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Cancer stem cells – new and potentially important targets
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There is increasing evidence that the growth and spread

of cancers is driven by a small subpopulation of cancer

stem cells (CSCs) – the only cells that are capable of long-

term self-renewal and generation of the phenotypically

diverse tumour cell population. Current failure of cancer

therapies may be due to their lesser effect on potentially

quiescent CSCs which remain vital and retain their full

capacity to repopulate the tumour. Treatment strategies

for the elimination of cancer therefore need to consider

the consequences of the presence of CSCs. However, the

development of new CSC-targeted strategies is currently

hindered by the lack of reliable markers for the identifi-

cation of CSCs and the poor understanding of their

behaviour and fate determinants. Recent studies of cell

lines derived from oral squamous cell carcinoma (OSCC)

indicate the presence of subpopulations of cells with

phenotypic and behavioural characteristics correspond-

ing to both normal epithelial stem cells and to cells cap-

able of initiating tumours in vivo. The present review

discusses the relevance to OSCC of current CSC con-

cepts, the state of various methods for CSC identifica-

tion, characterization and isolation (clonal functional

assay, cell sorting based on surface markers or uptake of

Hoechst dye), and possible new approaches to therapy.
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Cellular heterogeneity of oral squamous cell
carcinoma (OSCC)

The heterogeneous nature of OSCCs has been demon-
strated by histological, phenotypical and karyotypical

analyses (Bryne et al, 1998; Bankfalvi et al, 2002;
Tremmel et al, 2003). Heterogeneity has been mainly
attributed to a process of clonal expansion in which
various clones are continuously generated, due to
genetic changes, with the daughter cells of more
dominant clones overtaking the cells of the other
malignant clones in a wave-like fashion (Tabor et al,
2001). However, there is an increasing awareness that
not all heterogeneity among the cancer cells is the result
of genetic heterogeneity and that, within a single tumour
clone, cells have significantly different abilities to pro-
liferate and form new tumours. This has led to the
hypothesis that most cells in a cancer have a limited
ability to divide and only a small subset of phenotyp-
ically distinct cells, the cancer stem cells (CSCs), has
the capacity to self renew and form new tumours
(Hamburger and Salmon, 1977; Reya et al, 2001).

A hierarchical concept of heterogeneity
of OSCC

Concepts concerning CSCs have often been controver-
sial but the identification of differential patterns of
expression of various cell-surface epitopes and fraction-
ation of tumours into subpopulations of cells has now
allowed prospective identification of cells that differ
markedly with respect to their ability to proliferate and
form new tumors (Al-Hajj and Clarke, 2004). Evidence
for the presence of CSCs was first presented for
haematological malignancies where only a small subset
of cancer cells was found to be clonogenic in culture
(Griffin and Lowenberg, 1986). More stringent tests,
using in vivo models for the transplantation of human
acute myeloid leukaemia cells into immunodeficient
mice, identified a subpopulation of leukaemia-initiating
cells which showed immature features and was prospec-
tively identifiable by its CD34+CD38) phenotype
(Bonnet and Dick, 1997). Recently, CSCs have been
similarly identified in solid tumours of the breast, lung
and central nervous system. For human breast cancer
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only a small subpopulation of cells with a
CD44+CD24-/low phenotype was able to generate new
tumours in immunocompromised mice (Al-Hajj et al,
2003), and these �tumour initiating cells’ gave rise to all
phenotypically diverse cells present in the original
tumours. In glioblastoma and medulloblastoma only
cells that express the stem-cell marker CD133 have self-
renewing and differentiating ability in vivo (Singh et al,
2004). In murine lung adenocarcinomas a small subset
of cells that exhibits self-renewal and is multipotent in
clonal assays was identified (Kim et al, 2005).

With regard to oral lesions, it has been shown, using
�organotypic’ in vitro culture models, that cell lines
derived from human OSCC contain only small subpop-
ulations of cells that have clonogenic characteristics
(Mackenzie, 2004). Although not corresponding fully to
the in vivo conditions, �organotypic’ cultures provide a
more normal environment than standard cultures
for both normal and transformed oral keratinocytes
(Costea et al, 2005). The survival of only a subpopula-
tion of tumour cells in these conditions indicates the
existence of a range of growth potentials within the
tumour population that might be related to a stem and
amplifying cell pattern present in the OSCC of origin
(Mackenzie, 2004). More recent studies show that, even
years after their isolation and extensive in vitro propa-
gation, human OSCC-derived cell lines retain a range of
cell types corresponding to the stem and amplifying cells
of normal oral epithelium and that a small subpopula-
tion of cells corresponds to tumour-initiating cells and
therefore appears to possess the essential defining
properties of CSCs (Locke et al, 2005).

In normal oral mucosa, as in other self renewing
tissues such as bone marrow and skin, compensation for
normal physiological cell loss is ultimately dependent on
somatic stem cells, a small subset of cells with pheno-
typically and behaviourally distinct properties. These
cells are endowed with (i) seemingly unlimited capacity
for self-renewal, and (ii) the ability to generate cells that
differentiate to maintain tissue structure and function
(Lajtha, 1979; Weissman, 2002; Tudor et al, 2004). The
production of differentiating cells in OSCCs, although
abnormal, indicates that the structure of malignant
tissues reflects, to a greater or lesser extent, the structure
of the tissue of origin. Given such structural similarities,
the question arises as to the extent to which OSCCs also
retain the hierarchical proliferative patterns present in
their tissues of origin where self-renewal capacity is
restricted to a subpopulation of cells. If OSCCs contain
CSCs, a hierarchical structure analogous to the tissue of
origin would also be expected. Similar to oral epithe-
lium, their tissue of origin, OSCCs are expected to
consist of a hierarchy of three cell types: (i) stem cells
that typically divide infrequently but retain an extensive
self-renewal capacity, and are capable of generating the
phenotypically diverse tumour cell population; (ii)
amplifying cells that have a limited capability for
proliferation but can amplify the maturing population
by dividing several times; and (iii) post-mitotic differ-
entiating or differentiated cells (Tudor et al, 2004)
(Figure 1).

Possible origins of CSCs

If the growth of OSCCs depends on a hierarchical
proliferative structure, questions arise about the origins
of the subpopulation of CSCs. Do they arise through
mutations of normal somatic stem cells present within
the oral mucosa, or are malignant stem-cell properties
acquired as a result of genetic changes and de-differen-
tiation of more mature cells? Given the present uncer-
tainty about the properties of CSCs some other
suggestions that have also been made concerning the
origin of CSCs cannot yet be excluded.

CSCs may originate from normal somatic stem cells
It has been estimated that three to six genetic events are
required to transform a normal human cell into a cancer
cell (Kinzler and Vogelstein, 1996; Hahn and Weinberg,
2002). A genetic tumour progression model has been
proposed for OSCC (Califano et al, 1996), and progres-
sive genetic alterations have also been found to correlate
with phenotypic progression to malignancy in OSCC
(Califano et al, 2000; Gollin, 2001). According to this
progression model, the development of most of OSCCs
takes months or years. As normal human oral epithelia
have a rate of renewal estimated to be about 14–24 days
(Squier and Kremer, 2001), most epithelial cells do not
exist long enough to accumulate the genetic changes
necessary for the development of an OSCC (Braakhuis
et al, 2004). The hierarchical stem cell structure present
in human oral epithelia (Figure 1) indicates that stem
cells are the only long-time residents of oral epithelia

Figure 1 Hierarchical stem cell concept in human oral mucosa. Stem
cells (S, red cells) with low proliferative rate but high self-renewal
capacity produce, by asymmetric division, a new stem cell (red arrow)
and a more differentiated cell (blue arrow) which has a higher
proliferative rate but low or absent self-renewal capacity – the transit
amplifying cell (TA, pink cells). TA cells divide and differentiate into
specialized cells that maintain the tissue (D, blue round cells), and
finally desquamate from the epithelial surface (D, blue flattened cells).
The asymmetric pattern of stem cell division provides a steady state in
which the number of stem cells remains constant while continuously
supplying cells into the differentiation pathway. Stem cells can also
undergo a symmetrical division to generate two new stem cells or two
cells committed to differentiation
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and, consequently, the only cells able to accumulate the
necessary number of genetic changes for malignancy to
develop (Owens and Watt, 2003; Perez-Losada and
Balmain, 2003; Hunter et al, 2005) (Figure 2a).

This model is supported by in vivo experimental
animal studies of skin carcinogenesis that indicate that
exposure to initiating agents produce cellular changes
which are retained within the tissue for extended periods
of time (Balmain et al, 1988; Morris et al, 1997). The
early observation that only a slowly cycling subpopula-
tion of adult murine epidermal cells retains carcinogens
in skin (Morris et al, 1986) also sustains the concept that
epithelial CSCs are derived from their normal tissue
counterparts. Somatic stem cells that have acquired
mutations are at higher risk of further progression
towards malignancy and the probability of yet further
malignant change would be heightened by mutations in
genes that affect stem cell division patterns or survival,
and thus result in expansion of the population of altered
stem cells at risk. In support of this concept, in vivo
animal experiments show that exposure to ultraviolet
light expands clones of epidermal stem cells carrying p53
alterations (Zhang et al, 2001, 2005). A similar pattern
of clonal expansion of transformed cells has also been
demonstrated for human keratinocytes in an in vitro
�organotypic’ model of human skin carcinogenesis. In
this model it was shown that UVB light exposure can
induce the intraepithelial expansion of apoptosis-resist-
ant, p53-mutant, and ras-activated keratinocytes at the
expense of adjacent normal keratinocytes (Mudgil et al,
2003). Displacement of normal stem cells by altered cells
is perhaps associated with the development of clonal
�field cancerization’ in oral mucosa (Braakhuis et al,
2004).

The derivation of CSCs from their normal tissue
counterparts is also supported by several other indirect
arguments. For example, CSCs and normal somatic
stem cells share patterns of molecular expression, for
example, of the Notch, Sonic hedgehog and wingless
(Wnt) signalling pathways, that are linked to mecha-

nisms for controlling stem cell proliferation and differ-
entiation (Tsai, 2004; Reya and Clevers, 2005). It
therefore seems more likely that a newly arising CSC
maintains the self-renewal machinery of a pre-existing
normal stem cell rather than developing new self-
renewal pathways (Reya et al, 2001; Pardal et al, 2003).

Aneuploidy occurs in some OSCCs and as it is
commonly thought to be the result of sequential
accumulation of mutations affecting genomic stability,
is considered a rather late than an early-stage change
during OSCC development (Hemmer and Polackova,
2000). However, normal cells that are exposed to
chemical carcinogens may become aneuploid long
before they show any specific mutations (Duesberg
et al, 2004; Duesberg, 2005), and recent studies show
that aneuploidy may be present at the early, premalig-
nant stages of OSCC (Maraki et al, 2004). A possible
alternative explanation for aneuploidy is the fusion of
two cells, with aneuploidy resulting from genetic insta-
bility that typically occurs after the process of fusion
(Hida and Klagsbrun, 2005; Ogle et al, 2005). Circula-
ting haematopoietic stem cells (HSCs) have been shown
to fuse, both in vitro and in vivo, with several other cell
types, including those of epithelial origin (Wagers and
Weissman, 2004). Experimental evidence from animal
models shows that carcinoma of the stomach can arise
from cells of haematopoietic origin, although these
experiments provided no evidence of fusion with
epithelial cells (Houghton et al, 2004). A recently
suggested mechanism underlying the origin of CSCs is
fusion between a circulating HSC and a differentiated
somatic cell which consequently acquires the self-
renewal patterns of the HSC (Bjerkvig et al, 2005).
Following this concept, the cell fusion process itself
might create genetic instability, or alternatively, fusions
between mutated somatic cells and HSC might give rise
to CSCs (Figure 2b). Direct evidence for such process in
the development of OSCCs is lacking, but it does
provide a possible mechanism for acquisition of invasive
properties of in situ carcinomas.
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Figure 2 Hypotheses of the origin of cancer stem cells (CSCs) in oral squamous cell carcinoma (OSCC). (a) Multiple genetic changes in normal
epithelial stem cells. Oncogenic events (black hatched arrow) occur in normal somatic stem cells of oral mucosa, the only cells that reside long
enough within the epithelium to acquire the number of genetic changes necessary for transformation and OSCC development to occur. (b) Cell
fusion between a haematopoietic stem cell and a mutated oral keratinocyte might occasionally occur and lead to genetic instability, aneuploidy and
a cell with an altered genome and stem cell properties – a CSC. Alternatively, fusion between a mutated haematopoietic stem cell (HSC) and
keratinocytes might give rise to CSCs. (c) De-differentiation. Oncogenic events occur initially in an amplifying cell delaying its differentiation
and permitting acquisition of additional oncogenic events leading to transformation. (d) Neosis. Exposure of cells to genotoxic agents can yield
senescent multinucleate giant cells. Their cellular division by cytoplasmic cleavage (�neosis’) may result in the formation of multiple small �Raju’
cells (RC/CSC), which seem to display stem cell properties
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CSCs may originate through de-differentiation of mature
cells
Both in vitro and in vivo experiments suggest that
oncogenic events can occur in keratinocytes that are
downstream from the most primitive stem cell, and can
induce stem-cell renewal capacity and reduce terminal
differentiation (Gat et al, 1998; Zhu and Watt, 1999).
If restricted progenitors can re-acquire the extensive
self-renewal potential of stem cells, they could also
acquire additional mutations that would lead to
transformation (Perez-Losada and Balmain, 2003)
(Figure 2c).

In vitro experimental observations that DNA damage
can lead to the formation of senescent polyploid giant
cells that may be able to escape cell death, divide and
give rise to stem-like cells has suggested a novel possible
origin for CSCs (Sundaram et al, 2004; Rajaraman et al,
2005) (Figure 2d). This process, termed �neosis’, is a
specific type of cell division of senescent multinucleated
cells that produces several small mononuclear cells
termed �Raju cells’ which have an extended mitotic
lifespan and an ability to generate transformed cell lines.
A similar process of genomic instability and micronu-
cleation has been described in cultured senescent breast
epithelial cells (Romanov et al, 2001), and binucleated
and multinucleated cells are seen when normal oral
keratinocytes senesce in culture (Kang et al, 2000).
However, neosis has been described so far only for
in vitro settings, and whether it is only an artefact of
in vitro culture conditions remains to be determined.
Giant cells have not been identified in OSCCs, although
they have been reported for other types of carcinomas
where they are described as a secondary reactive event of
the host rather than being of neoplastic origin (Donath
et al, 1997; Alwaheeb and Chetty, 2005; Baydar et al,
2006; Willems et al, 2005).

Is OSCC stem cell fate controlled intrinsically
or by the microenvironment?

Several studies of HCS indicate that their normal self-
renewal depends on interactions with neighbouring cells
or extracellular substrates that form the so-called stem
cell �niche’ (Spradling et al, 2001). It has been suggested
that tumour development and progression are associ-
ated with escape of malignant stem cells from �niche’
dependency (Smalley et al, 2005). However, interfolli-
cular epidermis and oral mucosal epithelia seem to have
relatively simple stem cell patterns that generate single
phenotypic lineages and the nature of stem cell �niches’
has not been clearly defined for such epithelia (Tudor
et al, 2004). Despite regionally specific patterns of
distribution and behaviour of epithelial stem cells
in vivo, epithelial cells typically show common patterns
of in vitro clonogenicity that indicate their ability to
generate stem and amplifying patterns by intrinsic
mechanisms (Tudor et al, 2004; Mackenzie, 2005).
Similar mechanisms may be associated with the ability
of non-malignant oral keratinocytes to suppress the
survival, clonal expansion and invasion of OSCC-
derived cells (Mackenzie, 2004).

Although localized extra-epithelial environmental
influences may not be necessary to determine all aspects
of stem cell behaviour in the oral mucosa (Mackenzie,
2005), several studies indicate an important role of the
stroma in epithelial stem cell survival and in controlling
cell behaviour. For example, the underlying fibroblasts
can trigger expansion and invasiveness of early trans-
formed oral keratinocytes that are non-invasive in other
conditions (Costea et al, 2005). The malignant progres-
sion of oral epithelial cells appears to be accompanied
by microenvironmental alterations associated with
fibroblast activation or conversion to a myofibroblast
phenotype (Barth et al, 2004; Lewis et al, 2004). Fibro-
blast activation can be induced both by the trans-
forming growth factor-b synthesis of transformed oral
keratinocytes (Lewis et al, 2004) (Figure 3a), and
directly by carcinogen exposure (Rich and Reade,
2001) (Figure 3b). Activated myofibroblasts can pro-
vide pro-invasive signals for transformed oral keratino-
cytes mediated either by diffusible or solid matrix
molecules (Matsumoto et al, 1989), by direct cell-to-cell
contact (Atula et al, 1997) or by a combination of both
(Costea et al, 2006) (Figure 3c). Tumour progression,
and the acquisition of a more invasive and metastatic
phenotype, is thought to be due to genetic changes
induced by new mutational events in transformed
keratinocytes (Toruner et al, 2004; Roepman et al,
2005) (Figure 3d), but additional events cannot be
excluded. For example, invasion of myofibroblasts into
the epithelial compartment may precede the invasion of
malignant epithelial cells into the mesenchymal com-
partment (De Wever and Mareel, 2003). The co-pres-
ence of motile myofibroblasts (Fukumura et al, 1998)
and fusogenic cancer cells (Duelli and Lazebnik, 2003)
may result in cell fusion (Figure 3e), with the new fused
cells inheriting both the invasive potential of the
myofibroblast and the mutated genome of the trans-
formed keratinocyte. Myofibroblast fusion has been
shown in some non-OSCC human oral tumours in vivo
(El-Labban and Lee, 1983), but whether such mecha-
nisms are associated with the transition from non-
invasive in situ carcinoma to invasive OSCC remains
hypothetical at present.

Identification of CSCs in OSCCs

Normal somatic stem cells and CSCs both form small
self-renewing subpopulations but they differ in that self-
renewal is highly regulated in normal stem cells but
poorly regulated in CSCs. Normal somatic stem cells
and CSCs share organogenic capacity but while normal
somatic stem cells generate mature normal tissues, CSCs
typically generate tissues with aberrant differentiation
patterns (Sell and Pierce, 1994). Despite these differ-
ences, the parallels existing between normal somatic
stem cells and CSCs suggest that the principles of
normal stem-cell biology may be usefully applied to
studies of CSC identification and their roles in tumour
development and progression (Pardal et al, 2003).
Methods that have been widely employed in stem
cell studies include in vivo label retention, in vitro
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clonogenicity and isolation based on fluorescence-acti-
vated cell sorting.

Identification of stem cells by label retention
Long-term labelling of cells with nucleotide analogues
such as bromodeoxyuridine or tritiated thymidine was
initially developed as a method for identifying slow
cycling cells, a property expected of stem cells in their
normal state. It was anticipated that nucleotide ana-
logues, once incorporated into newly synthesized
DNA, would remain within rarely dividing cells and
�label retention’ became a commonly used method for
stem cell localization (Bickenbach, 1981). However,
although label retention can result from proliferative
quiescence, more recent findings indicate that it may
also be produced by unusual patterns of DNA segre-
gation. Double labelling studies of normal intestinal
mucosa indicate that stem cells segregate newly repli-
cated DNA to the daughter cells expected to leave the
stem cell compartment (Potten et al, 2002). Stem cell
retention of the original template DNA may provide a
mechanism protecting against their accumulation of
genetic errors. Within normal murine epithelia the
positions of label-retaining cells (Bickenbach, 1981)
correspond to the origins of stem cells lineages detected
by transduction with marker genes such as Lac-Z
(Mackenzie, 1997), cross-confirming the validity of
each method. So far it is unclear how SCSs are
distributed in OSCCs and whether CSCs in epithelial
tumours are actually slowly cycling, but label-retaining

studies of transplanted OSCCs should enable resolu-
tion of such questions.

In vitro clonal assays
Haematopoietic stem cells are characterized both by
their in vivo ability to reconstitute all haematopoietic
lineages in lethally irradiated mice and by their unique
in vitro patterns of growth and differentiation (Huntly
and Gilliland, 2005). As in vivo assays are particularly
difficult to apply to epithelial stem cells (Watt, 2000;
Kim et al, 2005) more reliance has been placed on
in vitro clonal assays (Li et al, 2004; Mackenzie, 2005).
Normal human skin keratinocytes grown in vitro have
been classified into three subpopulations based on their
patterns of clonal expansion (Barrandon and Green,
1985, 1987). Compact colonies of small cells are formed
by some individual founder cells and can be repeatedly
passaged. Other cells generate irregular colonies con-
taining fewer cells capable of growth on further passage.
Yet others form colonies that fail to proliferate further
and consist of large flattened cells. These colony forms,
referred to as holoclones, meroclones and paraclones,
are considered to be derived from stem cells and early
and late transit amplifying cells respectively (Barrandon
and Green, 1987). Such colony morphologies can also
be identified when normal human oral keratinocytes
(NOK) are plated at clonal densities (Figure 4a–c) (DE
Costea, O Tsimkalovsky, J Wang, OK Vintermyr, AC
Johannessen, IC Mackenzie, unpublished data). Cell
lines derived from OSCCs also generate marked clonal

Figure 3 Potential involvement of the stromal microenvironment in oral squamous cell carcinoma (OSCC) progression. Fibroblasts, the
predominant cell type in the stroma, change (green arrows) either through stimulation by the genetically transformed keratinocytes (a), or directly
by exogenous agents such as irradiation or viruses (b) into activated fibroblasts (myofibroblasts). These in turn stimulate the transformed
keratinocytes (green arrows) possibly influencing stem cell division patterns towards symmetry with increase in the stem cell pool within the OSCC
lesion (c). Transformed keratinocytes could then acquire further genetic alterations (black hatched arrow) with the evolution of more invasive
clones (d). Highly motile myofibroblasts may also come into close contact with the highly fusogenic transformed stem cells, and fuse (e) to produce
a more aggressive cell with the myofibroblast property of high motility and the stem cell property of high self-renewal
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heterogeneity and form a range of colony morphologies
paralleling the holoclone, meroclone and paraclone
morphologies produced by normal keratinocytes (Locke
et al, 2005) (Figure 4d–f). As for normal epithelia, the
cells of malignant holoclones differ from paraclone cells
in being smaller, more rapidly adhesive and more highly
clonogenic. The behaviour and patterns of marker
expression of malignant holoclone cells are similar both
to normal epithelial stem cells and to tumour-initiating
cells and these cells therefore possess the essential
defining properties of malignant stem cells (Locke et al,
2005). Clonal assays thus seem to provide a robust and
reliable method for the identification and isolation of
cells with stem cell properties from both normal and
neoplastic oral mucosa and can provide systems for the
characterization of CSC responses to various factors
and therapeutic agents.

Flow cytometry using cell surface markers
Watt and colleagues were the first to attempt prospective
identification and isolation of normal epidermal stem
cells using cell surface markers and flow cytometric
techniques (Jones et al, 1993). Studies of cultured human
foreskin keratinocytes showed that cells expressing high
levels of b1-integrin had higher colony-forming efficien-
cies, determined over a 2-week period in culture. Exten-
sion of these studies to freshly isolated neonatal human
keratinocytes further showed that cells expressing high
levels of b1-integrin can generate a functional epithelium
when grafted onto mice (Jones et al, 1995) suggesting
that this subpopulation of basal epidermal cells is
enriched for keratinocyte stem cells. Sorting cells from
neonatal human skin, based on the combined detection
of a6-integrin and the transferrin receptor CD71, also
isolates a small subpopulation of cells with relative cell-
cycle quiescence and high long-term proliferative poten-

tial (Li et al, 1998; Kaur and Li, 2000) but a limitation of
these markers is that they are both upregulated in wound
healing and in cell culture (Kaur et al, 2004). Other work
indicates the importance of an appropriate microenvi-
ronment for such assays and that even keratinocytes that
have downregulated integrin expression and begun to
express cytokeratin 10 are capable of extensive prolifer-
ation in vitro (Li et al, 1998) and can form an epidermis in
organotypic cultures (Li et al, 2004).

Few reliable stem cell markers have been found for
normal oral epithelium (Tudor et al, 2004) and most of
them, being intracellular markers, are unsuitable for
flow sorting (Table 1). However, studies of OSCC-
derived cell lines have identified additional markers that
may be of use for the isolation of stem cells from
neoplastic oral mucosa. In OSCC-derived cell lines,
colonies with holoclone morphologies show consistently
higher levels of expression of stem cell-related molecules
such as b1-integrin, E-cadherin, b-catenin, epithelial
specific antigen (ESA) and CD44 (Locke et al, 2005).
Interestingly, CD44 was the primary marker used to
isolate tumour-initiating cells from breast cancers (Al-
Hajj et al, 2003; Locke et al, 2005).

Flow cytometry using Hoechst dye exclusion
Primitive stem cells with long-term proliferating ability in
the murine haematopoietic system have the ability to
exclude the DNA-binding dye Hoechst 33342 (Goodell
et al, 1996). This results in a characteristic flow cytomet-
ric profile with dye-excluding cells distinct from the main
cell population and they are referred to as side popula-
tion (SP) cells (Figure 5). Mouse mammary epithelial
populations that are enriched for progenitor cells have
been identified using antibodies against stem cell antigen-
1 and have SP properties (Welm et al, 2002) suggesting
that dye exclusion may be a generalized stem cell

(b) (c)

Holoclone Meroclone Paraclone

OSCC 
cell line 

NOK 

(a)

(d) (e) (f)

Figure 4 Clonal morphology of primary normal human oral keratinocytes (NOK) and human oral squamous cell carcinoma (OSCC)-derived cell
line. (a–c) Morphology of clones formed by human NOKs isolated and grown on plastic surfaces in keratinocyte-serum free medium (K-SFM).
(d–f) An OSCC-derived cell line grown under similar conditions. Holoclones are characterized by round colony outlines and small, closely packed
cells (a, d). Meroclones have larger and somewhat more flattened cells that remain in contact with each other in the central region but at the
periphery of the colony have separated and acquired an ovoid outline (b, e). Paraclones consist largely of flattened scattered ovoid cells, few of
which remain in contact (c, f). The differences in colony morphologies are readily distinguishable but the continuous gradient of change from one
colony form to the next makes precise classification somewhat arbitrary
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property. SP cells have also been isolated from normal
mouse and human dermis, but this population appears to
have a different cell surface phenotype (low b1-integrin
and low a6-integrin) from other putative stem cell
populations identified as label-retaining cells (Terunuma
et al, 2003; Triel et al, 2004). However, others have
defined stem cell populations on the basis of label
retention, clonal expansion, high proliferative potential
and epidermal regenerative capacity of cells assayed after
sorting by size and Hoechst efflux (Bickenbach, 2005;
Larderet et al, 2006). SP cells have been identified in a
wide range of malignant cell lines (Hirschmann-Jax et al,
2004). Work in our laboratory with both OSCC-derived
cell lines and primary NOK supports the existence of SP
cells as a subset of oral keratinocytes (Figure 5), and
functional data to test the validity of the SP population
as stem cells is still being gathered (DE Costea, O
Tsimkalovsky, J Wang, OK Vintermyr, AC Johannes-
sen, K Mackenzie, unpublished data).

Therapeutic implications of a hierarchical
proliferative structure in OSCC

Oral squamous cell carcinoma is associated with severe
morbidity and less than 50% long-term survival
(Greenlee et al, 2000; Shah et al, 2003). Despite various
new and advanced treatment modalities, the poor
prognosis of OSCC has not improved significantly over
the last 4 decades (Williams, 2000; Bernier et al, 2004;
Warnakulasuriya et al, 2005). Most of the anti-cancer
treatment strategies used today are based on the classical
view that the tumour is generated by a population of cells
with equal proliferative potentials (Sarraf, 2005). How-
ever, a hierarchical pattern of organization of OSCC
indicates that successful treatment modalities for the
elimination of cancer need to take into account the
unusual properties of the CSC subpopulation. Whether
CSCs are generally slowly cycling (i.e. are replication
quiescent cells) has not yet been determined for OSCCs,
but they appear to be slowly cycling in leukaemias
(Holyoake et al, 2001) and in some epithelial cancers
(Xin et al, 2005). When cells are out of the cell cycle they

are often inherently resistant to chemotherapy and
radiotherapy (Maitland and Collins, 2005), and the
actions of anti-cancer therapies currently available for
OSCC may thus be less effective against potentially
quiescent CSCs. With survival of these cells, a full
capacity for repopulation of the tumour would be
retained (Figure 6a). The effectiveness of the actions of
cytotoxic drugs may be also reduced by the high CSC
expression of drug transporters which enable rapid
exportation of noxious substances from the cytosol
(Hirschmann-Jax et al, 2004). Characterization of such
differential properties is therefore required to monitor
the effects of existing therapeutic interventions on CSCs,
as well as for the development of therapies that more
effectively target the CSC population.

Cellular antigens or signalling pathways that are
expressed by the bulk of cancer cells form optimal
therapeutic targets only if they are also expressed by the
subpopulation of CSCs (Jones et al, 2004). The search
for novel therapies with specificity for CSCs would be
greatly assisted by the identification of differences in
gene expression – both between normal and cancer cells
and within the heterogeneous cancer cell population
(Jones et al, 2004). There in fact appears to be differ-
ential expression of a wide range of genes between
malignant holoclone and paraclone cells derived from
OSCCs (Locke et al, 2005). This supports the concept
that better methods for CSC identification can be
developed and that there may be CSC-specific mole-
cules, perhaps associated with the control of stem cell
fate pathways, that are suitable for selective therapeutic
targeting (Locke et al, 2005). Further understanding of
the fate determinants of CSCs might also support a
concept of �directed differentiation’ for reducing the self-
renewal of OSCCs by switching the probability of
asymmetric CSC division towards symmetrical division
with the production of two differentiating daughter cells
and the loss of the pre-existing stem cell properties
(Mackenzie, 2005). Reversible mechanisms that lead to
the expansion of epithelial stem cell populations appear
to occur during normal growth and healing (Watt and
Hogan, 2000) and pharmacological manipulation of

Table 1 Stem cell markers with potential
value for sorting CSCs by flow cytometry Potential stem cell marker Suitability Tissue Reference

b1-integrin (high) Yes Normal skin Jones et al (1993),
Li and Kaur (2005)

OSCC-derived cell lines Locke et al (2005)
a6-integrin (high) Yes Normal skin Li et al (1998),

Kaur and Li (2000)
CD71 (transferrin
receptor) (low)

Yes Normal skin Li et al (1998),
Kaur and Li (2000)

CK 15 (high) No Normal palatal epithelium Tudor et al (2004)
CK 19 (high) No Normal palatal epithelium Tudor et al (2004)
CK 16 (low) No Normal palatal epithelium Tudor et al (2004)
CD44 (high) Yes Breast cancer Al-Hajj et al (2003)

OSCC-derived cell lines Locke et al (2005)
ESA (high) Yes Breast cancer Al-Hajj et al (2003)

OSCC-derived cell lines Locke et al (2005)
E-cadherin(high) Yes OSCC-derived cell lines Locke et al (2005)
b-catenin (high) No OSCC-derived cell lines Locke et al (2005)

CSC, cancer stem cell; ESA, epithelial specific antigen; OSCC, oral squamous cell carcinoma.
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CSC self-renewal appears feasible at least in vitro
(Sherley, 2002). If such mechanisms could be manipu-
lated to produce a shift in malignant stem cells away
from self-renewal, stem cell loss and tumour atrophy
would effectively follow (Figure 6b).

As there is some experimental evidence for the role of
the OSCC stroma in CSC survival and behaviour, novel
treatment strategies might also take into consideration
the possibility of modulating the clonogenicity and
expansion of CSCs by manipulating the local microen-
vironment (e.g. the activated carcinoma-associated
fibroblasts) (De Wever and Mareel, 2003) (Figure 6b).
The principle that co-targeting both tumour cells and
their supporting stroma is more efficacious than target-
ing the tumour alone has been recently shown in a
model of human prostate cancer (Hsieh et al, 2004).
Some authors suggest that targeting the activated cancer

stroma may be easier than targeting the tumour itself;
tumour stroma-associated antigens have a more restric-
ted expression pattern and have been successfully
targeted by passive and active immunotherapy in
preclinical models (Hofmeister et al, 2006).

Possibly other stem cell properties can also be used to
develop novel anti-cancer treatment strategies. For
example, normal mesenchymal stem cells (MSC) appear
to be attracted by tumour stroma (Brower, 2005). In vivo
animal experiments indicate that fluorescently labelled
human bone marrow MSCs, injected into the carotid
artery of mice bearing intracranial xenografts of human
glioma, are attracted exclusively to the tumours
(Nakamizo et al, 2005). Studies of micrometastases of
human breast and colon cancers in murine models also
suggest that normal MSCs can be used as targeted
carriers for cytokines and tumour-killing proteins
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Figure 5 Oral squamous cell carcinoma (OSCC)-derived cell lines have a side population (SP) sensitive to reserpine. OSCC-derived cell lines UK1
and C1 (Locke et al, 2005) were incubated at 37�C with 12lg ml)1 Hoechst for 120 min. Parallel samples were pretreated with 5 lM reserpine for
15 min prior to Hoechst staining. The protocol has been adapted after the one used for isolation of SP in mouse bone marrow cells which are also
shown as a control tissue (Tsinkalovsky et al, 2005). The Hoechst fluorescence distribution of human OSCC-derived cell lines revealed a reserpine-
sensitive SP
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(Studeny et al, 2004; Hung et al, 2005), but how species
specificity affects the homing of MSCs in these studies is
as yet unclear (Wolf et al, 2005). In vitro experiments
indicate that keratinocytes are also able to attract MSCs,
but whether this property can be of use in the therapy of
OSCCs remains to be determined (Akino et al, 2005).

Conclusions

It is becoming apparent that the growth of tumours is
associated with stem and amplifying patterns similar to
those of normal tissues. Recent evidence indicates that
even cell lines generated from OSCCs consistently
produce in vitro colony patterns unexpectedly similar to
those produced by the stem and amplifying cells of
normal epithelia. The maintenance of a subpopulation of
stem cells during the passage of cell lines indicates that
the key stem cell property of asymmetrical division
persists, but population expansion indicates that it is
shifted towards enhanced stem cell self-renewal (Locke
et al, 2005). Methods for the destruction of CSCs to
eliminate the regenerative capacity of the tumour should
provide therapeutic effects that contrast with current
unsuccessful therapies. These appear to destroy the main
bulk of the proliferating tumour tissue but do not
eliminate the regenerative capacity of the therapy-resist-
ant CSCs (Figure 6). A major impediment to the
development of such treatment strategies is that methods
are still lacking that can readily distinguish CSCs from
their differentiating progeny and from their normal tissue

counterparts. However, major efforts are being applied
to basic stem cell research and it appears likely that new
and efficient treatment strategies will emerge to change
the clinical outcomes of current OSCC management.

Acknowledgements

This work was supported in part through grants from the
Norwegian Research Council, from the Biotechnology and
Biological Sciences Research Council, UK (G14661, C20349),
and from the St Bartholomew’s and the Royal London
Charitable Foundation.

References

Akino K, Mineda T, Akita S (2005). Early cellular changes of
human mesenchymal stem cells and their interaction with
other cells. Wound Repair Regen 13: 434–440.

Al-Hajj M, Clarke MF (2004). Self-renewal and solid tumor
stem cells. Oncogene 23: 7274–7282.

Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ,
Clarke MF (2003). Prospective identification of tumorigenic
breast cancer cells. Proc Natl Acad Sci U S A 100: 3983–
3988.

Alwaheeb S, Chetty R (2005). Adenosquamous carcinoma of
the pancreas with an acantholytic pattern together with
osteoclast-like and pleomorphic giant cells. J Clin Pathol 58:
987–990.

Atula S, Grenman R, Syrjanen S (1997). Fibroblasts can
modulate the phenotype of malignant epithelial cells in
vitro. Exp Cell Res 235: 180–187.

Figure 6 Oral squamous cell carcinoma (OSCC) treatment strategies. OSCCs are heterogeneous lesions that may contain a small population of
potentially quiescent cancer stem cells (CSCs) which are not responsive to the treatment strategies primarily directed against proliferative cells,
survive treatment, and may be responsible for tumour recurrences (a). Targeting and destruction of CSCs will lead to disappearance of the
malignant lesion as the tumour mass cannot be replenished in the absence of CSCs (b). Targeting reactive tumour stroma may help to eliminate
micro-environmental signals that might sustain CSC recovery (b)

Cancer stem cells as targets for oral cancer therapy
DE Costea et al

451

Oral Diseases



Balmain A, Brown K, Akhurst RJ, Fee FM (1988). Molecular
analysis of chemical carcinogenesis in the skin. Br J Cancer
Suppl 9: 72–75.

Bankfalvi A, Krassort M, Vegh A, Felszeghy E, Piffko J
(2002). Deranged expression of the E-cadherin/beta-catenin
complex and the epidermal growth factor receptor in the
clinical evolution and progression of oral squamous cell
carcinomas. J Oral Pathol Med 31: 450–457.

Barrandon Y, Green H (1985). Cell size as a determinant of the
clone-forming ability of human keratinocytes. Proc Natl
Acad Sci U S A 82: 5390–5394.

Barrandon Y, Green H (1987). Three clonal types of
keratinocyte with different capacities for multiplication.
Proc Natl Acad Sci U S A 84: 2302–2306.

Barth PJ, Schenck ZU, Schweinsberg T, Ramaswamy A, Moll
R (2004). CD34+ fibrocytes, alpha-smooth muscle antigen-
positive myofibroblasts, and CD117 expression in the
stroma of invasive squamous cell carcinomas of the oral
cavity, pharynx, and larynx. Virchows Arch 444: 231–234.

Baydar D, Amin MB, Epstein JI (2006). Osteoclast-rich
undifferentiated carcinomas of the urinary tract.Mod Pathol
19: 161–171.

Bernier J, Domenge C, Ozsahin M et al. (2004). Postoperative
irradiation with or without concomitant chemotherapy for
locally advanced head and neck cancer. N Engl J Med 350:
1945–1952.

Bickenbach JR (1981). Identification and behavior of label-
retaining cells in oral mucosa and skin. J Dent Res 60 (Spec
No. C): 1611–1620.

Bickenbach JR (2005). Isolation, characterization, and culture
of epithelial stem cells. Methods Mol Biol 289: 97–102.

Bjerkvig R, Tysnes BB, Aboody KS, Najbauer J, Terzis AJA
(2005). The origin of the cancer stem cell: current contro-
versies and new insights. Nat Rev Cancer 5: 899–904.

Bonnet D, Dick JE (1997). Human acute myeloid leukemia is
organized as a hierarchy that originates from a primitive
hematopoietic cell. Nat Med 3: 730–737.

Braakhuis BJ, Leemans CR, Brakenhoff RH (2004). A genetic
progression model of oral cancer: current evidence and
clinical implications. J Oral Pathol Med 33: 317–322.

Brower V (2005). Search and destroy: recent research exploits
adult stem cells’ attraction to cancer. J Natl Cancer Inst 97:
414–416.

Bryne M, Boysen M, Alfsen CG et al. (1998). The invasive
front of carcinomas. The most important area for tumour
prognosis? Anticancer Res 18: 4757–4764.

Califano J, van der Riet P, Westra W et al. (1996). Genetic
progression model for head and neck cancer: implications
for field cancerization. Cancer Res 56: 2488–2492.

Califano J, Westra WH, Meininger G, Corio R, Koch WM,
Sidransky D (2000). Genetic progression and clonal rela-
tionship of recurrent premalignant head and neck lesions.
Clin Cancer Res 6: 347–352.

Costea DE, Johannessen AC, Vintermyr OK (2005). Fibroblast
control on epithelial differentiation is gradually lost during in
vitro tumor progression. Differentiation 73: 134–141.

Costea DE, Kulasekara KK, Neppelberg E, Vintermyr OK,
Johannessen AC (2006). Species specific fibroblasts required
for triggering invasion of early neoplastic oral keratinocytes.
Am J Pathol 168 (in press).

De Wever O, Mareel M (2003). Role of tissue stroma in cancer
cell invasion. J Pathol 200: 429–447.

Donath K, Seifert G, Roser K (1997). The spectrum of giant
cells in tumours of the salivary glands: an analysis of 11
cases. J Oral Pathol Med 26: 431–436.

Duelli D, Lazebnik Y (2003). Cell fusion: a hidden enemy?
Cancer Cell 3: 445–448.

Duesberg P (2005). Does aneuploidy or mutation start cancer?
Science 307: 41.

Duesberg P, Fabarius A, Hehlmann R (2004). Aneuploidy,
the primary cause of the multilateral genomic instability
of neoplastic and preneoplastic cells. IUBMB Life 56: 65–81.

El-Labban NG, Lee KW (1983). Myofibroblasts in central
giant cell granuloma of the jaws: an ultrastructural study.
Histopathology 7: 907–918.

Fukumura D, Xavier R, Sugiura T et al. (1998). Tumor
induction of VEGF promoter activity in stromal cells. Cell
94: 715–725.

Gat U, DasGupta R, Degenstein L, Fuchs E (1998). De
novo hair follicle morphogenesis and hair tumors in mice
expressing a truncated beta-catenin in skin. Cell 95: 605–
614.

Gollin SM (2001). Chromosomal alterations in squamous cell
carcinomas of the head and neck: window to the biology of
disease. Head Neck 23: 238–253.

Goodell MA, Brose K, Paradis G, Conner AS, Mulligan RC
(1996). Isolation and functional properties of murine hema-
topoietic stem cells that are replicating in vivo. J Exp Med
183: 1797–1806.

Greenlee RT, Murray T, Bolden S, Wingo PA (2000). Cancer
statistics, 2000. CA Cancer J Clin 50: 7–33.

Griffin JD, Lowenberg B (1986). Clonogenic cells in acute
myeloblastic leukemia. Blood 68: 1185–1195.

Hahn WC, Weinberg RA (2002). Rules for making human
tumor cells. N Engl J Med 347: 1593–1603.

Hamburger AW, Salmon SE (1977). Primary bioassay of
human tumor stem cells. Science 197: 461–463.

Hemmer J, Polackova J (2000). Multiparameter flow cytom-
etry for simultaneous assessment of p53 protein expression
and cellular DNA content in oral squamous cell carcino-
mas: evidence for the development of aneuploid clones
from p53-deficient diploid progenitor cells. Int J Oncol 17:
933–937.

Hida K, Klagsbrun M (2005). A new perspective on tumor
endothelial cells: unexpected chromosome and centrosome
abnormalities. Cancer Res 65: 2507–2510.

Hirschmann-Jax C, Foster AE, Wulf GG et al. (2004). A
distinct ��side population’’ of cells with high drug efflux
capacity in human tumor cells. Proc Natl Acad Sci U S A
101: 14228–14233.

Hofmeister V, Vetter C, Schrama D, Brocker EB, Becker JC
(2006). Tumor stroma-associated antigens for anti-cancer
immunotherapy. Cancer Immunol Immunother 55: 481–494.

Holyoake TL, Jiang X, Jorgensen HG et al. (2001). Primitive
quiescent leukemic cells from patients with chronic myeloid
leukemia spontaneously initiate factor-independent growth
in vitro in association with up-regulation of expression of
interleukin-3. Blood 97: 720–728.

Houghton J, Stoicov C, Nomura S et al. (2004). Gastric cancer
originating from bone marrow-derived cells. Science 306:

1568–1571.
Hsieh CL, Gardner TA, Miao L, Balian G, Chung LW (2004).
Cotargeting tumor and stroma in a novel chimeric tumor
model involving the growth of both human prostate cancer
and bone stromal cells. Cancer Gene Ther 11: 148–155.

Hung SC, Deng WP, Yang WK et al. (2005). Mesenchymal
stem cell targeting of microscopic tumors and tumor stroma
development monitored by noninvasive in vivo positron
emission tomography imaging. Clin Cancer Res 11: 7749–
7756.

Hunter KD, Parkinson EK, Harrison PR (2005). Profiling
early head and neck cancer. Nat Rev Cancer 5: 127–135.

Huntly BJ, Gilliland DG (2005). Cancer biology: summing up
cancer stem cells. Nature 435: 1169–1170.

Cancer stem cells as targets for oral cancer therapy
DE Costea et al

452

Oral Diseases



Jones J, Sugiyama M, Watt FM, Speight PM (1993). Integrin
expression in normal, hyperplastic, dysplastic, and malig-
nant oral epithelium. J Pathol 169: 235–243.

Jones PH, Harper S, Watt FM (1995). Stem cell patterning and
fate in human epidermis. Cell 80: 83–93.

Jones RJ, Matsui WH, Smith BD (2004). Cancer stem cells: are
we missing the target? J Natl Cancer Inst 96: 583–585.

Kang MK, Bibb C, Baluda MA, Rey O, Park NH (2000). In
vitro replication and differentiation of normal human oral
keratinocytes. Exp Cell Res 258: 288–297.

Kaur P, Li A (2000). Adhesive properties of human basal
epidermal cells: an analysis of keratinocyte stem cells,
transit amplifying cells, and postmitotic differentiating cells.
J Invest Dermatol 114: 413–420.

Kaur P, Li A, Redvers R, Bertoncello I (2004). Keratinocyte
stem cell assays: an evolving science. J Investig Dermatol
Symp Proc 9: 238–247.

Kim CF, Jackson EL, Woolfenden AE et al. (2005). Identi-
fication of bronchioalveolar stem cells in normal lung and
lung cancer. Cell 121: 823–835.

Kinzler KW, Vogelstein B (1996). Lessons from hereditary
colorectal cancer. Cell 87: 159–170.

Lajtha LG (1979). Stem cell concepts. Nouv Rev Fr Hematol
21: 59–65.

Larderet G, Fortunel NO, Vaigot P et al. (2006). Human SP
keratinocytes exhibit long-term proliferative potential, a
specific gene expression profile and can form a pluristratified
epidermis. Stem Cells 25: 965–974.

Lewis MP, Lygoe KA, Nystrom ML et al. (2004). Tumour-
derived TGF-beta1 modulates myofibroblast differentiation
and promotes HGF/SF-dependent invasion of squamous
carcinoma cells. Br J Cancer 90: 822–832.

Li A, Kaur P (2005). FACS enrichment of human keratinocyte
stem cells. Methods Mol Biol 289: 87–96.

Li A, Simmons PJ, Kaur P (1998). Identification and isolation
of candidate human keratinocyte stem cells based on
cell surface phenotype. Proc Natl Acad Sci U S A 95:

3902–3907.
Li A, Pouliot N, Redvers R, Kaur P (2004). Extensive tissue-
regenerative capacity of neonatal human keratinocyte stem
cells and their progeny. J Clin Invest 113: 390–400.

Locke M, Heywood M, Fawell S, Mackenzie IC (2005).
Retention of intrinsic stem cell hierarchies in carcinoma-
derived cell lines. Cancer Res 65: 8944–8950.

Mackenzie IC (1997). Retroviral transduction of murine
epidermal stem cells demonstrates clonal units of epidermal
structure. J Invest Dermatol 109: 377–383.

Mackenzie IC (2004). Growth of malignant oral epithelial stem
cells after seeding into organotypical cultures of normal
mucosa. J Oral Pathol Med 33: 71–78.

Mackenzie IC (2005). Retention of stem cell patterns in
malignant cell lines. Cell Prolif 38: 347–355.

Maitland NJ, Collins A (2005). A tumour stem cell hypothesis
for the origins of prostate cancer. BJU Int 96: 1219–1223.

Maraki D, Becker J, Boecking A (2004). Cytologic and DNA-
cytometric very early diagnosis of oral cancer. J Oral Pathol
Med 33: 398–404.

Matsumoto K, Horikoshi M, Rikimaru K, Enomoto S (1989).
A study of an in vitro model for invasion of oral squamous
cell carcinoma. J Oral Pathol Med 18: 498–501.

Morris RJ, Fischer SM, Slaga TJ (1986). Evidence that a
slowly cycling subpopulation of adult murine epidermal cells
retains carcinogen. Cancer Res 46: 3061–3066.

Morris RJ, Coulter K, Tryson K, Steinberg SR (1997).
Evidence that cutaneous carcinogen-initiated epithelial cells
from mice are quiescent rather than actively cycling. Cancer
Res 57: 3436–3443.

Mudgil AV, Segal N, Andriani F, Wang Y, Fusenig NE,
Garlick JA (2003). Ultraviolet B irradiation induces expan-
sion of intraepithelial tumor cells in a tissue model of early
cancer progression. J Invest Dermatol 121: 191–197.

Nakamizo A, Marini F, Amano T et al. (2005). Human bone
marrow-derived mesenchymal stem cells in the treatment of
gliomas. Cancer Res 65: 3307–3318.

Ogle BM, Cascalho M, Platt JL (2005). Biological implications
of cell fusion. Nat Rev Mol Cell Biol 6: 567–575.

Owens DM, Watt FM (2003). Contribution of stem cells and
differentiated cells to epidermal tumours. Nat Rev Cancer 3:
444–451.

Pardal R, Clarke MF, Morrison SJ (2003). Applying the
principles of stem-cell biology to cancer. Nat Rev Cancer 3:
895–902.

Perez-Losada J, Balmain A (2003). Stem-cell hierarchy in skin
cancer. Nat Rev Cancer 3: 434–443.

Potten CS, Owen G, Booth D (2002). Intestinal stem cells
protect their genome by selective segregation of template
DNA strands. J Cell Sci 115: 2381–2388.

Rajaraman R, Rajaraman MM, Rajaraman SR, Guernsey DL
(2005). Neosis – a paradigm of self-renewal in cancer. Cell
Biol Int 29: 1084–1097.

Reya T, Clevers H (2005). Wnt signalling in stem cells and
cancer. Nature 434: 843–850.

Reya T, Morrison SJ, Clarke MF, Weissman IL (2001).
Stem cells, cancer, and cancer stem cells. Nature 414:

105–111.
Rich AM, Reade PC (2001). Epithelial–mesenchymal interac-
tions in experimental oral mucosal carcinogenesis. J Oral
Pathol Med 30: 389–397.

Roepman P, Wessels LF, Kettelarij N et al. (2005). An
expression profile for diagnosis of lymph node metastases
from primary head and neck squamous cell carcinomas. Nat
Genet 37: 182–186.

Romanov SR, Kozakiewicz BK, Holst CR, Stampfer MR,
Haupt LM, Tlsty TD (2001). Normal human mammary
epithelial cells spontaneously escape senescence and acquire
genomic changes. Nature 409: 633–637.

Sarraf C (2005). Emerging themes of cancer stem cells:
Editorial – overview. Cell Prolif 38: 343–345.

Sell S, Pierce GB (1994). Maturation arrest of stem cell
differentiation is a common pathway for the cellular origin
of teratocarcinomas and epithelial cancers. Lab Invest 70: 6–
22.

Shah JP, Johnson NW, Batsakis JG (2003). Oral Cancer.
Taylor & Francis Group: London.

Sherley JL (2002). Asymmetric cell kinetics genes: the key to
expansion of adult stem cells in culture. Stem Cells 20: 561–
572.

Singh SK, Hawkins C, Clarke ID et al. (2004). Identification
of human brain tumour-initiating cells. Nature 432: 396–
401.

Smalley KS, Brafford PA, Herlyn M (2005). Selective evolu-
tionary pressure from the tissue microenvironment drives
tumor progression. Semin Cancer Biol 15: 451–459.

Spradling A, Drummond-Barbosa D, Kai T (2001). Stem cells
find their niche. Nature 414: 98–104.

Squier CA, Kremer MJ (2001). Biology of oral mucosa and
esophagus. J Natl Cancer Inst Monogr 29: 7–15.

Studeny M, Marini FC, Dembinski JL et al. (2004). Mesen-
chymal stem cells: potential precursors for tumor stroma
and targeted-delivery vehicles for anticancer agents. J Natl
Cancer Inst 96: 1593–1603.

Sundaram M, Guernsey DL, Rajaraman MM, Rajaraman R
(2004). Neosis: a novel type of cell division in cancer. Cancer
Biol Ther 3: 207–218.

Cancer stem cells as targets for oral cancer therapy
DE Costea et al

453

Oral Diseases



Tabor MP, Brakenhoff RH, van Houten VM et al. (2001).
Persistence of genetically altered fields in head and neck
cancer patients: biological and clinical implications. Clin
Cancer Res 7: 1523–1532.

Terunuma A, Jackson KL, Kapoor V, Telford WG, Vogel JC
(2003). Side population keratinocytes resembling bone
marrow side population stem cells are distinct from label-
retaining keratinocyte stem cells. J Invest Dermatol 121:

1095–1103.
Toruner GA, Ulger C, Alkan M et al. (2004). Association

between gene expression profile and tumor invasion in oral
squamous cell carcinoma. Cancer Genet Cytogenet 154: 27–
35.

Tremmel SC, Gotte K, Popp S et al. (2003). Intratumoral
genomic heterogeneity in advanced head and neck cancer
detected by comparative genomic hybridization. Cancer
Genet Cytogenet 144: 165–174.

Triel C, Vestergaard ME, Bolund L, Jensen TG, Jensen UB
(2004). Side population cells in human and mouse epidermis
lack stem cell characteristics. Exp Cell Res 295: 79–90.

Tsai RY (2004). A molecular view of stem cell and cancer cell
self-renewal. Int J Biochem Cell Biol 36: 684–694.

Tsinkalovsky O, Rosenlund B, Laerum OD, Eiken HG (2005).
Clock gene expression in purified mouse hematopoietic stem
cells. Exp Hematol 33: 100–107.

Tudor D, Locke M, Owen-Jones E, Mackenzie IC (2004).
Intrinsic patterns of behavior of epithelial stem cells.
J Investig Dermatol Symp Proc 9: 208–214.

Wagers AJ, Weissman IL (2004). Plasticity of adult stem cells.
Cell 116: 639–648.

Warnakulasuriya S, Sutherland G, Scully C (2005). Tobacco,
oral cancer, and treatment of dependence. Oral Oncol 41:
244–260.

Watt FM (2000). Epidermal stem cells as targets for gene
transfer. Hum Gene Ther 11: 2261–2266.

Watt FM, Hogan BL (2000). Out of Eden: stem cells and their
niches. Science 287: 1427–1430.

Weissman IL (2002). The road ended up at stem cells. Immunol
Rev 185: 159–174.

Welm BE, Tepera SB, Venezia T, Graubert TA, Rosen JM,
Goodell MA (2002). Sca-1(pos) cells in the mouse mammary
gland represent an enriched progenitor cell population. Dev
Biol 245: 42–56.

Willems S, Carneiro F, Geboes K (2005). Gastric carcinoma
with osteoclast-like giant cells and lymphoepithelioma-like
carcinoma of the stomach: two of a kind?Histopathology 47:
331–333.

Williams HK (2000). Molecular pathogenesis of oral squa-
mous carcinoma. Mol Pathol 53: 165–172.

Wolf D, Rumpold H, Koeck R, Gunsilius E (2005). Re:
Mesenchymal stem cells: potential precursors for tumor
stroma and targeted-delivery vehicles for anticancer agents.
J Natl Cancer Inst 97: 540–541; author reply 541–542.

Xin L, Lawson DA, Witte ON (2005). The Sca-1 cell surface
marker enriches for a prostate-regenerating cell subpopula-
tion that can initiate prostate tumorigenesis. Proc Natl Acad
Sci U S A 102: 6942–6947.

ZhangW,Remenyik E, ZeltermanD, BrashDE,WikonkalNM
(2001). Escaping the stem cell compartment: sustained UVB
exposure allows p53-mutant keratinocytes to colonize
adjacent epidermal proliferating units without incurring
additional mutations. Proc Natl Acad Sci U S A 98: 13948–
13953.

Zhang W, Hanks AN, Boucher K et al. (2005). UVB-induced
apoptosis drives clonal expansion during skin tumor devel-
opment. Carcinogenesis 26: 249–257.

Zhu AJ, Watt FM (1999). beta-catenin signalling modulates
proliferative potential of human epidermal keratinocytes
independently of intercellular adhesion. Development 126:

2285–2298.

Cancer stem cells as targets for oral cancer therapy
DE Costea et al

454

Oral Diseases




