival and proliferation
through well known pathways such as the Wnt-f-catenin pathway whose activity has been demonstrated to define
colorectal cancer stem cells. Even if the knowledge on colorectal cancer stem cell “functioning” is still little detailed
and elusive, the importance to develop new therapeutic strategies that precisely target colorectal cancer stem cells
prompted researchers to test different approaches to this aim. We summarize here the phenotypic and functional
characteristics associated with colon cancer stem cells along with the approaches experimented to selectively target
and kill these cancer cells. We also reviewed innovative approaches targeting colorectal cancer stem cells based
on new delivery systems to precisely kill them or also on the combination of conventional therapies with functional

dietary elements.

Introduction

Cancers arise from sequential mutations in oncogenes and or
tumor suppressor genes. In the case of colorectal cancer, at least 45
different mutational events have been demonstrated to be necessary for
the malignant evolution of a normal colonic cell [1]. Progression from
normal colonic tissue to carcinoma through adenoma is characterized
by accumulating abnormalities in specific genes. This transformation
requires failure of tumor suppressor mechanisms involving such
genes as adenomatous poliposis coli (APC), p53, transforming growth
factor-B (TGF-B), small mother against decapentaplegic (SMAD), and
activation of oncogenic pathways, as those mediated by rat sarcoma
(RAS), v-raf murine sarcoma viral oncogene homolog B1 (BRAF), and
phosphoinoside 3-kinase (PI3K) [2]. Alterations in cell proliferation
and apoptosis deriving from the perturbation of these pathways
increase the risk of developing colorectal cancer.

For a long time, tumors have been looked as a mixture of equally
tumorigenic cells arising from gene mutations in a so called stochastic
model view [3,4]. When a restricted subset of cells was discovered in
acute myeloid leukemia (AML), which retained the ability to recapitulate
the original tumor upon serial transplantations, a new model was
formulated. According to this view, tumors could be considered to have
a hierarchic organization, with only more “immature” cancer stem cells
capable to sustain cancer growth with time [5]. Soon after the discovery
of a cancer stem cell subset acting as the root of tumor in hematological
malignancies, several solid tumors, including colorectal malignancies,
were demonstrated to be sustained by cancer stem cells as well [6-8].
Cancer stem cells are defined by stem cell-like features shared with
the normal counterpart from which they seem to derive, through
acquisition of genetic and epigenetic changes [9] and, in particular for
colorectal cancer, there are evidences that colorectal cancer stem cells
(CCSCs) arises from the transformation of normal stem cells which
acquire a transformed phenotype [10]. In this article we reviewed the
markers used for the identification and isolation of normal colon stem

cells and then for colorectal cancer stem-like cells. This is because
the vast majority of these markers are shared by the normal and the
cancer stem-like populations. We then dealt with the function of the
reviewed markers and finally we summarized the putative innovative
therapeutic approaches to colorectal cancer treatment based on the
specific targeting of colorectal cancer stem-like cells.

Characterization and Markers of Normal Colon Stem
Cells

The inner luminal layer of the human colon consists of a single
stratum of epithelial cells, folded into finger-like invaginations to
form the functional unit called crypt of Lieberkuhn [11]. Stem cells
reside inside the colonic crypt. Intestinal stem cells are involved in
constant replacement of the intestinal epithelium under the influence
of the surrounding microenvironment [12]. Each crypt is surrounded
by stromal cells to form a niche, a complex structure of cellular
and extracellular components promoting and sustaining stem cell
maintenance and function. Epithelial-mesenchymal interactions
are fundamental for the proper definition of the balance between
proliferation and differentiation as well as for the regulation of the
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intestinal architecture through Wingless/Int (Wnt), hedgehog (HH),
bone morphogenetic protein (BMP) and Notch signaling pathways
[13-20].

Intestinal stem cell identification is a matter of controversy.
No specific and widely accepted markers have been identified and a
functional definition of these cells is based on their properties of self-
renewal and generation of a differentiated heterogeneous progeny.
It appears that two pools of stem cells coexist in the intestinal crypt
according to two different theories. One pool is supposed to be in the
+4 position and is characterized by Bmi-1 and Tert expression [21-
23,12 ], while the pool located at the bottom (according to the stem
cell zone theory) is characterized by expression of the Lgr-5 Wnt target
gene [24,25]. Even though its function remains unclear, Lgr-5 is one
of the best established markers for normal colonic stem cells [24].
Its expression at the base of the crypt, along with the ability of Lgr5+
cells to generate a whole crypt in vitro, made Lgr-5 a useful marker for
colon stem cell identification [24]. In addition, other Wnt target gene
products appear to be useful as colon stem cell markers. Specifically, the
Ephrin receptors have been associated with both stemness maintenance
and regulation of differentiation as well as with regulation of migration
along the crypt walls [26,27]. Up to date, several other markers have
been shown to be expressed in colon stem cells, such as Musashi-1
(Msi-1), CD29, aldheyde dehydrogenase-1 (ALDH-1), doublecortin
and CaM-kinase-like-1 (DCAMKL-1), polycomb complex protein
Bmi-1, and CD166. Msi-1 is a RNA-binding protein which appears
to be fundamental for asymmetric distribution of molecules in
the development of the nervous system and for maintaining an
undifferentiated state of stem cells in mammals [28]. Nishimura et
al. found this molecule to be also expressed in the lower part of the
colonic crypts where stem cells reside [29]. CD29 has been reported to
be a marker of the proliferative zone of colonic crypts, being shared by
stem and progenitor cells [30]. DCAMKL-1 has also been proposed as
a colon stem cell marker because its expression overlaps partially with
that of Msi-1 and is a feature of apoptosis resistant cells after radiation
exposure [31]. Expression of Bmi-1, which is deemed essential for
self-renewal of adult neural and hematopoietic stem cells, has also
been found in the lower part of the crypt, although not properly at the
bottom [11]. Recently, the activated leukocyte cell adhesion molecule
CD166, which has previously been detected on colorectal cancer stem
cells, has been proposed as a normal colon stem cell marker. CD166
expression has been observed at the base of the colonic crypts on cells
co-expressing Msi-1, Lgr5, and DCAMKL-1 [32].

Characterization and Markers of Colorectal Cancer
Stem Cells

Colorectal cancer stem cell characterization is still ongoing since
no definitive information is available concerning the several molecules
expressed by such cells (Table 1). [20,33-44,10] A conspicuous number
of markers used for identification of CCSCs is shared by the normal
counterpart from which they seem to derive [10] .

In colorectal cancer, a pentaspan trans-membrane glycoprotein,
known as prominin-1 or CD133, has first been used for isolation of
stem cell-like cancer cells [7,8]. CD133+ colon cancer cells proved to
be highly tumorigenic in mouse and were endowed with the ability
to recapitulate the original tumor [7,8]. Moreover, CD133+ colon
cancer cells could be maintained in vitro as sphere cultures for years
without loss of their clonogenic potential [7,8]. Under differentiation
conditions, CD133+ colon cancer cells have been shown to be able to
form crypt-like structures, with expression of differentiation markers
[45]. In addition, CD133+ spheroids obtained from colon cancer cells
derived by fresh colon cancer tissues were demonstrated to display
the colon stem cell marker Msi-1 [45]. However, the role of CD133 as
a cancer stem cell marker is controversial, due to the heterogeneous
nature of the CD133+ colon cancer cell population, which is mainly
composed by more differentiated progenitors (only 1 in 262 CD133+
colon cancer cells bears stem properties) [8]. Conversely, even CD133-
colon cancer cells have been shown to possess a tumorigenic capability
in mouse models [46]. Accordingly, a number of colon cancers has
been associated with undetectable levels of CD133, thus questioning
the reliability of CD133 as a marker for CCSC identification [6].
Finally, silencing of CD133 in colon cancer has not been demonstrated
to impair tumorigenicity of cancer cells, suggesting only a marginal
role for CD133 as a colon stem cell marker and potential molecular
target [33,47].

Dalerba and colleagues investigated the role of two other markers,
namely CD326 and CD44, to be used in combination to isolate CCSCs
[6]. This approach allowed isolation of a tumorigenic CD44+ colon
cancer cell population within the CD326+ epithelial tumor cell subset
[6]. Although CD326 is often used for mere identification of epithelial
cells in suspensions of digested colon cancer biopsies, a putative role
in colon tumorigenesis has also been proposed [34,48]. Sorted CD44+
colon cancer cells have been used to faithfully reproduce parental
tumors when injected into mice, and in vitro sphere cultures have
been reported to retain clonogenic ability in time [6]. On the other
hand, CD44 silencing has been shown to impair colon cancerogenesis

Marker Other name Function Role in colon tumorigenesis References

Lgr5 - Unknown Prognostic factor, adenoma formation [10]

Whnt activity - Signalling pathway Normal colon-adenoma transition, stem phenotype mainte- [20]
nance

CD44 H-CAM Cell adhesion, hyaluronic acid receptor | Colony formation, xenografts growth, prognostic factor, cor-  [33,35]
relation with tumor stage

CD326 EpCAM Cell adhesion Tumor budding, metastatization [34]

Msi-1 - RNA-binding protein Association with tumor stage [36]

ALDH-1 - Detoxifyng enzime Resistance to alkylating agents, prognostic factor [37,40]

CD26 DPP4 Cell surface glycoprotein Metastatization [38]

Eph B2 - Wnt target gene Cell compartimentalization [39]

CD166 ALCAM Cell adhesion Prognostic factor [40]

CD133 Prominin-1 Cell motility and iron metabolism Prognostic factor [40,43,44]

CD29 Integrin B1 subunit Cell adhesion Colony formation [41]

CD24 HSA Cell adhesion Clonogenic ability, multilineage potential, correlation with [41,42]
invasiveness and survival

Table 1: Molecules expressed by colorectal cancer stem cells.
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[35,37,49]. Combined detection of CD166, CD44, and CD326 has been
proposed to improve identification of CCSCs [6]. Recent studies have
suggested the double positive CD133+/CD44+ colon cancer cells to
represent a more purified subset of CCSCs [50-52]. We and others have
indeed reported on a possible association between CD133+/CD44+
colon cancer cells and clinical outcome in colon cancer patients [53].
For other putative cancer stem cell markers, such as the B1 integrin
subunit CD29, the microtubule-associate kinase DCAMKL-1, and the
detoxifying enzyme aldheyde dehydrogenase (ALDH-1), evidence is
currently scant [36,37].

Recently, phenotypically distinct populations within the same
colorectal tumor have been shown to be responsible for different
aspects of the tumorigenic process, that is, primary tumor growth,
tumor recurrence, and metastatization [54]. In this regard, a stem cell-
like subpopulation of colorectal cancer cells responsible for metastasis
formation has been identified by CD26 expression [38].

CCSCs have also been functionally associated with Wnt
signaling pathway activation, due to both its pivotal role in colorectal
cancerogenesis and the ability to revert differentiated cancer cells
to a stem-like phenotype in a permissive microenvironment [20].
Interestingly, the colon cancer stem cell marker Lgr-5, which appears
to be expressed by tumor-initiating cells, is a Wnt target gene [10,55].
Likewise, other Wnt target gene products, such as the Ephrin B (EphB)
receptors, have been shown to be up-regulated in CCSCs. [39] EphB2
expressing colon cancer cells have been displayed to be endowed with
both tumor-initiating capability in vivo and long-term self-renewal
potential [39]. Finally, the PI3K/Akt pathway has also been shown to
be involved in progenitor cell activation during colorectal carcinoma
development, by activation of -catenin signaling [56].

Functions of CCSC Markers

Function of colorectal cancer stem cell markers is generally
unclear, as they are chosen as putative cancer stem cell identifiers
because of shared expression in other malignancies or in normal stem
cells. Although function is often uncertain, a correlation between
expression of some of these markers as CD133, CD166, CD44s,
EpCAM, ALDH-1 and patient prognosis has frequently been reported
[40]. Besides, some of these markers appear to have a different function
depending on cancer histotype. For instance, CD24 has been shown to
be down-regulated in breast cancer stem cells [57], but up-regulated in
pancreatic neoplasms [58].

With regard to colon cancer, CD24 has been shown to be expressed
by colorectal cancer cells and to be involved in cell-cell interactions,
cell adhesion, proliferation, and invasiveness [41,42,59,60]. CD24
expression is usually associated with detection of CD29, the 1 integrin

subunit, which is also involved in adhesion and, putatively, in migration
and metastatization [42]. Likewise, CD166, along with a number of
markers used for the identification of CCSCs, appears to be involved
in cell-cell contacts [61]. Since no exhaustive information about
functionally important markers are available, enhanced engraftment
ability of putative CCSCs has also been supposed to be a mere result of
increased expression of cell adhesion molecules on these cells [62-64].

There is scarce evidence for CD133 involvement in iron metabolism
and mobility of colorectal cancer cells [43,44]; on the contrary,
silencing experiments have shown that CD44 could have a more
prominent role in tumorigenicity of colorectal cancer cells [33]. CD44
is known to be involved in many cellular activities such as survival,
differentiation, and migration. Different CD44 splicing variants have
also been described; some of these variants, e.g., CD44v6 expressed by
several colorectal carcinomas, have been shown to be involved in c-Met
activation in different cancers, allowing for maintenance of a stem cell
state [49,65,66].

Cancer stem cell survival may benefit from the activity of enzyme
ALDH-1, which is known to mark CCSCs and to track overpopulation
during colorectal tumorigenesis [37]. ALDH-1 protects cells from
oxidative injury [67-69]. Moreover, by converting retinol to retinoic
acid, ALDH-1 may play a role in enhancing self-renewal properties
[70].

The most relevant functional activity in CCSCs is likely to be
recognized in the Wnt signaling pathway. Its deregulation is known
to strongly affect transition from normal colon mucosa to adenoma,
whereas its activation in established cancers is pivotal to the expression
of a stem cell-like phenotype [20]. Many players of the Wnt pathway
are known and frequently found mutated in colorectal cancer; among
these are the tumor suppressor APC and p-catenin [71,72]. With regard
to the latter, the PI3K signaling pathway has also been demonstrated
to be involved in B-catenin activation in colon progenitors, during
progression from chronic ulcerative colitis to colitis-associated cancer
[56].

Targeting Colorectal Cancer Stem Cells

Different markers have been described useful to isolate and target
different CCSC populations, but actually we don’t know whose of the
isolated CCSC populations are responsible for cancer progression
and recurrence. Anyway, eradication of colorectal cancer and its
sequelae (recurrence and metastatization) may theoretically be
attained by targeting specific CCSCs, provided availability of reliable
markers. Some of the strategies being investigated by researchers
in this field to selectively target and kill CCSCs are summarized in
Table 2 [45,33,35,73-83]. Selective killing of CCSCs is indeed deemed

Strategies for CCSCs eradication Effects observed References
CD44 silencing Apoptosis induction and tumor growth suppression [33,35]
Inhibition of IL-4 signalling Sensitization to chemotherapy [45]
Up-regulation of BMP4 Induction of differentiation [73]

Notch signaling impairment

Decreased tumor growth, reduction in CCSCs frequency, and sensitization to irinotecan |[74]

Hedgehog signaling impairment Proliferation impairment and apoptosis induction [76]
PI3K signaling impairment Inhibition of proliferation and apoptosis induction [76]
Curcumin assumption Growth inhibition, improvement of chemotherapy effects [77,78]
Sulforaphane assumption Tumor growth impairment [80,81]
Epigallocatechin-3-gallate assumption Impairment of CCSCs self-renewal [82]
Quercetin assumption Inhibition of colon cancer cell proliferation [83]
Treatment with N-BP Susceptibility to yd lymphocyte clearance [91]

Table 2: Strategies being investigated to target colorectal cancer stem cells.
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necessary owing to the fact that conventional therapies are capable
to shrink only the more differentiated bulk of the tumor, promoting
selection of resistant CCSCs at the same time [84]. Indeed, CCSCs have
been demonstrated to be resistant to treatment with 5-fluoracil (5-FU)
and oxaliplatin [45,85], which indeed yield enrichment of the CD133+/
CD44+ CCSC-like fraction [84].

Ideally, the best therapeutic approach should be capable to target
all the different subsets of stem cell-like colon cancer cells within the
same tumor, in order to inhibit all aspects of tumor progression (i.e.,
growth of the primary tumor, metastatization, cancer recurrence).
Depending on their role, colorectal cancer stem cell markers should be
used accordingly. For instance, functionally irrelevant markers should
be exploited to vehicle drugs and toxic compounds into cancerous
cells. This strategy has been explored in glioblastoma by targeting
CD133 [86]. At the same time, functionally relevant markers should
be antagonized by devising an appropriate therapeutic strategy.
Currently, available technology permits development of specific
monoclonal antibodies and gene expression or silencing techniques.
However, a number of these approaches still remain experimental.
Notwithstanding, promising results are being reported worldwide from
investigators in the field. Monoclonal antibodies have long been used
in cancer therapy. In the case of acute myeloid leukemia, antibodies
directed towards CD44 have been shown to rescue the differentiation
process in leukemic blasts [87]. Antibody-mediated inhibition of IL-4,
a cytokine involved in apoptosis resistance in colorectal cancer cells,
has been reported to sensitize colorectal cancer cells to 5-FU and
oxaliplatin [45]. Restoration of differentiation in colorectal cancer cells
has been obtained by induced expression of BMP4 protein, resulting
in complete and long lasting regression of colon xenografts [73].
Hedgehog signaling has been found to be elevated in CD133+CCSCs
with respect to the negative counterpart [74]; accordingly, knocking
down the Hedgehog pathway in vitro and in vivo has been shown to
result in reduced proliferation and increased apoptosis of colorectal
cancer cells [74]. Interference with the Notch signaling pathway, which
has been demonstrated to be essential for the maintenance of a stem
cell-like state in colorectal cancer, has been associated with a decreased
tumor growth and reduced frequencies of CD326+/CD166+/CD44+
stem cell-like colorectal cancer cells in colorectal cancer xenografts
[75].

As previously discussed, the PI3K signaling pathway has been
demonstrated to be involved in 3-catenin activation in colon progenitors
during tumorigenesis [56]. Thus, members of the PI3K cascade have
been proposed as potential therapeutic targets for colorectal cancer
stem cell-directed therapies [76].

Further innovative approaches to cancer eradication through
selective killing of cancer-initiating cells are based on recruitment of
immune system cells [88]. Cancer cells are known to down-regulate
MHC molecules thus impairing the efficacy of immunotherapy. On
the contrary, y§ lymphocytes can exert their function in a MHC-
unrestricted fashion and be used in cancer immunotherapy more
successfully. Indeed, y8§ lymphocytes have been isolated within tumor
infiltrating lymphocytes in different cancer histotypes and their
function appears to be critical for regulation of immune responses
toward cancer cells [89,90].

Ineffective delivery of therapeutic molecules to tumor cells may
negatively affect treatment strategies. One of the more promising tools
to overcome this hurdle is the use of a new generation of nanoparticles,
consisting of a hydrophilic bilayer capable to encapsulate hydrophobic

drugs and other therapeutic compounds. The external corona can be
specifically customized by attachment of targeting antibodies, rendering
these nanoparticles able to specifically deliver therapeutic molecules
into cancer stem cells [91]. These nanoparticles could be functionalized
to be directed to CCSCs by the use of antibodies recognizing known
CCSC markers as CD133 and enclosing in the hydrophobic core drugs
or small RNAs directed to silence molecules fundamental for CCSC
survival, as CD44, to selectively kill these cells.

An innovative interesting attention has been recently paid to the
involvement of dietary components in the cancer stem cell self-renewal
[92]. In particular it has been reported the chemoprotective effects
in the prevention and in the inhibition of growth of colon cancer of
sulforaphane present in broccoli and broccoli sprouts [80,81]. In breast
cancer cellline models ithasbeen demonstrated that sulforaphane is able
to target breast cancer stem cells thus decreasing the number of ALDH-
1 positive breast cancer stem cells and suppressing mammosphere
production in vitro and in vivo tumor growth in mouse models [ 93].
Upon sulforaphane effects observed in breast cancer cell lines there
is also the suppression of the Wnt-B-catenin self-renewal pathway,
a pathway of fundamental importance also for CCSC maintenance
and renewal [94]. A great impact in colon cancer prevention has been
associated also to the consumption of curcumin, a dietary polyphenol
present in the Indian spice turmeric, which is produced from rhizome
of the plant Curcuma longa. Curcumin has been reported to be able to
suppress Wnt-B-catenin pathway in the colon cancer cell line HCT-116
[95]. More recent studies, performed in different colon cancer cell line
models, revealed that a curcumin analogue: GO-Y030, was effective
in CCSC targeting increasing apoptosis and avoiding tumor growth
in the mouse [96]. Moreover curcumin enhances the effects of 5-FU
and oxaliplatin in mediating growth inhibition of colon cancer cells by
modulating EGFR and IGFR [79]. Curcumin alone or in combination
with the conventional colon cancer chemotherapeutic approach
could be an effective therapeutic strategy to prevent the emergence of
chemoresistant colon cancer cells by eliminating CCSCs [78].

Also the epigallocatechin-3-gallate contained in green teas has been
demonstrated to be involved in CCSC self-renewal by the regulation of
Akt activity both in colon cancer cell lines and in in vivo colon cancer
mouse models [82]. Also an ubiquitous polyphenol known as quercetin
has been demonstrated to play a role in the inhibition of Wnt-B-
catenin signaling in SW480 colon cancer cell line in which it was able
to impair cell proliferation by the suppression of cyclin D1 [83]. Even
if to date little is known about the dietary effects on CCSC survival and
targeting, the studies reported set the scene for more detailed analysis to
demonstrate how combination of dietary intervention, directed against
CCSCs, and conventional chemotherapy would have the potential to
eliminate CCSCs, overcome tumor resistance, reduce recurrence, and
eventually improve patient survival.

Conclusions

Currently no CCSC directed therapies are available for colon
cancer patients. In fact, two chemotherapeutic protocols are used as
first line treatment of metastatic colon cancer, namely 5-fluorouracil
plus leucovorin and oxaliplatin or 5-fluorouracil in combination
with leucovorin and irinotecan, respectively [97]. Neoadjuvant
chemotherapy is being used in combination with anti-angiogenic
drugs and epidermal growth factor inhibitors in order to increase
disease-free survival and to improve overall survival [98,99]. However,
conventional chemotherapy is limited by the inability of ridding the
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CCSCs, which are known to be often resistant to therapies. Thus, only
a comprehensive knowledge of the molecular mechanisms regulating
CCSC maintenance and renewal may lead to development of curative
therapies. The above described approaches to targeting CCSCs are
interesting and potentially useful in the development of CCSC-directed
therapy but no definitive proofs have been reported for the effective
possibility to use such approaches at a clinic level and their curative
potential is still only at an experimental level.

In conclusion the quest for novel, definitive integrated therapeutic

approaches in colorectal cancer, based on the central role of CCSCs, is
ongoing worldwide and is expected to hopefully lead to breakthrough
discoveries in the near future.
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