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Abstract

The maintenance of healthy colonic crypts is dependent on the integrity of the adult epithelial stem cells located
within them. Perturbations in stem cell dynamics are generally believed to represent the first step towards colorectal
tumorigenesis. Experimental manipulation of intestinal stem cells has greatly increased our understanding of
them, but further progress has been slowed due to the absence of a reliable stem cell biomarker. In this review we
discuss the candidate colonic stem cell biomarkers which have been proposed. Furthermore, we investigate the
putative biomarkers for so-called colorectal cancer stem cells, a highly aggressive subpopulation of cells considered

to drive tumour development.
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Introduction

The intestinal tract is characterized by the presence of
numerous small inpocketings, or crypts, created by invagina-
tion of the surface epithelium. Each crypt unit is maintained
by the adult stem cells located within it (Booth & Potten,
2000; Marshman et al. 2002). It is generally understood
that the stem cells of the colon are positioned at the
bottom of the crypt (Potten et al. 1997; Marshman et al.
2002). This is different from the small intestine in which
the stem cells are thought to reside in an oscillating
annulus approximately four cell diameters up from the base
of the crypt, as the very bottom of the crypt is occupied
by Paneth cells (Potten et al. 1997; Marshman et al. 2002).
To date, the topographical location of intestinal stem cells
has been inferred from indirect experiments, rather than
definitively proved, primarily due to the absence of a reliable
biomarker(s). Consequently, identifying a biomarker for
intestinal stem cells is a priority. The fact that no definitive
biomarker has yet been found suggests that this is no easy
task.

For the most part, work has concentrated on identifying
biomarkers of stem cells in the small intestine. However,
we consider it pertinent to highlight the progress made in
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the search for a biomarker of colonic stem cells, considering
the susceptibility of the colon to carcinogenesis. Credible
candidates have been proposed, including Musashi-1
(Msi-1) (Nishimura et al. 2003), B1 integrin subunit
(Fujimoto et al. 2002), EphB receptors (Holmberg et al. 2006)
and, most recently, Lgr5 (Barker et al. 2007). Interestingly,
Lgr5 is the only candidate which appears to have demon-
strable specificity for colonic stem cells to the exclusion of
all other progenitors. Consequently, it has emerged as one
of the strongest candidates to date.

Our understanding of tumour development is constantly
evolving. Whereas the stochastic model assumes that
every tumour cell is capable of initiating tumour growth,
the cancer stem cell (CSC) model suggests that only a small
proportion of tumour cells are enriched for cancer-initiating
activity and that these drive tumour development (Wang
& Dick, 2005; Dalerba et al. 2007a). The isolation of CSCs
has been reported in both haematological malignancies
and solid tumours, based on the expression of cell surface
biomarkers. At this point, prospective CSCs have been
identified in acute myeloid leukaemia (Lapidot et al. 1994;
Bonnet & Dick, 1997), breast cancer (Al-Hajj et al. 2003),
brain tumours (Singh et al. 2004), prostate cancer (Collins
et al. 2005), head and neck squamous cell carcinoma
(Prince et al. 2007), pancreatic cancer (Li et al. 2007), liver
cancer (Ma et al. 2007) and now colorectal cancer (CRC)
(Dalerba et al. 2007b; O'Brien et al. 2007; Ricci-Vitiani
et al. 2007). Identification of CSCs opens new avenues for
targeted drug development to reduce tumour recurrence
and, as such, may deliver far-reaching clinical benefits
(Dalerba et al. 2007a). Notably, CRCis second in importance

Journal compilation © 2008 Anatomical Society of Great Britain and Ireland



60 Colonic and colorectal cancer stem cells, N. D. Willis et al.

Mucosa

Submucosa {

Muscularis externa — |

B Intercrypt table
ﬁ B Differentiated cells
ﬁ [ Transit amplifying cells
== ﬁ [ stem cells

IS
LR:! ey

ﬂ Migration

|
|

e
(s

[
e

i

1

Fig. 1 Organization of the colonic epithelium. (A) Haematoxylin & eosin (H&E) stained section of healthy colon showing the epithelium, E, which is
invaginated to form crypts which are embedded in the mucosa and underlined by the muscularis mucosae (arrowheads). (B) Topography of the colonic
crypt. Stem cells reside at the bottom of the crypt and give rise to proliferative progenitors which migrate upwards, eventually differentiating into
functionally competent cell types which are concentrated in the upper part of the crypt. Upon reaching the intercrypt table cells are targeted for

programmed cell death and are shed into the lumen.

as a cause of cancer-related death in the Western world
(Jemal et al. 2006; Ferlay et al. 2007). Consequently, the
recent discovery of putative biomarkers for colorectal
cancer stem cells (CR-CSCs) is likely to represent a highly
significant breakthrough in tackling this disease.

Topography and morphogenesis of the
colonic crypt

The colon is radially organized into four histologically
distinct layers (Fig. 1A). At the luminal surface, simple
columnar epithelium is folded into thousands of pit-like
structures, termed crypts, which are supported by the
lamina propria and a layer of smooth muscle cells, known
as the muscularis mucosae. Collectively these form the
mucosal lining. Underneath this lies the submucosa, which
comprises connective tissue and contains the neural plexus
(Meissner’s plexus) that innervates the epithelium. Two
bands of smooth muscle, forming the muscularis externa,
are situated beneath the submucosa. An outer serous coat
completely invests the colon, except for a few segments
(Bannister, 1995).

The crypts themselves are dynamic structures which are
constantly self-renewing (Radtke & Clevers, 2005). The
differentiated cells, which are mainly concentrated in the
top third of the crypt, are turned over at a high rate and
continually extruded into the lumen. They are replenished
through a process of unidirectional transit amplification
and lineage-specific differentiation of multipotent stem
cells located in the crypt base (Fig. 1B). Together, the stem
cell compartment and transit-amplifying region occupy
the lower two-thirds of the crypt (Potten et al. 1997; Booth
& Potten, 2000; Marshman et al. 2002; Radtke & Clevers,
2005). The transition from proliferation to differentiation
constitutes the crypt-villus axis which is maintained by the
Whnt signal (van de Wetering et al. 2002; Pinto & Clevers,
2005). There are three colonic epithelial lineages into

which cells mainly mature: mucus-secreting goblet cell,
absorptive enterocyte (also termed colonocyte) and less
abundant enteroendocrine cell. These cell types function
to lubricate the passage of waste material, absorb water
and salts, and secrete hormones, respectively. Paneth cells
are completely absent from colonic crypts and are found
only in the small intestine (Potten et al. 1997; Marshman
et al. 2002).

Characteristics of colonic epithelial stem cells

Stem cells are defined by their functional properties. They
are relatively undifferentiated cells, capable of prolifera-
tion, which balance self-maintenance with the production
of offspring that can differentiate into various function-
ally competent cell types. In addition, intestinal stem cells
are able to respond to changes within the crypt to regulate
stem cell number and crypt volume and have the capacity
to regenerate the epithelium after injury (Potten & Loeffler,
1990).

The lower cryptal region of both the colon and small
intestine harbours the multipotent stem cells. Unique
environmental determinants, as well as intrinsic elements,
are believed to maintain the stem cell phenotype in these
cells, thereby creating a stem cell niche and preserving the
integrity of the stem cell population (Spradling et al. 2001;
McDonald et al. 2006). Functional responses to indirect
experimental approaches have so far been used to predict
stem cell position, number and life cycle.

Stem cell location

Stem cell location has been extrapolated from cell kinetic
and radiation regeneration assays. By comparing the
migration velocities of labelled cells at different positions
in the crypt, the origin of cell migration, and by implica-
tion the position of the stem cells, has been pinpointed to
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the base of the crypt in the colon (Qiu et al. 1994) and
about four cells up from the crypt base in the small intes-
tine (Kaur & Potten, 1986). It has been observed that the
proliferative regenerative response to small intestinal
crypt insults is initiated in cells occupying the position
attributed to stem cells (Potten et al. 1990). The bottom
and lower regions of the crypt appear more sensitive to
cytotoxic damage compared to the mid and upper crypt
cells. Smaller doses of radiation that do not appear to
affect cells in the mid and upper portions of the crypt, still
render the crypt sterile, indicating that the cells in the
mid and upper sections are not capable of repopulating
the crypt. Accordingly the regenerative potential and
consequently the stem cells must reside towards the base
of the crypt (Hendry et al. 1989).

Stem cell number

The regenerative capacity of the crypt after irradiation has
been exploited to determine the number of actual stem
cells in the colon and small intestine, as well as the number
of clonogenic or potential stem cells. Potential stem cells
are capable of functioning as stem cells and, therefore,
regenerating the crypt in the event that the stem cell
population is ablated (Potten & Loeffler, 1990). The
clonogenic content of the colon was extrapolated from a
modified radiation regeneration assay in mouse. A small
population of actual stem cells was predicted, i.e. between
5 and 10, with an extra 16-36 potential stem cells anti-
cipated (Cai et al. 1997). By comparison, in the small
intestine there are an estimated 4-6 actual stem cells per
crypt and a further 28-42 potential stem cells available,
which are less radiosensitive the further up the crypt they
are positioned (Potten et al. 1997).

Stem cell life cycle

Studies on small intestinal crypts indicate that actual stem
cells divide more slowly compared to cells higher up the
crypt, perhaps to allow for error-free DNA synthesis or
more time for repair (Potten, 1986; Potten et al. 1997). This
functional difference is illustrated by labelling all prolifer-
ating cells with tritiated thymidine (Potten, 1986).
Although putative stem cells may be dividing more slowly,
it is still possible to label them. Over time, the label in
faster cycling, transit-amplifying cells disappears more
quickly, thereby distinguishing slower cycling stem cells
from other cells by retention of the label.

The long-term label-retaining property of stem cells has
been exploited to isolate physically putative stem cells
from rat colon. Kim et al. (2004) administered the DNA-
labelling dye bromodeoxyuridine (BrdU) to male Fisher
rats in drinking water for 2, 4 and 8 weeks, followed by a
delabelling period of 2-8 weeks after which animals were
sacrificed. Immunohistochemical analysis of whole colonic
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crypts after 2 weeks' delabelling confirmed retention of
the BrdU label at the bottom of the crypt (the putative
stem cell location). After 8 weeks’ delabelling, fluorescence-
activated cell sorting (FACS) analysis of cells in the prolifera-
tive zone detected BrdU-positivity in 3.8% of nuclei. These
BrdU-positive cells are synonymous with long-term label-
retaining cells (LRCs) and are therefore considered to
represent an enriched stem cell population in the colon
(Kim et al. 2004).

Putative biomarkers of colonic epithelial
stem cells

Stem cells must be defined by their function, as they do
not possess any distinguishing morphological features.
Ultimately the number and position of intestinal stem cells
can only be deduced, rather than definitively proved, from
functional responses to experimental manipulation which
may actually alter stem cell properties (Potten & Loeffler,
1990). Furthermore, the very existence of clonogenic
cells may be contributing to the varied estimates in stem
cell number (Potten et al. 1997). Consequently, a method
of exclusively demarcating the intestinal stem cell com-
partment is of paramount importance and the best way to
achieve this is by identifying a definitive biomarker.

Msi-1, an RNA-binding protein (Nakamura et al. 1994;
Sakakibara et al. 1996), and Hes1, a transcriptional repressor
(Sasai et al. 1992) transactivated by Msi-1 (Imai et al. 2001),
have been assigned key roles in preserving the phenotype
of neural stem cells and early neuronal progenitors
(Nakamura et al. 2000; Okano et al. 2005). Similarly, these
two proteins have been considered as prime candidates
for investigation as putative biomarkers of stem cells and
early lineage precursors of the intestinal epithelium
(Kayahara et al. 2003; Nishimura et al. 2003; Potten et al.
2003).

Nishimura et al. (2003) immunohistochemically analysed
the expression pattern of Msi-1 in 155 normal human
colonic crypts and found that 19.0 + 7.53 (mean = SD) cells
stained positively for Msi-1 in each crypt. The majority of
cells (14.6 £ 5.77, mean + SD) were located in the lower
region of the crypt which corresponds to the expected
position of the colonic stem cells. Similarly, Msi-1 expression
in adult BDF1 mouse colon was concentrated in cells at the
bottom of the crypt, further associating Msi-1 activity with
the anticipated location of the colonic stem cell niche
(Potten et al. 2003). However, Nishimura et al. (2003) also
observed that most Msi-1-positive cells were situated in
cell positions 1-10, implying that a proportion of the lineage
precursor cells retained Msi-1 expression.

In mouse small intestine, a similar situation was
reported when Msi-1 positive cells were scored along
50 longitudinal crypt sections (Potten et al. 2003). The
frequency of Msi-1-positive cells was highest in lower crypt
cells; however, immunoreactivity was also observed above
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the position attributed to stem cells. This suggested that
the immediate proliferating progenitor cells in the small
intestine were also identified by the presence of Msi-1. The
only other explanations for the high frequency of Msi-1-
positive cells are that either stem cell number has been
grossly underestimated, or the half-life of Msi-1 is longer
than the cycling time of the stem cells (Potten et al. 2003).
However, it is more likely that Msi-1 continues to be
expressed in the first one or two tiers of transit-amplifying
cells (Potten et al. 2003), which retain the potential to
revert to a full stem cell phenotype in the event of injury
to the crypt (Potten & Loeffler, 1990).

Hes1 expression has been investigated in mouse small
intestinal epithelium (Kayahara et al. 2003). Hes1 was
found co-expressed in all Msi-1-positive cells that lie just
above the Paneth cells, and in the crypt base columnar
cells that intercalate the Paneth cells. No Msi-1 or Hes1
expression was found in fully differentiated cells. Hes1
expression was, however, found to be expressed in mid to
lower crypt cell nuclei and therefore stained a broader
range of cells than Msi-1. Consequently, Hes1/Msi-1 co-
expression may delineate small intestinal stem cells, and
Hes1 single expression may distinguish lineage precursor
cells (Kayahara et al. 2003). No comparable data are avail-
able for Hes1 expression in the colon.

It is worth noting that the Hes1 single and Hes1/Msi-1
double-positive cells also expressed the proliferation
marker Ki67, adding further weight to the argument
that Hes1 single-positive cells are transit-amplifying cells
(Kayahara et al. 2003). However, the indicated high pro-
liferation index of double-positive cells casts doubt on the
suitability of Hes1 and Msi-1 as biomarkers, considering
the slower cell cycle of the stem cells. Consequently,
further studies need to be undertaken to clarify their
reproducibility as biomarkers of colonic and small intestinal
stem cells.

An in vitro culture system has been developed to
propagate proliferative progenitor cells of the colon
(Whitehead et al. 1999). Accordingly, it is considered to be
a method by which stem cells can be isolated, although
this has been difficult to confirm because it is not possible
to identify retrospectively the position within the crypt that
any colony-forming cell originally occupied (Whitehead
et al. 1999). This so-called clonogenic assay has been used
as a tool to evaluate the potential of employing integrin
expression as a biomarker of colonic stem cells (Fujimoto
et al. 2002). The integrin superfamily of transmembrane
glycoproteins are important mediators of cell adhesion, as
well as recognized modulators of signalling cascades
which influence cell growth, proliferation, differentiation,
migration and apoptosis (Howe et al. 1998). Initially,
fluorescence analysis of frozen sections of colonic mucosa
established that both o2 and 1 integrin subunits localize
to the lower portion of the crypt and, most interestingly,
B1 integrin expression was restricted to the bottom third

of the crypt (Fujimoto et al. 2002). Furthermore, enrichment
of colony-forming cells was achieved by separating crypt
cells based on their expression of 31 integrin and culturing
them using the clonogenic assay (Whitehead et al. 1999;
Fujimoto et al. 2002). Nevertheless, further experiments
are required to confirm the specificity of B1 integrin
expression for colonic stem cells.

EphB receptors are important regulators of cell positioning
and migration in the intestinal epithelium (Batlle et al.
2002). They are expressed in a gradient manner, where
activity is highest at the bottom of colonic and small
intestinal crypts and lowest at the crypt-villus junction,
where differentiation is initiated (Batlle et al. 2002; van de
Wetering et al. 2002). Consequently, EphB receptors have
been considered candidate stem cell biomarkers worth
exploring.

Recently, both EphB2 and EphB3 receptor expression
was reported in the lower cryptal region of mouse colon,
which incorporates the putative stem cell population
(Holmberg et al. 2006). Inhibition of EphB2/EphB3 signalling
was shown to reduce the number of crypt cells expressing
proliferation indices, whereas constitutive overactivation
of EphB2 receptor signalling correlated with an increase in
the number of proliferating cells compared with wild-type
crypts. It was established that these receptors function to
regulate proliferation positively by promoting cell cycle
re-entry. However, taking into account the strong rela-
tionship between EphB signalling and proliferation
and the additional finding by Holmberg et al. (2006) that
stem cell number remained unchanged in the absence of
EphB2/EphB3 signalling in the small intestine, the evidence
suggests that EphB receptor expression is unlikely to be an
independent biomarker of colonic stem cells.

Most recently, Lgr5 has been proposed as a biomarker of
colonic stem cells (Barker et al. 2007). Also known as
Gpr49, Lgr5 is a Wnt response element whose expression
has been observed in a handful of cells at the base of both
colonic and small intestinal crypts (Barker et al. 2007). In
the colon, the Lgr5 signal is restricted to a small number of
cells situated in the bottom of the crypts which corresponds
to the predicted location of the stem cells. Importantly,
Lgr5-positive colon cells appear to fulfil the major criteria
which define stem cells in that they are both self-maintaining
and multipotent. Indeed, it has been demonstrated that
Lgr5-expressing cells differentiate into the expected
functional lineages of the colonic epithelium (Barker et al.
2007). In short, Lgr5 is the first biomarker to be proposed
which appears to identify distinctly colonic stem cells and
as such it is one of the most promising candidates to be
revealed to date.

Cancer stem cells

Colorectal cancer is a prevalent disease in the Western
world. In Europe, there were an estimated 412 900 incident
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cases in 2006 and approximately 207 400 deaths occurred,
constituting 12.2% of all cancer deaths (Ferlay et al. 2007).
A similar pattern is recorded for the USA, where more than
140 000 new diagnoses are expected each year and more
than 55 000 people die from the disease, accounting for
10% of total cancer deaths (Jemal et al. 2006). Accordingly,
CRC is routinely listed as the second most common cause
of cancer-related death in the developed world, behind
lung cancer (Toms, 2004; Jemal et al. 2006; Ferlay et al. 2007).
Consequently, understanding the principles of colorectal
tumour initiation, growth and metastasis is of paramount
importance if this disease is to be decisively combated and
the mortality rate reduced.

The long-held view of tumour development, described
in the stochastic model, is that every tumour cell is
equally capable of initiating neoplastic growth. This
theory is now challenged by the cancer stem cell theory,
which suggests that only a small proportion of cells
within a tumour actually possess cancer-initiating
potential and that these so-called CSCs are responsible
for tumour development and sustain tumour growth
(Wang & Dick, 2005; Dalerba et al. 2007a). CSCs are proposed
to possess stem-cell-like properties, including the ability
to self-renew and differentiate. Consequently, they can
give rise to heterogeneous tumours. Yet by virtue of
self-maintenance, their numbers and accordingly their
aggressive properties are consistently retained within a
tumour, facilitating tumour expansion and spread (Dalerba
et al. 2007a).

The potency of CSCs is demonstrated using xenograft
models. The CSC population is refined by FACS sorting of
tumour cells according to the expression of ‘signature’ cell
surface biomarkers which enrich subfractionated popula-
tions for cancer-initiating activity. Proposed biomarkers
include CD133 (Singh et al. 2004; Collins et al. 2005; Ma
et al. 2007), CD44 (Al-Hajj et al. 2003; Collins et al. 2005; Li
et al. 2007; Prince et al. 2007), CD34 (Lapidot et al. 1994;
Bonnet & Dick, 1997), CD24 (Al-Hajj et al. 2003; Li et al.
2007) and epithelial-specific antigen (ESA) (Al-Hajj et al.
2003; Li et al. 2007). Injection of CSC-enriched populations
into immunocompromised mice at low concentrations
results in the formation of tumours with equivalent
histology and phenotypic heterogeneity to the original
neoplasm, whereas injection of non-cancer stem cells, even
at high concentrations, results in the growth of few or no
tumours (Al-Hajj et al. 2003; Singh et al. 2004; Li et al.
2007; Prince et al. 2007). Research so far suggests that the
molecular ‘signature’ which specifically identifies CSCs is
likely to constitute a combination of cell surface proteins
that are co-ordinately expressed or repressed. This appears
to be the case for pancreatic cancer, in which the CD44*
CD24* ESA* phenotype possessed the greatest tumorigenic
potential (Li et al. 2007), and for breast cancer, in which
rare CD44* CD24™ ESA* cells were found to propagate the
disease (Al-Hajj et al. 2003).
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Identification of novel biomarkers of CR-CSCs

Recent work suggests that the tumorigenic cell population
of CRC can be isolated according to the positive expression
of specific cell surface biomarkers, namely CD133 (O'Brien
et al. 2007; Ricci-Vitiani et al. 2007), CD44, CD166 and
epithelial cell adhesion molecule (EpCAM), otherwise
described as ESA (Dalerba et al. 2007b). In addition, the
presence of aldehyde dehydrogenase was proposed as a
useful indicator of tumour initiation potential, but only in
a subset of CRC xenograft samples (Dalerba et al. 2007b).
The functionality of these biomarkers was evaluated using
a combination of flow cytometry to sort the disaggregated
tumour cell population and xenograft modelling to
determine the tumour initiation potential of the cellular
fraction in question (Dalerba et al. 2007b; O’Brien et al.
2007; Ricci-Vitiani et al. 2007).

Using limiting dilution analysis, O'Brien et al. (2007)
calculated that the frequency of CR-CSCs in an unfraction-
ated population of tumour cells is 1 in 5.7 x 10%. However,
a CD133* population of cells was > 200-fold enriched for
CRC-initiating activity, with an estimated 1 in every 262
cells being a CR-CSC. CD133" cells readily developed into
tumours upon transplantation at low concentrations into
non-obese diabetic/severe combined immunodeficient
(NOD/SCID) mice, whereas CD133" cells and non-segregated
populations did not induce tumour formation (O’Brien
etal. 2007; Ricci-Vitiani et al. 2007). Importantly, the
xenografts displayed equivalent morphologic features to
the parental tumour which were reproducibly maintained
upon serial transplantation of tumours into secondary and
tertiary recipients. The molecular heterogeneity seen in
the original tumour was recapitulated, as demonstrated
by the presence of CD133* and CD 133" cells at similar ratios
to the original tumour, indicating that CD133* cells have
stem-cell-like properties of self-renewal and differentiation
and are responsible for generating differentiated, yet
neoplastic CD133" progeny.

With 1 in 262 CD133" cells estimated to possess cancer-
initiating potential (O’Brien et al. 2007), it is clear, however,
that not all CD133* cells are CR-CSCs. Consequently,
additional biomarkers might be predicted to further
enrich the CR-CSC population. Furthermore, CD133* has
limitations as a CR-CSC biomarker because it appears not
to predict tumour initiation potential in Dukes’ stage A
tumours (Ricci-Vitiani et al. 2007). To this end, Dalerba
et al. (2007b) have identified an entirely different three-
molecule ‘signature’ for CR-CSCs. They observed that
CD133 expression varied in tumours, with some tumours
being completely negative. They found concurrence
between CD133 and CD44 positivity and observed that the
number of CD133* cells was usually greater than the
number of CD44* cells, which therefore must represent a
subset of the CD133* population. The group focused on
the tumour initiation potential of CD44*/EpCAM"'" CRC
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Fig. 2 The comparative tumour initiation potency of enriched CR-CSC
populations prospectively isolated according to different combinations
of cell surface biomarkers, extrapolated from work completed by
Dalerba et al. (2007b), O'Brien et al. (2007) and Ricci-Vitiani et al.
(2007). CR-CSCs can be separated from the tumour bulk by flow
cytometry based on the expression of a repertoire of cell surface
proteins. The resulting cellular fractions appear to have different tumour
initiation potencies, depending on the combination of cell surface
biomarkers expressed.

cells. These antigens have been identified already as
biomarkers for human breast (Al-Hajj et al. 2003) and
pancreatic (Li et al. 2007) CSCs. Several colorectal tumours
were enriched for CD44*/EpCAM™SH, Subcutaneous injection
of purified CD44*/EpCAM"H cells into NOD/SCID mice
resulted in a high frequency of tumours with equivalent
phenotypic and morphologic characteristics to the original
lesion, whereas CD447/EpCAM™Y cells appeared to lack
tumour-initiating activity. Further subfractionation of the
CD44*/EpCAM"'®" cell population using the mesenchymal
stem cell marker CD166 more accurately specified the
‘signature’ of CR-CSCs, as demonstrated by successful
xenografting of CD44*/EpCAM"'S"/CD166* cells from two
independent primary tumours (Dalerba et al. 2007b).

Taken as a whole, current research (Dalerba et al.
2007b; O'Brien et al. 2007; Ricci-Vitiani et al. 2007) implies
that the CR-CSC population can be sequentially enriched
based on the activity of a repertoire of four cell surface
biomarkers, namely, CD133, CD44, EpCAM and CD166.
CD133* cells reportedly represent a larger proportion of a
colorectal tumour, compared to CD44* cells (Dalerba et al.
2007b). Therefore it can be deduced that isolation of CR-
CSCs based upon CD133 expression alone would correlate
with lowest tumour initiation potency in comparison with
enrichment using the three-molecule ‘signature’, CD44*/
EpCAM"'SH/CD166*, which would be expected to correlate
with greatest tumour initiation potency (Fig. 2).

Conclusion

Molecular biomarkers are hugely beneficial because they
enable the definitive identification of particular cell types
and cell populations. The adult stem cells of the colon are
of particular interest because they both sustain the
perpetual self-renewal of healthy colonic epithelium and
are the target cell for cancer-initiating mutations (Potten
et al. 1997; McDonald et al. 2006). The predisposition of

the colon to tumorigenesis compared to the small intes-
tine suggests that identifying a biomarker for colonic stem
cells should be a priority. Definitive proof of their putative
location at the bottom of the crypt is essential if further
understanding of the homeostasis of normal colonic
epithelium and the mechanisms of colorectal tumour
development is to be achieved. Biomarkers for colonic
stem cells and early progenitor cells have been proposed,
but there is general uncertainty as to whether they
exclusively demarcate the stem cell population.
Identification of biomarkers for CR-CSCs will enable
greater understanding of how colorectal tumours grow
and progress. To this end, a repertoire of cell surface
biomarkers has been suggested to distinguish phenotypi-
cally the CSC subset from the non-tumorigenic cells forming
the bulk of the tumour. The ability prospectively to isolate
the cancer-initiating population and maintain these cells
in culture without any significant phenotypic alterations
(Ricci-Vitiani et al. 2007) offers a potential avenue for
evaluating the efficacy of currently used drugs and for
pre-clinical testing of new therapeutic approaches.
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