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The stem cell concept in oral mucosa and in cancer

Oral mucosa is a highly dynamic tissue that rapidly replaces its structure
and contributes to oral health by maintaining an intact barrier that
protects the underlying tissues in the face of much environmental
stress. The rapid rate of mucosal renewal has been known for many years
but it is only now becoming apparent that mucosal renewal and repair
depends ultimately on a small subpopulation of cells, known as stem
cells. Only stem cells have the ability to continuously generate new cells
for the whole lifetime and when they divide they both renew themselves
and produce hierarchies of other cells that differentiate for tissue func-
tion. This has many implications for tissue renewal and, of particular
interest, important roles of stem cells in the development and treatment
of cancer are emerging. Cancers appear to arise as a result of changes in
stem cells and altered stem cells are then responsible for driving tumour
growth and metastasis. Within a cancer, as in normal tissue, stem cells
are few and difficult to identify. This complicates the need to identify
their special characteristics and ensure that they are included within the
targets of therapeutic procedures. An additional interesting feature of
normal stem cells is that they appear to have marked plasticity and, at
least under experimental or pathological conditions, they can change to
generate many different types of tissues. This is contrary to previous
ideas about the stability of cell phenotypes after development, stem
cells and offers a range of promising new tissue engineering techniques
for the restoration of diseased or damaged tissues.

he oral mucosa is a compound tissue consisting of both
epithelial and connective tissue components (1). The
stratifying squamous epithelium that forms the surface
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of the oral mucosa renews its structure throughout life with
continuous proliferation of cells in the deeper epithelial layers
and produces cells that move upwards as they differentiate to
be eventually lost from the surface by desquamation. This
process requires a fine balance between the rates of cell for-
mation and cell loss and the mechanisms that control prolife-
ration, differentiation and cell death are of central importance
to the maintenance of the normal structure (2). Transient
changes that increase cell production can occur during phy-
siological repair and wound healing, and more permanent
changes in the normal homeostatic balance underlie a range
of neoplastic and other pathological changes (3, 4). Several
lines of evidence indicate that the renewal and repair of most,
perhaps all, epithelia depends ultimately on a sub-population
of the basal cells known as stem cells and that these cells have
unusual properties (5-8). It is now also apparent that these
cells have important roles in the initiation and growth of can-
cers (4).

The stem cells present in adult tissues, which are known as
somatic stem cells, differ in several ways from embryonic
stem cells which are cells isolated from the inner cell mass of
the blastocyst (9). Embryonic stem cells exist only transiently
in vivo but once isolated can be extensively propagated in
vitro, are pluripotent, and are able to give rise to almost any
type of tissue (10). Somatic stem cells also have the capacity
to renew themselves indefinitely but, unlike embryonic stem
cells, one of their most important properties is also to produce
cells that differentiate for tissue function (11). Maintenance of
a constant tissue mass of functional tissue (homeostasis) for
the entire lifespan is achieved by the unique pattern of self-
renewal of somatic stem cells where each division of a typi-
cally produces one cell that remains a stem cell and one cell
that enters the differentiation pathway (12,13). How this pat-
tern of «asymmetric» division is controlled is a central pro-
blem for stem cell biology (14) and loss of this normal pattern
is one of the key changes occurring in malignancy (4). Epit-
helial stem cells, and those of most other tissues, normally
share the properties of extensive self-renewal and generation
of proliferative hierarchies of differentiating cells but the
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number of stem cells and their patterns of distribution seem to vary
markedly from one tissue to another (8). Another interesting feature
of somatic stem cells is that they act as if they are committed to dif-
ferentiate into a particular type of tissue. For example, after in vitro
culture and re-transplantation back to in vivo sites, stem cells isola-
ted from tissues such as blood, epithelium, cartilage or muscle typi-
cally generate only cells with same pattern of differentiation as their
tissue of origin (4). This property has been clinically exploited, for
example, in the transplantation of bone marrow stem cells to restore
haematopoiesis after radiation therapy, in the in vitro growth and
grafting of epidermis for burns patients, and in the use of cartilage
stem cells for joint regeneration (15,16). However, despite this appa-
rent functional stability, there is now surprising evidence that soma-
tic stem cells are actually quite plastic and may retain multipotent
properties (14,17). Under various experimental and pathological
conditions, and perhaps sometimes normally, it has been shown that
even adult epithelial stem cells are capable of generating a range of
different cell lineages (18) and that, conversely, epithelia can be
generated from the stem cells of other types of tissue .

General features of stratified squamous epithelia

An epithelium can be characterised by its morphology, its cell
turnover, and the cellular products it produces during differentiati-
on. Consequently, as they differentiate, the cells of a renewing epit-
helium change their histological appearance and their progress to-
wards terminal differentiation can be independently monitored by
their changing patterns of expression of various molecules such as
cytokeratins. In some epithelial regions the pattern of cell stratifica-
tion is accompanied by organization of the epithelium into distinct
«units of structure». For example, in both human and rodent skin,
most regions of the epidermis is organized into stacks of cells that
run vertically through the upper strata (19). The epithelia of some re-
gions are organized into larger units of structure, such as tongue pa-
pillae and hair, which form distinct anatomical structures with loca-
lized regions of cell proliferation (6,20). Even when such complex
structures are absent, some form of repeating lateral pattern such as
epithelial rete that interdigitate with connective tissue papillae is of-
ten characteristic of tissues such as the skin and oral mucosa (3,11).

Epithelial renewal

It was initially suggested that the homeostatic balance between epit-
helial cell division and cell differentiation was maintained by an es-
sentially random process in which population pressure resulting
from cell division caused cells to be randomly squeezed out of the
stratum basale to enter the statum spinosum (21). However, the small
columnar structures present in mouse epidermis have non-random
patterns of cell proliferation suggesting that each of these columnar
units functions as an «epidermal proliferative unit» and is actually a
clone of cells derived from a single stem cell (19, 22, 23, 24). The basal
cell layer thus appears to consist of three functionally-different ty-
pes of cells: a) a small subpopulation of stem cells, the only basal
cells with essentially unlimited self-renewal abilities, b) transit am-
plifying cells, produced by stem cell divisions and able to undergo a
few rounds of cell division before they differentiate, and c) post mi-
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Fig. 1. lllustration of the type of stem cell system hypothesised to
function in oral and other epithelia. Three basal cell compartments
(stem = S, transient amplifying = TA, and post-mitotic terminally dif-
ferentiating = TD) are separated by two transitions T1 and T2 (dotted
lines). Normally, each stem cell division produces one cell that remains
a stem cell (S) and one that becomes a transient amplifying cell and
undergoes a series of divisions to produce an expanded number of ter-
minally differentiating cells. The T1 transition controls stem cell home-
ostasis; for example, lack of transition from S to TA would lead to ac-
cumulation of stem cells but increased transition from S to TA would
lead to stem cell loss and atrophy of the tissue. The T2 transition con-
trols the number of differentiated cells produced per stem division: a
shift of one tier to the left or right halves or doubles, respectively, the
total number of cells produced per stem cell division. Typically the di-
rection of cell progression is from left to right but it is uncertain
whether reverse transit of cells from TA to S also sometimes occurs
normally.

totic differentiated cells preparing to emigrate from the basal layer
(3) (Fig. 1). Evidence for the presence of clonal units of epithelial
cells arising from individual stem cells has been provided by various
studies that have marked the cell lineages arising from individual
stem cells (19, 23).

Identification of stem cells

A great deal of effort has been put into trying to find markers that
can identify epithelial stem cells but no unique stem cell features
have yet been found that readily distinguish them from other basal
cells (3,8). The earliest of the various methods developed to identify
stem cell distributions was based on the assumption that although
epithelial stem cells have the high proliferative potential required for
renewal of the epidermis during the entire lifetime of the host orga-
nism they would, like blood stem cells, actually divide rarely under
normal conditions. As infrequently dividing cells, stem cells would
be expected to retain any DNA label such as tritiated thymidine or
BrDU that becomes incorporated during division (25). Other cells
would also be initially labelled but would either lose their label by
dilution as they divide or be lost from the basal population by diffe-
rentiation. When young mice are injected with tritiated thymidine,
most basal cells are initially labelled but only a small population of
cells subsequently remained labelled (25,26). These «label-retaining
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cells» were shown to have the high in vitro pro-
liferative potential anticipated for stem cells
and to be able to generate a new epithelium
(27). This method has since been used to iden-
tify stem cells to the bulge region of hair folli-
cles, to the limbal region of the cornea, to the
base of villi in the gut, and to other localized
regions in various other tissues (20,28,29). La-
bel retention, although still the only in vivo
method to be generally accepted for localizing
epithelial stem cells, has two major limitations.
Firstly, being dependent on incorporation of a
nuclear label, the method cannot be used for
studies of human tissues. Secondly, the initial
labelling procedure does not label all basal cells
and therefore does not subsequently identify all
stem cells. However, label-retaining cells in
mouse epidermis are found in the centre of the
group of 10-12 basal cells beneath each co-
lumnar units suggesting that there is one stem cell per unit and, con-
sequently, that about 8-100% of basal cells act as stem cells (26,30).

Studies of the distribution of stem cells in human and rodent epit-
helia often differ in their findings suggesting that the number and
pattern of distribution of stem cells differs markedly with species and
from one epithelial region to another. In human epidermis stem cells
are reported to lie among the basal cells at the tops of the dermal
papillae (30) but in oesophagus they are located among the basal
cells at the deep tip of the epithelial rete (31). As previously mentio-
ned, the epidermis of rodents consists of small clonal units and label
retention indicates that each is regenerated by a single stem cell.
Other rodent tissues, however, show different patterns with label
retaining cells lying in the «bulge» region of hair follicles and in the
ducts of glands (20,28,32). The focal patterns of epithelial stem cell
distribution suggest the existence of stem cell «niches», restricted
regions where stem cells are able to survive due to interactions with
adjacent cells or the matrix (33,34). The «niche» required for haema-
topoietic stem cell survival requires their contact with osteoblasts
but the nature of niches that may support epithelial stem cells is as
yet unknown.

Stem cells in oral mucosa

Most of what is assumed about stem cell patterns in oral mucosa has
been inferred from work with other epithelia, usually epidermis, but
some of the information available has been derived by direct exami-
nation. Histologically, human oral epithelia show well-defined pat-
terns of stratification and in some regions are also organized into
clearly defined anatomical units of structure. Tongue papillae, for
example, are complex structures made up of three distinct regions of
differentiation and early kinetic studies of murine mucosa suggested
that each of these regions is renewed by stem cells that are positio-
ned at the base of the anterior and posterior columns of the papillae
(6,35). That this is the position occupied by stem cells has been con-
firmed by the presence of label-retaining cells at these sites (25). In
other mucosal regions, label-retaining cells are typically located at

Fig. 2. Pattern of stem cell distribution in
oral epithelia. Most regions of keratini-
zing human oral mucosa has a marked re-
te pattern and staining for various mole-
cular markers indicates the presence of
cells at three different stages of differen-
tiation. Cells in a stem cell zone at the ba-
se of the epithelial rete stain for stem cell
markers such as keratins 15 and 19. Abo-
ve this level basal cells stain for early dif-
ferentiation markers such as keratins 6
and 16. As the cells move suprabasally,
they acquire expression of additional dif-
ferentiation markers such as keratins 1
and 10 (11). The pattern shown here is si-
milar to that proposed for the epithelium
lining the oesophagus (31).

the deep tips of the epithelial rete ridges, suggesting a stem cell po-
sition different from most regions of rodent or human epidermis but
similar to palmar epidermis and esophageal epithelium (5,31). The
epithelium overlying the rougae of anterior region of human palate
has a marked rete pattern with deep and regularly interdigitating
projections formed between the epithelium and the connective tis-
sue. The distribution of differentiation markers within the epithelium
of this region indicates the presence of three types of cells related to
the rete: a) a stem cell zone at the deep tips of the rete, b) a zone of
amplifying cells occupying the remainder of the basal layer, and c)
the non-proliferative suprabasal cells which express a range of late
differentiation markers (Fig. 2). This suggests that stem cells are dis-
tributed in relation to the rete but when palatal epithelia are exami-
ned by transplantation of reconstructed tissues containing geneti-
cally marked stem cells, small clonal units similar to those found in
human epidermis (11). However, it is known that complex structures,
such as tongue papillae and hair, require information from the sub-
adjacent connective tissue for their development and maintenance
(36,37) and if experimental reconstruction methods fail to regene-
rate adequate interactions, normal stem cell patterns may not be re-
established. The small clonal units found in experimentally-recon-
structed tissues may thus represent the intrinsic pattern of stem cell
behaviour from which development of more complex structural pat-
terns is orchestrated by further tissue interactions. The recent de-
monstration that the epidermis of intact human skin may show only
small clonal units unrelated to rete is at variance with the findings
of most previous studies and further confuses the issue (24).

Stem cells in tissue engineering and gene therapy

Stem cells are ultimately responsible for all tissue regeneration and
clinical techniques that transplant cells for the regeneration of the
haematopoietic system, or generate sheets of epidermis in vitro to
treat burns patients (16), can be considered, in essence, «stem cell
therapies». Typically, however, transplantation therapies have not
used purified populations of stem cells but have relied on stem cells
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being present within the cell population to be transplanted or cultu-
red. Considerable advances have been made in isolating pure popu-
lations of haematopoietic stem cells (15) and regeneration of corneal
mucosa by isolation and enrichment of limbal stem cells has made
sufficient progress to restore sight to severely damaged eyes (38). As
stem cells have a high regenerative potential, tissue regenerated
from isolated stem cells is expected to have better survival properties
(39). The development of successful and durable gene therapy also
depends on the successful isolation and manipulation of stem cells
to maintain transgene expression and the feasibility of using epithe-
lial stem cells for somatic gene therapy has been demonstrated (40).
The feasibility of in vitro expansion of populations of oral epithelial
cells prior to transplantation back to the oral cavity to heal oral
wounds has been shown but, as yet, therapies based specifically on
oral stem cells have not yet been developed (41, 42).

Under some experimental circumstances somatic stem cells have
been shown to possess extensive plasticity. For example, when injec-
ted into developing mouse embryos, even stem cells from adult epit-
helia are able to re-differentiate and participate in the formation of
many organs, suggesting that these cells may possess some of the
plasticity of embryonic stem cells (18). This has raised further inte-
rest in their use for tissue engineering but there are suggestions that
some of the changes seen in somatic stem cells may result from cell
fusion rather than re-differentiation (43,44). The degree of functio-
nal plasticity of somatic stem cells therefore remains uncertain and
controversy persists concerning the relative values of somatic and
embryonic stem cells for tissue engineering (17). Clinically however,
plasticity of haematopoietic stem cell is apparent and female patients
who have received transplants of male bone marrow have been
shown to generate buccal epithelial cells containing the male X-
chromosome (45).

The possibility of generating new tissues from embryonic and
somatic stem cells has raised practical interest in the processes
underlying the development of tissues and organs. Concerning oral
tissues in particular, the molecular mechanisms associated with the
development of teeth are now quite well understood and are being
related to the possibility of generating new teeth for clinical use
(46, 47). Recent reports indicate that combining developmental
information with principles of tissue engineering may enable the dif-
ferentiation of adult stem cells into functional dental structures
(48, 49).

Stem cells in oral tumours

Currently there is great interest in the roles of stem cells in cancer
with recent studies indicating that stem cells act both as the functi-
onal target of carcinogens and, after malignant change, as the sour-
ce of cells driving the continuing growth of cancers (4,50). Stem cell
hierarchies have been found in leukaemias where only a small frac-
tion of leukaemic cells represents «tumour initiating cells» that have
the ability to regenerate the tumour (15). Similar malignant stem cell
patterns are present in breast cancers (51) and hierarchical stem cell
patterns can even be demonstrated in cell lines derived from other
tumours (52, 53). Stem cell hierarchies can also be demonstrated in cell
lines derived from oral cancers and the persistence of essentially

normal stem and amplifying colony forms indicate the extremely
basic nature of this pattern (53). The stem and amplifying cells from
a range of tissues have markedly differing patterns of motility, apo-
ptosis, drug exclusion and gene expression and marked differences
also persist between the stem and amplifying cells of cell lines (53).
The importance of these observations lies in their implications for
therapy; if malignant stem cells are the driving force of tumour
growth then they are the cells that need to be eradicated but at pre-
sent there are few methods for monitoring the responses of malig-
nant stem cells to therapy (4,51, 53).
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