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Abstract. The main focus of this review is the role of mammary stem cells in normal
breast development and carcinogenesis. We have developed a new in vitro culture sys-
tem that permits, for the first time, the propagation of mammary stem and progenitor
cells in an undifferentiated state, which should facilitate the elucidation of pathways
that regulate normal mammary stem-cell self-renewal and differentiation. Further-
more, we propose a model in which transformation of stem cells, or early progenitor
cells, results in carcinogenesis. A key event in this process is the deregulation of
normal self-renewal in these cells. Transformed mammary stem or progenitor cells
undergo aberrant differentiation processes that result in generation of the phenotypic
heterogeneity found in human and rodent breast cancers. This phenotypic diversity is
driven by a small subset of mammary tumour stem cells. We will discuss the important
implications of this mammary tumour stem-cell model.

INTRODUCTION

The mammary gland in humans and other mammals is a dynamic organ that undergoes signif-
icant developmental changes during pregnancy, lactation, and involution. Research over the past
several decades has helped to elucidate the pathways that regulate cellular growth, differenti-
ation, and apoptosis (Hennighausen & Robinson 2001; Strange et al. 2001). These pathways
involve stromal–epithelial interactions, and are modulated by circulating hormones, local
growth factors, cellular/extracellular matrix interactions and by cell–cell interactions (Wiseman
& Werb 2002). There is also increasing evidence that breast cancers arise from either inherited
or acquired mutations that cause deregulation of these normal pathways in stem or early pro-
genitor cells (Reya et al. 2001). Therefore, an understanding of the pathways that regulate nor-
mal mammary development is of fundamental importance in elucidating how these pathways are
deregulated in mammary carcinogenesis. This understanding in turn may lead to more effective
ways to diagnose, treat, and prevent breast cancer.
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THE EXISTENCE OF STEM CELLS IN THE MATURE 
MAMMARY GLAND

Unlike other tissues and organs that are patterned during embryogenesis and preserve their archi-
tecture throughout adult life, the mammary gland is subjected to major changes in morphology
during distinct developmental windows (Rudland et al. 1997). In humans, the mammary
epithelium consists of a network of ducts that form before birth, by branching and invading
the mammary fat pad. The ducts are formed by a basal layer of contractile, myoepithelial cells
and a luminal layer of specialized epithelial cells. During puberty, ductal outgrowth rapidly
increases under hormonal stimulation, resulting in side branching (Rudland et al. 1997;
Hennighausen & Robinson 2001). The final differentiation stage is achieved in the mammary
gland during pregnancy and lactation, when numerous lobulo-acinar structures containing the
milk-secreting alveolar cells are formed through extensive proliferation, followed by terminal
differentiation. Cessation of lactation following weaning is accompanied by massive apoptosis
and tissue remodelling, and the gland reverts to a structure resembling that before pregnancy.
Therefore, a compartment of cells with high proliferative potential and differentiation ability is
needed in order to sustain numerous pregnancies, a description that fits the definition of stem
cells or early progenitor cells.

Whereas mammary stem cells have not as yet been isolated and characterized, there is strong
evidence for their existence in vivo. The existence of self-renewing, multipotent mammary stem
cells was first suggested decades ago by the work of Daniel et al. Their studies in mice and rats
(Daniel et al. 1971; Kim et al. 2000) demonstrated that an entire mammary gland can be generated
from serially transplanted random fragments of epithelium. Generally, senescence occurred after
the fourth transplant, but in about 25% of cases, seven and eight serial transplantations were
achieved. This indicates that mammary stem cells are dispersed throughout the entire gland and
have a potent, although limited, self-renewal capacity. More recently, Kordon and Smith, using
mammary epithelium marked with mouse mammary tumour virus (MMTV) showed that clonal
dominant populations were responsible for the generation of a new gland in recipient animals
(Kordon & Smith 1998). Serial transplantation of the clonally derived outgrowth recapitulated
the entire functional repertoire of the gland, demonstrating the existence of self-renewing and
multipotent mammary stem cells. While these studies provided indirect evidence for the exist-
ence of mammary stem cells, these cells have not yet been prospectively identified or isolated.

The isolation of mammary stem cells has been hindered by the lack of suitable systems that
maintain these cells in culture in an undifferentiated state, and by the lack of defined stem-cell
markers. In an attempt to purify rodent stem cells, Welm and coworkers combined long-term
in vivo BrdU labelling with immunosorting and transplantation, and showed that cells that
expressed stem-cell antigen (SCA)-1 were enriched in progenitor cells, able to regenerate the
gland in vivo (Welm et al. 2002). In the same study, they showed that progenitor cells are also
contained in a subpopulation of cells with increased ability to exclude the nuclear dye, Hoechst.
This is a characteristic shared by a number of stem cells, including haematopoietic and neural
stem cells, and is the result of increased expression of transporter proteins such as P-glycoproteins
or breast cancer resistance proteins (BCRP) (Zhou et al. 2001; Bunting 2002). It has been sug-
gested that the functional significance of this increased transporter activity is that of protection
of the long-lived stem cells from damaging agents. Similarly, DNA repair pathways are active
in a number of previously characterized stem cells, such as haematopoietic stem cells, neuronal
stem cells, and embryonic stem cells. In addition to protecting cells from toxic insults, these trans-
porters have been suggested to play a role in maintaining stem cells in an undifferentiated state.
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This has been shown in Dictyostelium, in which transporters are able to export differentiating-
inducing factor, maintaining the cells in an undifferentiated state (Good & Kuspa 2000).

An ultrastructural study performed by Smith and Chepko described a population of small
light cells, without polarity, that are dispersed along the epithelial ducts of the rat mammary
gland. They suggested that these cells might represent mammary stem cells (Smith & Chepko
2001). Based on these data, and the fact that human bi-potent progenitor cells are contained in
the luminal epithelial compartment, a number of candidate markers for mammary stem/progen-
itor cells were hypothesized: ESA+, Muc1–, alpha 6 integrin+, CD10+. Immunosorting using
these markers, in combination with the exclusion of rhodamine dye (Stingl et al. 1998; Stingl
et al. 2001) showed that bi-potent luminal epithelial and myoepithelial progenitors are present
in the in the ESA+ alpha 6 integrinhigh CD10+/low fraction of HMEC. Using these markers, a
80% increase in bipotent progenitors was obtained compared with 6% in nonsorted cells.

Other investigators have used an alternative approach, in which immortalized mammary cell
lines are established from human or rodent tissues. For instance, Gudjonsson and coworkers
(Gudjonsson et al. 2002), described an ESA+ MUC 1– cell-line derived from human mammary
cells, which was capable of generating ductal-acinar structures in a basement-membrane gel.
Complete functional differentiation and synthesis of milk proteins was not shown for these cells.
Although cell lines are useful for elucidating molecular pathways, the process of immortalization
may introduce artefacts that significantly alter cellular properties and gene expression profiles.

As an alternative to the use of established cell lines, the cultivation of normal mammary
progenitor cells has been limited by the lack of suitable systems that allow for the propagation
of these cells in an undifferentiated state. When primary cultures of mammary epithelium from
rodents or humans are cultured on solid substrata, they undergo limited replication and differ-
entiation in a process that is regulated by hormonal factors, extracellular matrix and cell–cell
interactions (Reynolds & Weiss 1996; Muschler et al. 1999; Romanov et al. 2001; Simian et al.
2001). A major advance in neural stem-cell research was achieved when it was found that an
undifferentiated multipotent population of neural cells can be grown in suspension as neuro-
spheres (Reynolds & Weiss 1996; Weiss et al. 1996). Neurospheres were shown to contain
between 4% and 20% stem cells, with the rest of the population representing progenitor cells in
various stages of differentiation. This cultivation method was instrumental in a variety of exper-
imental systems: stem-cell enrichment assays (Uchida et al. 2000), comparative gene-expression
profiling (Geschwind et al. 2001), and in vitro models for the development of the nervous sys-
tem (Caldwell et al. 2001). We have used a similar approach to develop a novel culture system
for human mammary epithelial cells, which for the first time permits their propagation in an
undifferentiated state.

MAMMOSPHERES, OBTAINED BY CULTURING HUMAN 
MAMMARY EPITHELIAL CELLS IN SUSPENSION, ARE ENRICHED 

IN STEM/PROGENITOR CELLS

It has been widely believed that normal epithelial cells are anchorage-dependent and undergo a
process of apoptosis, termed anoikis, when they are cultured in the absence of a substratum to
which they can attach (Streuli & Gilmore 1999). Based on the model of neurospheres, we
hypothesized that a small population of mammary cells with stem-cell properties would be
able to survive and proliferate in the absence of attachment to an exogenous substratum. We
developed a culture system in which human mammary epithelial cells, isolated from reduction
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mammoplasties, are cultured on a nonadhesive substratum. Under these conditions, the vast
majority of cells undergo anoikis. However, a small number of cells are able to survive and
proliferate, and form multicellular spheroids (Fig. 1a). We have termed these spheroids ‘mam-
mospheres’ by virtue of their resemblance to neurospheres cultured from primary neural cells.
As is the case for neurospheres, we have demonstrated that mammospheres are highly enriched
in undifferentiated cells, as demonstrated by the ability of single cells isolated from mammos-
pheres to generate multilineage colonies when cultured in the presence of serum on a collagen
substratum that promotes their differentiation (Fig. 1b). Primary mammospheres contain eight
times more bilineage progenitor cells than freshly cultured human mammary cells. Secondary
and later-passaged mammospheres consist of virtually 100% bi-potent progenitors. Furthermore,
the majority of bipotent progenitors are able to generate colonies that contain all three lineages of
the adult mammary gland, myeoepithelial, ductal epithelial, and alveolar epithelial cells (Dontu
et al. 2003). We have also shown that mammospheres contain cells capable of clonally generating
complex functional structures in reconstituted 3-D culture systems in Matrigel (Fig. 1c)

Another important property of all stem cells is their ability to undergo self-renewal. Self-
renewal of a population within mammospheres was demonstrated using an assay in which single
cells from mammospheres were able to generate second- and later generation spheres (Fig. 1e).
Furthermore, we demonstrated that the mammospheres derived form these passaged cells also
have multipotent differentiation potential. These results resemble those reported for neuro-
spheres (Scheffle et al. 1999), and are consistent with a model in which the mammosphere-
forming cell represents a mammary stem cell that undergoes limited self-renewal, and then gives

Figure 1. Mammosphere-derived cells have stem-cell characteristics. (a) Mammosphere structure (15 days’ growth).
Mammosphere-derived cells plated at clonogenic denstities can (b) generate mixed colonies, containing cells of all the
three mammary lineage types (ductal epithelial, ESA, brown; myoepithelial, CD10, purple; alveolar, beta-casein, red)
or (c) generate complex structures in 3D Matrigel culture. (d) The structures clonally generated in vitro are functional,
as demonstrated by beta-casein secretion (immunostained red). Self-renewal is demonstrated by serial passages of mam-
mospheres.
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rise to mammary progenitors still capable of multilineage differentiation. Clonal experiments,
in which spheres were grown from single cells and single mammospheres were passaged, sug-
gest that one or two self-renewal divisions are involved in the formation of a single mammos-
phere. This limited number of self-renewal divisions is in agreement with the majority of studies
involving adult stem cells, which indicate that expansion of the adult stem population does not
occur ex vivo, presumably due to asymmetric cell kinetic divisions that result in a large number
of progenitors and differentiated cells, and a small fixed number of stem cells. We are currently
testing the stem-cell properties of sphere-forming cells in an NOD/SCID mouse model.

As mammospheres are able to maintain mammary stem and progenitor cells in a relatively
undifferentiated state, this system can be used to study the pathways that regulate self-renewal
and differentiation. Indeed, we have preliminary data showing that activation of pathways such
as Notch or LIF affects mammosphere formation and cellular differentiation.

TRANSCRIPTIONAL PROFILE OF HUMAN MAMMARY 
STEM/PROGENITOR CELLS

Another important application of the mammosphere cultivation system is that it has enabled us
to obtain a transcriptional profile of mammary stem/progenitor cells, and thus identify a number
of candidate markers that could be used for their purification. The gene expression profile of
secondary mammospheres, consisting almost exclusively of multipotent cells, were compared
with cells grown under differentiating conditions, using microarray analysis. The differences in
observed expression profiles strongly supported the validity of this experimental system in
reflecting the normal process of mammary development and differentiation (Dontu et al. 2003).
Moreover, some of the genes upregulated in mammospheres have previously been found to be
enriched in other stem cells. Two groups recently compared the gene expression profiles of adult
stem cells with those of embryonic stem cells and proposed that the overlap represents a molecular
signature for ‘stemness’ (Ivanova et al. 2002; Ramalho-Santos et al. 2002). Despite limitations in
gene expression comparison across different species and different experimental conditions, we
detected a high degree of overlap between genes expressed in mammospheres and those expressed
in haematopoietic, neuronal and embryonic stem cells (Table 1). The proposed attributes of
stemness, such as active TGF-beta signalling, growth hormone and thrombin receptor signalling,
and upregulation of membrane transporters in the ABC family, were also identified in our study.
In addition, deregulation of a number of the genes that we identified as being upregulated in
mammospheres have previously been implicated in mammary tumorigenesis.

STEM CELLS AS PRIMARY TARGETS FOR TRANSFORMATION

A number of investigators have suggested that stem cells may represent important targets for
transformational events (Reya et al. 2001; Tu et al. 2002). We propose a model in which mammary
carcinogenesis is driven by tumour stem cells derived from mutated adult stem or progenitor
cells. The central role of stem cells in normal mammary development and tumorigenesis is illus-
trated in Fig. 2. Carcinomas are believed to arise through a series of mutations that may occur over
many years. Adult stem cells are slow-dividing, long-lived cells that by their very nature are
exposed to damaging agents for long periods of time. Therefore, they may accumulate mutations
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that can result in their transformation. Evidence that long-lived cells may be targets for trans-
formation comes from data on breast-cancer incidence following radiation exposure in atomic
bomb victims at Hiroshima and Nagasaki. Women exposed to radiation during this period have
experienced an increased incidence of breast cancer, often occurring 30 years after the time of
exposure (Little & Boice 1999). Mutations found in these women’s breast cancers are consistent
with those known to be induced by radiation. Furthermore, women exposed to radiation during late
adolescence had the highest susceptibility to breast-cancer development. This is thought to be the
period when the mammary gland has the highest number of stem cells (Smith & Chepko 2001).

The observation that normal stem cells and cancers share a number of important phenotypic
properties provides further evidence for these cells playing a role in carcinogenesis. Important
cellular properties shared by all normal stem cells and cancer cells are shown in Fig. 3 and
include: (1) capacity for self-renewal; (2) ability to differentiate; (3) active telomerase and anti-
apototic pathways; (4) increased membrane transporter activity; and (5) anchorage independence
and ability to migrate.

In addition to cellular phenotypes shared by stem cells and tumour cells, there is evidence
that deregulation of the pathways that are involved in stem-cell functionality plays an important
role in mammary carcinogenesis.

PATHWAYS INVOLVED IN SELF-RENEWAL

The Notch transmembrane receptor proteins are part of a signalling pathway that is critical for
the correct developmental fate of cells and various tissues. The Notch proteins, represented by

Table 1. Examples of genes with overlapping expression patterns in mammospheres, neurospheres, haematopoietic
stem cells and embryonic stem cells
 

 

Genes upregulated in mammospheres, neurospheres, haematopoietic
stem cells, and embryonic stem cells

Integrin, beta 1
Growth hormone receptor
Platelet-derived growth factor receptor, beta polypeptide
p53 target zinc finger protein
Policystic kidney disease 2

Genes upregulated in mammospheres and neurospheres
p59fyn (FYN) oncogene
ATP-binding cassette, subfamily A, member 1
Fibroblast growth factor receptor 1
Tenascin C

Genes upregulated in mammospheres and haematopoietic stem cells
Notch 3
Latent transforming growth factor beta binding protein 3
Apolipoprotein E
GATA-binding protein 2

Genes upregulated in mammospheres and embryonic stem cells
Nidogen 1 and 2
Glypican 4
Insulin-like growth factor binding protein 4 and 7
WNT1 inducible signalling pathway protein 1
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four homologues in mammals (Notch 1 through 4), are expressed in a variety of stem or early
progenitor cells (Gaiano & Fishell 2002). They interact with a number of surface-bound or
secreted ligands (Delta, Delta-like, Jagged 1 and 2 in vertebrates) (Mumm & Kopan 2000). These
interactions are in turn regulated by a number of modifiers that form the Fringe family (Lunatic,
Manic and Radical Fringe) (Wu & Rao 1999). Activation of the Notch pathway results in
changes of cell fate, such as proliferation of undifferentiated cells, blockage of differentiation,
or differentiation along a particular lineage (Krause 2002). The vertebrate Notch 4 gene has
been shown to be involved in normal mammary development (Uyttendaele et al. 1998; Soriano
et al. 2000). In vitro, over-expression of the constitutively active form of Notch 4 inhibits dif-
ferentiation of normal breast epithelial cells (Uyttendaele et al. 1998). In vivo, transgenic mice
expressing a constitutively active form of Notch 4 in the mammary gland fail to develop secre-
tory lobules during gestation, and subsequently develop mammary tumours (Soriano et al.
2000). This supports a role for Notch involvement in normal breast development, and suggests
that alterations in Notch 4 signalling might play a significant role in breast-cancer development.
Indeed, we have detected expression of Notch family members in mammospheres, and have
evidence that Notch ligands affect the self-renewal and differentiation of normal mammary
epithelial cells.

Another pathway that regulates cell fate determination in a number of tissues, including
the mammary gland, is Wnt. Molecules involved in the Wnt pathway have well-established

Figure 2. Role of stem cells in normal mammary development and carcinogenesis. Normal mammary stem cells are
defined by their ability to undergo self-renewal and to differentiate into the three cell lineages present in the mature
gland. Mammary tumours arise from stem cells or progenitor cells through deregulation of normal self-renewal. Tumour
stem cells retain the ability to self-renew as well as to differentiate. The tumorigenic stem-cell population is maintained
through self-renewal. Aberrant differentiation of these cells generates nontumorigenic progeny, representing the bulk of
the tumour.
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pro-oncogenic roles (Wnt, β-catenin) or tumour-suppressor activities (APC, TCF-1, axin) (Polakis
2000). Recently, a number of studies were published providing evidence for a direct role of Wnt
signalling in self-renewal of haematopoietic, epidermal and gut stem cells (Reya et al. 2001;
Brittan & Wright 2002). In addition, retroviral transduction of activated β-catenin results in
increased epidermal stem-cell self-renewal and decreased differentiation. A direct correlation
between cancer and dysfunction of this pathway in stem cells was established by experiments
in transgenic mice that showed that activation of the Wnt signalling pathway in epidermal stem
cells leads to epithelial cancers (Reya et al. 2001). We have identified differential expression of
molecules in the Wnt pathways in mammospheres, compared with differentiated cells, which
suggests the possible involvement of the Wnt pathway members in the regulation of normal
mammary stem-cell function. Furthermore, overexpressing Wnt in the mouse mammary gland
using the MMTV promoter increased mammary tumour formation (Schroeder et al. 2002).

Leukaemia inhibitory factor (LIF) and PTEN are two other examples of proteins involved
in stem-cell self-renewal, and normal development, which have also been shown to be involved
in tumorigenesis. LIF stimulates self-renewal of neural adult stem cells, as shown by the exper-
iments using transgenic LIF deficient homo- and hetero-zygous mice (Shimazaki et al. 2001).
LIF has been shown to maintain embryonic cells in an undifferentiated state. Recently, trans-
genic animals expressing LIF in the mammary gland were shown to develop mammary tumours
(Dhingra et al. 1998). Furthermore, LIF overexpression has been described in human mammary
carcinomas. PTEN is a lipid phosphatase that is able to dephosphorylate active AKT, which
plays a role in modulating cellular apoptotic pathways. PTEN has been shown to regulate self-
renewal of neural stem cells in vivo, as well as formation of neurospheres in vitro (Groszer et al.

Figure 3. Similarities between normal stem cells and cancer cells and their impact on stem-cell functionality and
carcinogenesis.
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2001). Mutations of the PTEN gene have been demonstrated in several human malignancies,
including human mammary carcinomas (Petrocelli & Slingerland 2001).

PATHWAYS INVOLVED IN DIFFERENTIATION

LMO4 belongs to a family of LIM-only transcriptional regulators, the first two members of
which are oncoproteins in acute T-cell leukaemia (Dawid et al. 1998). Initially LMO4 was
described as a tumour autoantigen in breast cancer, and is over-expressed in 60% of primary
breast carcinomas (Visvader et al. 2001). Recently, the function of LMO4 in the normal gland
was explored and, as suggested by an increased lobulo-alveolar expression during pregnancy,
overexpression of the gene inhibited differentiation of mammary cells in vitro (Visvader et al.
2001; Sum et al. 2002). Interestingly, LMO4 was found to be upregulated in all the stem-cell
types analysed in both Ramalho-Santos’ and Ivanova’s studies. We also found that it was upreg-
ulated in mammospheres compared with differentiated mammary cells.

One of the genes enriched in differentiated mammary cells compared with the mammosphere-
derived cells is WISP3, also termed LIBC (lost in inflammatory breast cancer), because it was
identified in a differential display study as being downregulated in inflammatory breast cancer,
an extremely aggressive variety of breast cancer that has a poor prognosis. Overexpression of
WISP3 in a mammary cancer cell line reverses the malignant phenotype, inducing growth arrest
and differentiation (Kleer et al. 2002).

PATHWAYS INVOLVED IN HOMING AND MIGRATION

It has been recently shown that migration of stem cells during the homing process is regulated
by specific chemokines and their receptors (Peled et al. 1999). For example, CXCR4 is a recep-
tor expressed by haematopoietic stem cells that interacts with the cytokines CXCL12/SCDF,
secreted by the bone-marrow stromal cells. Engraftment experiments in SCID mice have impli-
cated this interaction in the repopulation of the bone marrow with haematopoietic cells (Peled
et al. 1999). Interestingly CXCR4, which we found to be upregulated by a factor of four in
mammospheres, is overexpressed in metastatic breast cancer (Müller et al. 2001) and neuro-
blastoma (Geminder et al. 2001). This observation has prompted speculation about the stem-cell
origin of metastasis, in a model in which tumorigenic stem cells not only are the origin of the
primary tumour, but also are responsible for metastasis resulting from tumour cell homing and
growth at metastatic sites (Tu et al. 2002).

PROGENITOR CELLS AS TARGETS FOR TRANSFORMATION

In addition to stem cells, early or late progenitors could also serve as targets for transforming
events (Fig. 2). If this were the case, then these cells would need to acquire mutations that
enabled them to undergo self-renewal, a stem-cell property. It is possible that different phenotypes
of mammary carcinomas such as oestrogen receptor positivity and negativity may result from
transformation of different cell types. One might speculate that oestrogen receptior-negative
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tumours result from transformation of the most primitive mammary stem cells, which are oestrogen
receptor-negative. It is also possible that transformation of oestrogen receptor-negative stem cells
could result in a heterogeneous tumour composed of further oestrogen receptor-negative stem
cells, as well as more differentiated oestrogen receptor-positive cells that are produced by differ-
entiation of these cells. In contrast, transformation of later progenitors that express oestrogen
receptors may result in oestrogen receptor-positive tumours. This model suggests that pheno-
typic diversity of tumours in different patients may result from transformation of different
‘tumour’ stem/progenitor cell populations. The therapeutic implications of this model are very
important, as tumours arising from transformation of different stem/progenitor cells may display
different phenotypes, clinical behaviours and responses to therapy. This is consistent with
recently published data that associated metastatic behaviour and prognosis with specific gene-
expression profiles (van De Vijver et al. 2002; van’t Veer et al. 2002). This suggests that the
characteristics of tumours are dependent on the intrinsic biology of the target cells and not solely
on the mutations that occur during cancer progression. The different phenotypes displayed by
genotypically distinct subsets of tumours could potentially result from the transformation of
cells in various stages of differentiation. Interestingly, a number of the markers associated with
bad prognosis are upregulated in mammosphere-derived cells and in stem cells from other
tissues. WISP1, TGFB3, IGFBP4, and LMO are examples of such markers (Ramalho-Santos
et al. 2002; van’t Veer et al. 2002).

MAMMARY TUMOUR STEM CELLS

The studies cited above provide evidence that pathways involved in normal stem-cell develop-
ment may also be involved in tumorigenesis. This suggests that cancers in epithelial organs,
including the mammary gland, may result from deregulation of normal stem-cell functions, such
as self-renewal, which are normally tightly regulated. If this were the case, then these tumori-
genic cells would maintain many of the properties of normal stem cells. However, mutations
found in these cells could interfere with normal processes of cellular differentiation. Such a
model could account for phenotypic heterogeneity within individual tumours, since tumours
would be composed of tumour stem cells as well as other more differentiated progeny generated
through aberrant differentiation (Fig. 2). Such a stem-cell model of tumorigenesis would have
important implications for the understanding of mammary tumour biology, as well as for the
development of new therapeutic approaches for breast cancer.

In order to test the hypothesis that a tumour stem-cell population drives carcinogenesis, we
developed a sensitive NOD/SCID mouse model in which small numbers of human mammary
tumour cells, obtained from primary tumours or metastases, could be grown in vivo (Al-Hajj
et al. submitted). As has been described by other investigators, we found that individual
tumours contained highly heterogeneous populations, as defined by cell-surface markers.
We used flow cytometry to separate individual cells based on the expression of these heteroge-
neously expressed markers, and identified a combination of cell-surface markers that defined
a subset of tumour cells with highly tumorigenic capacities. The tumorigenic subset, represent-
ing a minority of the total cellular population within a tumour, was defined by the same
markers in the majority of tumours examined CD44+ CD4– (lineage negative) (Al-Hajj et al.).
As few as 200 of these cells consistently formed tumours in NOD/SCID mice. In contrast, the
bulk of the tumour contained cells with different cell-surface phenotypes, which failed to form
tumours even when tens of thousands of cells were injected.
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In order to determine whether this experimental system merely selected for a highly tumor-
igenic subset of cells, we analysed the phenotype of tumours produced in NOD/SCID mice by
the prospectively isolated tumorigenic cells. The results showed that the small population of
tumorigenic cells was able to regenerate the entire phenotypic heterogeneity found in the initial
tumour. These findings support a stem-cell model of carcinogenesis, in which a small population
of tumorigenic cells with definable phenotype is able to give rise to more tumorigenic cells, as
well as the bulk tumour population, without tumorigenic properties. The tumorigenic subset of
cells, like their normal counterparts, are able to undergo both self-renewal and differentiation.

THERAPEUTIC IMPLICATIONS OF THE TUMOUR 
STEM-CELL MODEL

The stem-cell model of mammary tumorigenesis has important clinical implications for the
diagnosis and treatment of breast cancer. Current therapies for breast cancer are largely derived
from animal models and clinical studies in which the endpoint is tumour regression. In many
cases, this occurs through the induction of apoptosis in tumour cells. There is evidence that nor-
mal stem cells are more resistant to apoptosis than more differentiated cells, due to a number of
resistance mechanisms, such as higher expression of genes of the Bcl-2 family and transporters
such as BCRP and MDR (multidrug resistance) (Bunting 2002; Tiberio et al. 2002). Similarly,
tumorigenic stem cells may be inherently more resistant to our current therapies than are the
other, more differentiated cells that comprise the bulk of the tumour. The stem-cell model pro-
vides an explanation for tumour recurrence following therapy. A resistant tumorigenic subset of
cells may drive recurrence by regenerating the bulk of the tumour after therapy. This may explain
why current therapies, while able to induce tumour regression, may not always have a dramatic
effect on patient longevity. Similarly, hormone therapies, such as tamoxifen may be ineffective
in those oestrogen receptor-positive tumours that are derived from oestrogen receptor-negative
stem cells, as the more differentiated cells killed by tamoxifen would be regenerated from
oestrogen receptor-negative stem cells through differentiation.

According to this proposed model, the tumorigenic population may also be the origin of
clinically relevant metastatic cells. This is consistent with the observation that metastases are
composed of a heterogeneous cell population, but does not exclude the contribution of genomic
instability to tumour heterogeneity and metastasis.

Prospective isolation of the tumorigenic stem-cell populations should facilitate the ident-
ification of specific pathways important for their growth and survival, thus permitting the
development of new therapeutic strategies designed to target this important population. These
strategies may ultimately result in more effective interventions for the treatment of breast cancer
and other solid tumours.

CONCLUSION

We have developed a new system to culture normal human mammary stem cells in an undiffer-
entiated state. This system should facilitate the elucidation of pathways that control self-renewal
and differentiation of these cells. Furthermore, we suggest that breast tumours may be derived
from transformation of normal stem or progenitor cells by deregulation of normal self-renewal.
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We propose a model in which carcinogenesis is driven by a tumour stem-cell component. This
model, summarized in Fig. 2, provides one explanation for tumour cell phenotypic heterogene-
ity, recurrence post-therapy, and metastasis, and has profound implications for mammary tumour
biology, as well as for the development of novel therapeutic strategies for breast cancer.
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