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Abstract Recently, there have been significant advances
in our knowledge of stem cells found in tissues that can
develop solid tumours. In particular, novel stem cell
markers have been identified for the first time identifying
multipotential cells: a required characteristic of a stem
cell. The scarcity of cancer stem cells has been questioned.
Current dogma states that they are rare, but novel research
has suggested that this may not be the case. Here, we
review the latest literature on stem cells, particularly
cancer stem cells within solid tumours. We discuss current
thinking on how stem cells develop into cancer stem cells
and how they protect themselves from doing so and do
they express unique markers that can be used to detect
stem cells. We attempt to put into perspective these latest
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Introduction

Cancer is most likely a disease of stem cells. This appears
to be a rather didactic statement and can be argued for and
against; however, the hypothesis that stem cells are at the
root of a hierarchical cellular organization of the majority of
cancers seems intuitive. The fact that stem cells appear to
be the only cell type that can self-renew heavily implicates
them in cancer development that can also be seen as a
disease with dysregulated self-renewal [1]. They are also
one of the limited number of cell types that survive long
enough to accrue sufficient numbers of mutations needed to
develop into a tumour: the mutation and selection theory of
cancer development [2]. Furthermore, there can be multiple
differentiated cell types within tumours, which can be
readily explained if there is a multipotent stem cell at its
source [3].

The cancer stem cell theory was first proposed by
Hamburger and Salmon [4] who demonstrated that only a
small percentage of tumour cells were able to form colonies
in soft agar. This raises the possibility that only a minority
of self-renewing cells within a tumour are capable of
sustaining it, and therefore, therapies need only target the
cancer stem cell (CSC). The identification of this popula-
tion of CSCs has been at the forefront of tumour biology.

Here, we review the current literature describing how a
normal tissue stem cell develops into a cancer stem cell,
potential markers of such cells, the mechanisms behind the
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mutation and selection theory and finally how such
mutations spread through rapidly renewing tissues such as
the gastrointestinal tract. We discuss recent developments,
which have questioned the role of stem cells in cancer
development, their numbers in individual tumours and
molecular signatures.

Cells with stem cell-like characteristics were first
described in the bone marrow in 1961 by Till and
McCulloch [5] as cells that gave rise to multilineage
haematopoietic colonies in the spleen. Stem cells can be
defined by two essential features: first they have the ability
of indefinite self-renewal, so-called longevity. Second, they
are multipotent, meaning they can differentiate into various
cell lineages within their tissue of origin. Adult stem cells
are immature, undifferentiated cells, which are thought to
exist in small numbers in nearly all post-embryonic tissue
[6]. These key properties of adult stem cells enable them to
replenish terminally differentiated cell populations and
facilitate tissue repair within their tissue of origin [7—10].
The differences in developmental potential between stem
cells and progenitor cells form a hierarchical structure with
stem cells residing at the base and their progeny above,
becoming more differentiated with each division [11].

Tissues such as blood, skin or the gut perpetually renew
their cell populations; however, a large number of tissues in
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adult mammalians exhibit very low cellular turnover under
normal circumstances. Some of these even respond poorly
to tissue damage such as the heart, whilst others, like the
liver, respond well. Although adult stem cells have been
widely studied in the haematopoietic system, candidates for
tissue stem cells have been described in the nervous system
[12], the myocardium[13], skeletal muscle [14], epidermis
[15], intestinal track [16—20], liver [21] and pancreas [22].

The stem cell niche

Adult stem cells are thought to reside in a stem cell niche
[23]. The niche is a specialised microenvironment that
contains the signalling molecules required to maintain
stem cell identity. Within the niche, a cell that has intrinsic
stem cell potential will have a stem cell phenotype. Upon
leaving the niche, such a cell will lose its stemness. A
number of stem cell niches have been characterised. In the
intestinal crypt for example, stem cells are thought to
reside towards the crypt base (see Fig. la). Surrounding
stromal cells, the pericryptal myofibroblasts secrete
messenger proteins, including members of the Wnt and
BMP families, which contribute to cell fate determination
and regulate proliferation in the stem cell compartment
(reviewed in [24]). The colonic crypt illustrates the
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Fig. 1 The stem cell niche. a The small intestinal crypt. The stem cell
zone is believed to be superior to the Paneth cell zone, but recent
evidence suggests that Lgr5-expressing cells are located within the
Paneth cell zone. These are entirely distinct from Paneth cells and
have been called crypt base columnar cells (CBCs). The crypt is
surrounded by a pericryptal myofibroblast sheath and this defines the
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crypt niche. Cross-talk between the stem cell and the myofibroblast is
thought to maintain ‘stemness’. b Epidermis. Here there are two
populations of stem cells, one in the basal layer of the epidermis and
one in the bulge region below the sebaceous gland. The progeny of the
latter are thought differentiate into the follicle itself
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reciprocal relationship in maintaining stemness that is
shared between cells and their niche. In the crypt,
epithelial cells themselves also express signalling mole-
cules: for example, expression of the Hedgehog (Hh)
ligands Indian and Sonic Hedgehog is restricted to the
epithelial cells away from the crypt base [25, 26].
Hedgehog signalling antagonises proliferative Wnt sig-
nals, inhibiting proliferation in Hh" cells and so restricting
cell division to the stem cell compartment. In the fly testis,
germline stem cells are clustered around a hub of non-
dividing cells, which express the niche-ligand Unpaired
(Upd). Upd stimulates the JAK-STAT pathway, which
maintains stem cell identity [27, 28]. Spradling et al. have
argued that a stem cell niche should persist on the removal
of the stem cells [29]. Indeed, transplantation of germline
stem cells from donor mice into the testes of sterile mice
restored spermatogenesis [30]. Correspondingly, in the
murine intestinal crypt, the stem cell compliment is readily
restored following depletion by radiation or mutagen.

Given the remarkable proliferative potential of stem
cells, tight regulation of stem cell division is required to
prevent aberrant growth. Proliferation of stem cells must
balance the need for self-renewal of the stem cell
population with the constant requirement for new short-
lived tissue-specific differentiated cells. One mechanism to
balance this trade-off between renewal and proliferation is
asymmetric stem cell division. Asymmetric division results
in a stem cell producing one differentiated daughter cell and
one daughter stem cell. In this manner, the normal stem cell
compliment is maintained. The immediate differentiating
cell progeny of the stem cells are thought to be transit
amplifying cells (TA cells). TA cells have limited replica-
tive potential and divide only a relatively small number of
times to produce the bulk of the specialised, terminally
differentiated (TD) cells in the tissue. Ohlstein and
Spradling show clear evidence of this hierarchical tissue
structure in the fly mid-gut [31]. Crypt-like structures in the
fly are maintained by a single proliferative stem cell, which
divides asymmetrically to produce differentiated enterocyte
and enteroendocrine progeny. Hierarchical tissue structure
has also been demonstrated in the mammalian intestine [32,
33]. Hierarchical tissue structures may have evolved to
restrict the accumulation of mutations and so could be an
anti-cancer mechanism. This idea is discussed in the next
section.

Are all stem cell divisions asymmetric? The answer to
this question is almost certainly no. Mutant stem cells can
repopulate an entire niche [34-36], and further, analysis of
the diversity of heritable methylation patterns in colon
crypts is incompatible with a model where all stem cell
lineages are immortal [37]. Thus, some stem cell divisions
must be symmetric, producing either two stem cell
progeny or two differentiated cell progeny. In order

maintain a constant number of stem cells in the niche,
the symmetric divisions resulting in two daughter stem
cells (growth of a stem cell clone) must occur at the same
frequency as symmetric divisions resulting in two differ-
entiating daughter cells (death of a stem cell clone).
Disruption to this balance can lead to aberrant growth and
the formation of a tumour.

In the small intestinal crypt, cells migrate from the base
of the crypt, along the vertical crypt axis and onto the villus
(Fig. la). Thus, the crypt stem cells, the source of the
differentiated cells, are very likely to be located at the base.
Indeed, localisation of the putative stem cell marker Lgr5
(described later) to the cells at positions 1-3, suggests the
intestinal stem cells reside between the Paneth cells at the
crypt base [38]. Contrastingly, label retaining cells are
located at positions 4-5 [39], where the putative stem cell
marker Bmil [40] is also localised (described later).
Proliferation in the crypt tends to be restricted to the
bottom two-thirds [41]. Stem cells produce transit amplify-
ing cells whose progeny constitute the bulk of the crypt cell
population [33]. Regulation of cell division and differenti-
ation of stem cell progeny into either Goblet or enter-
oendocrine cells or enterocytes are provided by a range of
signalling pathways including Wnt, Notch and BMP path-
ways (reviewed in [42]).

Stem cell niches are thought to be present in all
proliferative tissues. The structure of the epidermal stem
cell niche has also been extensively investigated. Figure 1b
schematically describes the structure of the follicle and
surrounding epidermis. Briefly, there are two putative stem
cell zones within the epidermis: the basal layer of the
epidermal proliferative unit (EPU) of epidermis and the
bulge region of the hair follicle. Each stem cell zone has its
own independent niche. It should be noted that only thin,
relatively unexposed skin exhibits EPUs: thicker, more
exposed skin does not and is heavily keratinised. However,
within an EPU, the basal layer is the most proliferative and
high expression of adhesion markers such as (31 intergrins
have been proposed as a stem cell marker in the basal layer
[23] particularly in conjunction with a physical connection
to the basement membrane. Stem cells in the bulge region
primarily appear to be responsible for hair growth and
maintenance of the sebaceous gland. Bulge cells have been
characterised by their ability to retain DNA label and
express the o4 integrin, transplanting these cells led to
patches of hair-producing epidermis [43].

Self-defence in stem cell populations
Since DNA replication is not perfect, mutations occur each
time a cell divides. In renewing tissues, such as the

gastrointestinal epithelium, many millions of cell divisions
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occur each day. When viewed in this light, the eventual
acquisition of a tumorigenic mutation by a stem cell clone
seems inevitable. Yet, cancers are relatively rare. Why is
this? One persuasive answer is that the mechanisms that
regulate stem cell divisions have evolved to limit somatic
evolution in the stem cell population. Mathematical
modelling shows that hierarchical tissue structures, where-
by a few infrequently dividing stem cells produce short-
lived transit amplifying cells that generate the bulk of the
tissue mass, restrict the likelihood of oncogenic transfor-
mation of stem cells in a niche [44].

In 1975, John Cairns introduced his ‘immortal strand
hypothesis’ (Fig. 2a) as a mechanisms by which adult
stem cells protect themselves from accumulation muta-
tions and hence minimising the risk of developing cancer

[45]. The basic assumption is that the template DNA is
selectively retained in asymmetrical division whilst the
newly synthesised strand is passed on to the daughter cell,
the transit-amplifying cell. Thus, any errors in replication
will be transferred to progenitor cells and lost from the
population [45]. Experimentally proving the hypothesis
has been challenging; however, the presence of cells that
apparently are able to segregate their template DNA strand
has been observed in a limited number of tissues including
small intestinal [46] and breast [47] epithelial cells and
muscle satellite cells [48].

The hypothesis has been challenged, however, and no
molecular mechanism for the selective retention of template
DNA has been proposed. Furthermore, the immortal strand
hypothesis requires that such label-retaining cells undergo
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Fig. 2 Niche defence mechanisms. a The immortal strand hypothesis.
Stem cells may selectively segregate newly formed, and hence error-
prone, DNA strands to their short-lived progeny, and retain the
original, error-free, template strand. i A stem cell in its niche with an
immortal DNA strand (black), and the complementary new strand
(red). ii DNA replication, with newly synthesised strands (dashed
green). iii Mitosis. Chromatids are aligned in preparation for selective
chromatid segregation. iv The stem cell retains the immortal strand,
whilst the daughter cell inherits the newly synthesised DNA. b
Hierarchical tissue structures restrict the accumulation of mutations. i
The stem cell niche is maintained by a small number of stem cells
(vellow), which produce transit amplifying progeny (blue) that divide
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frequently to produce the bulk of the differentiated cell population
(red). ii A stem cell in the niche acquires a mutation (orange).
Mutations could result from exposure to a mutagen or simply through
random DNA replication errors. iii A symmetric division of an
adjacent stem cell displaces the mutant cell from the niche. The
mutant cell will be subsequently lost from the niche, and the niche
reverts to being entirely wild-type. iv Alternatively, through niche
succession, the mutant cell can repopulate the entire niche. The niche
is now described as mono-clonally converted. Some stem cell
mutations will provide a selective advantage for the mutant cell
compared to the other stem cells in the niche, increasingly the
likelihood the mutation is retained in the niche
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further division but retain the template strand: this has yet
to be shown experimentally. Lansdorp [49] recently
proposed the ‘silent sister’ hypothesis, suggesting that cell
fate in asymmetric division is co-directed by epigenetic
differences between sister chromatids, inducing a non-
random segregation of sister chromatids during mitosis.
The daughter cell remaining as a stem cell selectively
retains chromatids with active stem cell genes, with the loss
of stem cell properties in the cell that inherits the opposite
‘silent’ sister chromatids [49]. Not all studies agree with the
hypothesis. Haematopoietic stem cells (HSCs) with long-
term repopulating activity have been shown not to
segregate their template DNA strand nor do they retain
label [50].

Occasional symmetric divisions of stem cells, which
result in a stem cell producing two daughter stem cells, or
two daughter differentiated cells, also restrict the rate at
which mutations can accumulate in the stem cells in a niche
[51]. This is because symmetric divisions eventually result
in the loss of a stem cell clone: in order to keep the number
of stem cells in a niche roughly constant, symmetric
division of stem cells, producing two daughter stem cells,
must be balanced by a second symmetric stem cell division
which results in two differentiated cells and the eventual
loss of the stem cell clone. Correspondingly, if a niche
contains N stem cells, these random losses and expansions
of stem cell lineages mean that the probability that a neutral
mutation will become fixed in the niche is 1/N, so that most
neutral mutations are shed from the niche. This could
therefore act as a defence mechanism whereby a neutral
mutation, if it was allowed to continue to survive within the
niche, may propagate a field of genetic instability encour-
aging further, possibly tumorigenic, mutations. This is
illustrated in Fig. 2b.

Stem cells are also thought to have developed strategies
in order to protect them from toxic environment agents.
This seems to confer them with a resistance to xenobiotics,
including many drugs used to treat cancer. A well-described
defence mechanism involves the expression of members of
the ATP-binding cassette (ABC) superfamily of membrane
transporters. These proteins have the ability to hydrolyse
ATP to support substrate efflux against steep concentra-
tions, usually from the intra- to the extracellular space.
Goodell et al. first reported the isolation of HSCs on the
basis of their ability to efflux a fluorescent dye, Hoechst
33342 [52]. Cells that actively efflux the Hoechst dye
appear as a distinct population of cells called the ‘side
population’ (SP). Many studies suggest that the ABCG2
transporter, a member of the ABC superfamily [52], also
known as the breast cancer resistance protein, determines
the SP phenotype. The SP fraction often equates to the stem
cell population in normal tissues as well as tumours [53,
54]; however, not all SP cells are stem cells [55]. The

expression of such ABC transporters in cancer stem cells
could enable them to efflux drugs and hence contribute to
relapses and drug resistance in cancer.

There are other mechanisms known to protect stem cells in
healthy tissue and possibly lead to resistance in cancer stem
cells. HSCs for example have high levels of aldehyde
dehydrogenase (ALDH), a detoxifying enzyme that confers
resistance to alkylating reagents such as cyclophosphamide
[56]. Indeed, a subpopulation of cells with high levels of
ALDH has been found to define a poor prognosis group in
acute myeloid leukemia (AML) [57]. In the bronchiolar
epithelium, stem cells appear to be rare pollutant-resistant
cells linked to a deficiency in phase 1 drug metabolising
enzyme CYP450 [58]. In the liver, progenitor cells have been
shown to expand despite exposure to pyrrolizidine alkaloids
due to a similar deficiency in cytochrome P450 [59].

Markers of adult stem cells

It is not possible to morphologically distinguish a tissue
stem cell from its ‘non-stem’ cell neighbour. As such, there
has been a rush to find a stem cell marker that not only is
specific for a stem cell area but can also demonstrate the
multipotential properties of such cells. Recently, there have
been significant advances in the identification of adult stem
cell markers; no longer do we rely on markers that tag the
supposed stem cell zone but instead use techniques that
actually demonstrate multipotentiality, a crucial property of
stem cells.

There is no doubt that the Wnt (reviewed elsewhere
[60]) signalling pathway is inextricably linked to stem cell
renewal and maintenance of the niche. Nuclear 3-catenin
has been shown to be present in normal basal intestinal
crypt cells [61], and these could be stem cells; however,
Paneth cells can also express nuclear (3-catenin during
their maturation [62], so this is probably not a reliable
marker of stem cells. Barker et al. [38] have demonstrated
a Wnt target gene, leucine-rich-repeat-containing-G
protein-coupled receptor 5 (Lgr5) as a potential stem cell
marker within the gastrointestinal tract of mice. After
crossing Lgr5-Cre-lox transgenic mice with ROSA26-
LacZ mice [38], this group was able to trace the
development of Lgr5+ve cells within crypts via the
expression of LacZ. Initially, cells appeared in crypt base
columnar (CBC) cells in the small intestine and at the base
of the colon. Over time, LacZ expression spread through-
out the crypt telling us that Lgr5 expression was induced
in a stem cell and the progeny eventually formed all the
differentiated epithelial phenotypes within the crypt,
therefore demonstrating multipotentiality. Furthermore, a
recent paper by the same group has elegantly shown that
isolation and culture of Igr5+ve cells results in the in vitro
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formation of rudimentary crypts and villi in an organoid
fashion [63]. What is so interesting about this paper is that
crypts and villi appear to form in the absence of an
obvious niche. If this can be repeated in other systems, we
may have to rethink the dogma that a stem cell only
remains a stem cell whilst is in a niche.

Subsequent to this, another marker of murine intestinal
stem cells was proposed using a similar approach. Bmil, a
member of the Polycomb group gene family, was first
described as an oncogene that induces leukaemias [64] and
appears to play a role in stem cell self-renewal [65]. Bmil
has been shown to be over-expressed in intestinal cancers
[66, 67]. By using a transgenic mouse model that expressed
Cre under the Bmil locus crossed with a Cre-inducing LacZ
(Rosa26) mouse, Sangiorgi and Capecchi [40] demonstrat-
ed that 20 h post-tamoxifen injection, Bmil+ve cells (by [3-
gal expression) appeared at cell position 4, the originally
proposed stem cell position [68]. Over time, these cells
expanded eventually taking over the entire crypt, in a
similar fashion to that shown by Barker et al., with Lgr5.
Interestingly, the Lgr5 transgenic mice showed little in the
way of intestinal epithelial abnormalities; however, when
the Bmil transgenic mice were crossed with a mouse
expressing the diphtheria toxin, tamoxifen injections
resulted in a loss of crypt number over time, indicating
that there has been a loss of the stem cell compartment and
that Bmil has an important function in the maintenance of
tissue stem cells. Thus, maybe a two-tier system operates in
the small intestine, with rapidly cycling CBC stem cells
supported by slowly cycling, so-called label retaining stem
cells at cell positions 4-5.

There have been a number of other markers that have
been suggested, the most notable being Musashi-1 (Msil).
Msil is an RNA-binding protein that blocks the translation
of m-Numb RNA and so has a positive regulating effect on
Notch signalling [69]. Msil is expressed at the base of the
colonic crypt and at cell positions 3—4 in the small intestinal
crypt [70]. It is also expressed in the so-called CBC cells
(small, slender cells that sit in amongst the Paneth cells)
within the small intestine, which are also positive for Lgr5
[67]. Tt has been shown to suppress the differentiation of
Paneth cells and may have a role in maintaining ‘stemness’
[71]. Before Msil can be considered a true marker of
intestinal stem cells, it must be shown to be expressed on
cells that demonstrate multipotentiality. Other markers of
intestinal stem cells have been proposed including
DCAMKL-1 [72], EphB receptors [73] and label-retaining
cells [46], all of which have been shown to be expressed in
the stem cell zone but have not yet been shown to have any
robust stem cell properties.

Unlike the intestine, the liver does not have a well-
defined niche; indeed, the liver is normally proliferatively
quiescent. This has led to the belief that there may not be a
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stem cell population within the liver, but rather a slow but
continuous turnover of cells such as hepatocytes. However,
upon partial hepatectomy, a fast regenerative response
occurs which involves all hepatic cell types, restoring the
liver to its original state [74], suggesting that there may be
progenitor/stem cell-like populations in the liver. Recently,
our group has shown that mitochondrial DNA mutations
can be used as a marker of clonal expansion of a stem cell
clone from the portal area in vivo [34]. Markers of hepatic
stem cells have been proposed (label-retaining cells [75],
STAT3 and Oct4 [76]), and indeed these cells are located
proximal to the portal area, but none have adequately been
demonstrated as stem cells.

Cancer stem cells

For many years, it has been apparent that stem cells feature
in processes as diverse as wound healing, metaplasia and
cancer. Two-stage models of skin cancer in rodents carried
out in the 1950s strongly suggested that cancers had their
origins in long-lived epidermal stem cells, but the idea that
cancers themselves might have malignant CSCs is only just
gaining widespread acceptance, despite the fact that
Hamburger and Salmon in 1977 [4] using colony formation
in soft agar as a surrogate stem cell assay found that for
many human tumours, only one in 1,000 to one in 5,000
cells was able to form a macroscopic colony.

Cancer could arise from the dedifferentiation of mature
cells that have retained the ability to divide, or it could result
from the ‘maturation arrest” of immature stem cells [77]. The
idea of ‘blocked ontogeny’ has gained wide acceptance, and
we now believe that the arrested differentiation of tissue-
based stem cells or their immediate progenitors is closely
linked to the development of not only tetratocarcinomas and
haematological malignancies, but also carcinomas. Some of
the most frequent cancers occur in tissues with a high cell
turnover such as the skin and the epithelial lining of the
gastrointestinal tract. It is argued, not unreasonably in our
view, that in these tissues the stem cells are the only cells
with sufficient life span to acquire the requisite number of
genetic abnormalities for malignant transformation. Addi-
tionally, with a self-renewal mechanism already in place,
seemingly fewer alterations are required to change normal
stem cells into CSCs. In the now classical two-stage model
of mouse skin carcinogenesis, severely delaying the interval
between 7,12-dimethylbenz(a)anthracene initiation and the
application of the phorbol ester promoter had no bearing on
subsequent tumour yield—strongly suggestive of an origin in
a long-lived cell, an epidermal stem cell [78].

Direct genetic labelling of adult stem cells in the
mouse small intestine has revealed that tumours, in this
case, adenomas, arise directly from adult stem cells [79,



Virchows Arch (2009) 455:1-13

80]. Notwithstanding the current debate about whether
cancer stem cells, or more correctly tumour-initiating cells
(TICs), are rare or quite common, it is quite clear that
more than one marker has been used to enrich for TICs
from a given tumour type. For example, both CD133 and
CD44 have been employed for enrichment of TICs in both
colorectal [81, 82] and pancreatic cancer [83, 84]. Indeed,
there may well be phenotypic diversity amongst the CSC
population within a single tumour population as suggested
for gliobastoma multiforme [85]. In fact, the CSC
population may be a moving target as cells lose or acquire
properties of ‘stemness’, as seen when Twist or Snail is
up-regulated in breast cancer epithelial cells resulting in
epithelial-mesenchymal transition (EMT)—remarkably
these mesenchymal-like cells also acquired the widely
perceived breast CSC phenotype, CD44'CD24"Y [86].
The development of metastasis might well involve the
dissemination of CSCs, particularly involving those cells
at the tumour margins that have undergone EMT—the so-
called migrating cancer stem cells [43]. This process may
be aided by the expression of chemokine receptors on
CSCs as observed in pancreatic cancer [83]. These
concepts are depicted in Fig. 3.

Markers of CSCs

Considerable effort is being expended in the search for
‘markers’ of stem cells, with every expectation that many of
the molecules expressed by normal stem cells will also be
found in their malignant counterparts. Collectively, these
molecules appear to be involved in maintaining ‘stemness’
(transcription factors such as Oct-4 and Nanog), ensuring
adhesion to the niche and be involved in cytoprotection [87].
Many putative stem cells have acquired the ability to
withstand cytotoxic insults through either efficient enzyme-
based detoxification systems or by the ability to rapidly
export potentially harmful xenobiotics. This would include
high expression of ABC transporters, responsible for the SP
and ALDH gene superfamily encoding detoxifying enzymes
for many pharmaceuticals and environmental pollutants [88].
As expected, high expression of ALDH can be detrimental
to tumour eradication; cyclophosphamide treatment of
human colonic xenografts enriches for CD44+ALDH+ cells,
and these double positive cells were more tumorigenic than
cells selected by solely CD44 positivity [89].

As discussed earlier, another proposed stem cell marker
is Bmil, required, for example, for the self-renewal of
HSCs. Loss of Bmil leads to a depletion of neural stem
cells, associated with upregulation of p16™*% [90]. The
premature senescence of murine neural stem cells is
prevented by Bmil, suppressing transcription at the Ink4a/
Arf locus that encodes p16™*** and p19"7 [90].
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Fig. 3 Current concepts regarding stem cells and tumour evolution in
tissues with ordered structure such as epithelia. a In normal tissues,
adult stem cells (ASC, yellow) self-renew and give rise to transit
amplifying cells (TAC, blue) that divide several times before
undergoing terminal differentiation (TD, red). Many lines of evidence,
including direct lineage tracing from genetically marked ASC indicate
that tumours arise from ASCs, though an origin from TACs is also
possible. b Tumours also have a hierarchical structure, albeit a
relatively disorganised one, the cancer stem cells (CSC, yellow, altered
chromosomes) may have a single phenotype (X surface colour denotes
a specific surface phenotype, e.g., CD44 CD24°Y" in breast cancer)
and be rare or relatively common. ¢ Genetic or epigenetic events may
result in new clones driven by phenotypically diverse populations of
CSCs (yellow cells with Y surface colour). Further genetic or
epigenetic changes may result in some cells undergoing epithelial—
mesenchymal transition (EMT, yellow fibroblast-like cell) equipping
them with CSC properties, and d metastasis may be caused by
migrating CSCs detaching from the tumour mass, in particular these
may be the CSCs formed through EMT that may respond to
chemotactic gradients by virtue of expression of chemokine receptors
such as CXCR4

Perhaps, the most ‘popular’ marker of putative stem cells
is Prominin-1 (CD133), the first identified member of the
rapidly growing prominin family of pentaspan membrane
proteins [91, 92]. The specific functions and ligands of the
prominins are still relatively unclear, but they are distinct in
their restricted expression within plasma membrane pro-
trusions, such as epithelial microvilli [93]. Two antibodies,
CD133/1 (aka AC133) and CD133/2 (aka AC141) recog-
nise different glycosylated epitopes, and most studies use
CD133/1. In combination with other markers, CD133 has
been used to isolate HSCs and endothelial progenitor cells
(EPCs), but its greatest utility has been in the enrichment of
cells with tumour-initiating ability (so-called cancer stem
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cells) in immune-deficient mice from a variety of human
solid tumours, including brain, prostate, liver and colon
[94]. However, a recent study has found that most normal
and malignant colonic epithelial cells express CD133, and
moreover, CD133-negative cells isolated from colorectal
liver metastases were at least as tumorigenic as their
CD133-positive counterparts [95].

Cancer stem cells in solid tumours

Colorectal cancer is one of the most common forms of solid
tumour in the western world and accounts for approximate-
ly 10% of cancer-related deaths in Europe [96]. There is
therefore a distinct need to develop markers to develop our
understanding of the origins of colorectal cancer at a
cellular level and evaluate the contribution of stem cells in
this disease.

CD133 (Prominin-1) has received the most attention as
such a colorectal cancer stem cell marker. Initial publica-
tions by O’Brien et al. and Ricci-Vitiani et al. demonstrated
that when CD133-positive cells were purified from clinical
colorectal tumours they were capable of initiating tumours
in immunodeficient mice. Indeed, tumours were established
by transplanting as few as 3,000 CD133-positive cells and
grew faster than when 10° whole tumour cell populations
were injected; when CDI133-negative cells were injected,
no tumours arose. This was potentially a very significant
observation, showing for the first time a specific population
of cancer cells that expressed a marker that was easily
identified and was able to initiate tumour growth although
the true function of CD133 in such cells has not been
identified. As with nearly every other potential marker of
cancer stem cells, it was not long before CD133 as a cancer
stem cell marker in the intestine was called into question.
Shmelkov et al. created a knock-in LacZ reporter mouse
whose LacZ expression was driven by the CD133 promoter.
They showed that CD133 expression was not restricted to
the stem cell zone of the crypt, but expressed all over the
intestinal epithelium. When they crossed CD133%“““* mice
with IL-107"~ mice (who develop spontaneous colonic
inflammation progressing to adenocarcinoma [95]), the
entire tumour expressed CD133. Furthermore, they also
demonstrated that both CDI133-positive and CDI133-
negative metastatic colon cancer cells, derived from clinical
material, were able to initiate tumours. This does not hold
true for all cancer stem cell systems. In cells isolated from
brain cancer, clonogenicity and self-renewal seem to be
exclusive to a subpopulation of cells expressing CD133 and
nestin, regardless of the tumour phenotype [97].

The observation that SP cells, characterised by their
ability to efflux Hoechst 33342 dye, represents a stem cell
or even cancer stem cell population has been proposed [98],
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but does not apply to all tissues. In the mouse hair follicle
for example, the SP cells are found beneath the label-
retaining bulge and thus correspond to TACs [99].
Likewise, in human epidermis and the murine haemato-
poietic system, the SP phenotype does not appear to be
specific for stem cells [99]. Haraguchi et al. [100]
demonstrated that human colorectal cancers do contain a
SP and that these cells expressed ABCG2. However, recent
evidence from our group has suggested that SP cells are not
enriched for cancer stem cells [101] and SP-enriched or SP-
negative cells are both equally able to induce tumours in
immunodeficient mice.

Despite the vast amount of research into putative cancer
stem cell markers in colorectal tumours, only Lgr5 has been
shown to be a marker of normal crypt stem cells, and it also
has been used to demonstrate that crypt stem cells can be
the TIC population that gives rise to colorectal cancer.
Barker et al. [102] elegantly demonstrated that deletion of
Apc in a Lgr5 knock-in transgenic mouse quickly lead to
transformation (dysplastic cells expressing [3-catenin) with-
in a few days. Over time, this spreads in a bottom-up
fashion [103] leading to the development of monocryptal
adenoma-like crypts and eventually to large adenomas
(Fig. 4). Along with evidence that the expression of Lgr5
is greatly increased in advanced colorectal cancers [104],
this has the potential to be an extremely promising marker
for targeted therapy.

Evidence for the existence of CSCs in the lung was
first described more than 25 years ago in a study by
Carney et al. [105]. In this study, a small population of
cells (<1.5%) isolated from the tumours of both adeno-
carcinoma of the lung and small cell lung cancer (SCLC)
patients were able to form colonies in a soft agar cloning
assay. As with other solid tumours, CD133 expression
features predominantly in the search for CSCs in the lung.
In non-small cell lung cancer (NSCLC), 1,000 CD133"
cells could form tumours in SCID mice, but 10* CD133-
negative cells never did [106]. The CD133-positive cells
showed enhanced expression of Oct-4 and ABCG2;
siRNA knockdown of Oct-4 blocked clonogenicity and
enhanced chemosensitivity. In both SCLC and NSCLC a
small (<1%) population of CD133-posiive cells has been
found, with 10* of these cells capable of forming tumours
in SCID mice with features of the parent tumours [107].
These in vitro sphere-forming cells often expressed Oct-4
and Nanog along with CCSP and SP-C. Exploiting the
perceived chemoresistance of CSCs, CSCs have been
enriched in a NSCLC cell line by treating with the likes of
cisplatin and doxorubicin [108]; 5% 10° drug selected cells
regularly formed tumours in SCID mice. These cells
expressed CD133 and CDI117 and the embryonic stem
cell markers SSEA-3, TRA1-81 and Oct-4 and had nuclear
[3-catenin. In the cell line, the SP fraction was 5.2%, but
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Fig. 4 To demonstrate the process by which a stem cell at the base of
a crypt can transform the crypt to an adenoma, we illustrate the work
done by Barker et al. [102]. a A normal colon crypt contains between
4 and 6 Lgr5+ stem cells (green border) located at the crypt base,
between the Paneth cells. In Lgr5-EGFP-IRES-creER mice, Lgr5-
expressing cells are transiently labelled with GFP and also express
creER. b Following tamoxifen injection, the creER, which is
expressed only in Lgr5+ cells, is activated and the resulting cre-
mediated recombination removes the floxed APC gene in these cells.
The transformed cells rapidly become strongly positive for 3-catenin

after drug treatment this was increased to 35%. Clearly,
drug resistance and lung CSCs are heavily entwined. In
the A549 NSCLC cell line, a large (24%) SP has been
found, with enhanced resistance to doxorubicin and
methotrexate related to ABCG2 activity [109].

Using the CD133/1 antibody, a number of studies have
suggested that the CDI133-positive fraction enriches for
hepatocellular carcinoma (HCC) CSCs [110, 111]. As
might be expected of CSCs, they appear as a minority
(<2%) population in primary tumours, though continued
passaging has resulted in considerable enrichment of
CD133" cells in some HCC cell lines, up to 90% [110].
HCCs with higher than the median number (1.32%) of
CD133-positive cells are correlated with shorter survival,
higher recurrence rates and higher tumour grade [112], and
CDI133" cells appear highly resistant to conventional
therapeutic drugs such as 5-FU and doxorubicin [113].

Are cancer stem cells rare?

CSCs are believed to have stem cell characteristics,
particularly the ability to self-renew and to give rise to a
hierarchy of progenitor and differentiated cells, albeit in a
disorganised manner that gives rise to more CSCs.
Operationally at present, CSCs are regarded as prospec-
tively purified cells that are more tumorigenic than the bulk

(brown cells), a marker of adenomatous growth. ¢ At 8 days post-
recombination, the (3-catenin high cells were still restricted to the base
of the crypts. d At 2 weeks post-recombination, crypts entirely
composed of (-catenin high cells were observed—therefore niche
succession and monoclonal conversion has occurred. In these
adenomatous crypts, Lgr5 expression was still localised to the putative
stem cell zone at the crypt base (brown cells, green border). At
36 days post-recombination, multiple (3-catenin high adenomas were
observed throughout the intestine

or the marker-negative tumour population in a suitable
tumour development assay, e.g., after transplantation to
NOD/SCID mice. More stringently, a CSC should be a cell
that can reconstitute, in a recipient animal, a tumour
identical to the original tumour in the patient, which can
then be serially xenotransplanted indefinitely. At present,
most putative CSCs are identified by their tumour-initiating
ability and are thus referred to as TICs. The conventional
wisdom is that CSCs are rare based upon having to
xenotransplant large numbers of human tumour cells into
immunodeficient mice to further propagate the tumours;
however, this might have more to do with a hostile murine
microenvironment. For example, a few as ten mouse
lymphoma or AML cells can regularly propagat