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Abstract. Recent results have increased our understanding of normal stem cells
and the signalling pathways which regulate them during the development of the
mammary gland. Tumours in many tissues are now thought to develop from
dysregulated stem cells and depend on activated stem cell self-renewal path-
ways such as Notch for their tumourigenic capacity. These cancer stem cells are
recognised by specific cell surface proteins that they express and their capacity
to grow tumours in vivo or spheres in vitro. We have described human breast
DCIS mammospheres grown from cancer stem cells and demonstrated their
dependence on the EGF and Notch receptor pathways. Stem cell self-renewal
pathways such as these may represent novel therapeutic targets to prevent re-
currence of pre-invasive and invasive breast cancer.

1 Introduction

Adult stem cells are defined by their capacity for self-renewal and dif-
ferentiation into cell lineages present in a specific tissue (Morrison et al.
1997; Weissman 2000). The adult mammary gland has a lobulo-alveolar
structure, composed of three cell lineages: myoepithelial cells which
form the basal layer of ducts and alveoli; ductal epithelial cells which
line the lumen of ducts and alveolar epithelial cells which synthesise
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milk proteins (Richert et al. 2000; Rudland et al. 1998; Daniel and
Smith 1999). The existence of a mammary stem cell is suggested by
the cyclic development, involution and subsequent redevelopment of the
mammary gland after pregnancy and lactation. Evidence to suggest that
a pluripotent stem cell gives rise to both the luminal and myoepithelial
cells was first demonstrated over 40 years ago when small fragments
of the rodent duct or terminal end buds (TEBs) transplanted in cleared
mammary fat pads of a syngeneic host could develop an entire and func-
tional mammary tree (Deome et al. 1959; Hoshino and Gardner 1967;
Daniel et al. 1968; Ormerod and Rudland 1986). Further studies ob-
serving the pattern of X chromosome inactivation throughout the ductal
and lobular epithelium show that contiguous patches of epithelium with
inactivation of the same X chromosome were present throughout the hu-
man breast, suggesting that the cells within each patch had been derived
from the same stem cell (Novelli et al. 2003; Tsai et al. 1996).

Techniques to enrich for breast stem cells have subsequently been
developed, including isolating a sub-population of mouse mammary
epithelial cells defined by its ability to efflux the dye Hoecht 33342.
The cells were termed the ‘side population’ (SP) and were found to
include cells capable of regenerating a functional mammary gland sys-
tem in a cleared fat pad (Welm et al. 2002). A similar side population
has also been identified from human breast tissue (Clarke et al. 2005;
Clayton et al. 2004; Alvi et al. 2003; Dontu et al. 2003a); this provided
a functional parallel to the SP-containing haematopoietic stem cells in
bone marrow (Goodell et al. 1997). More recently purification of mouse
mammary epithelial stem cells with cell surface markers Lin–, CD29hi
and CD24+ demonstrated these cells are highly enriched for mammary
stem cells by transplantation and showed that a single cell, marked with
a LacZ transgene, can reconstitute a complete mammary gland in vivo
(Shackleton et al. 2006; Stingl et al. 2006).

There are many similarities between stem cells and cancer cells: Both
self renew, although cancer cells are poorly controlled, unlike somatic
stem cells, which are highly regulated. Differentiation also occurs where
somatic stem cells generate normal, mature cells of the specific tissue;
however, this is usually abnormal in cancer cells (reviewed by Pardal
et al. 2003). Therefore, stem cells are an attractive candidate as the ori-
gin of cancer, as they would already have active self-renewal pathways
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and over their long life span mutations and epigenic changes in the dys-
regulated pathways mentioned can occur, allowing for increasing evo-
lution towards malignancy. Reviews have proposed a model describing
cancer stem cells derived from mutated adult stem cells (Dontu et al.
2003b; Reya et al. 2001); the fact that leukaemic stem cells have a sur-
face marker phenotype that is similar to normal haematopoietic stem
cells supports the idea that they arise from haematopoietic stem cells.
The model also suggests that in addition to stem cells, early or late pro-
genitors could also serve as targets for these transforming events; how-
ever, if this was the case these cells would need to acquire mutations
not only to promote malignancy but also to enable them to undergo
self-renewal.

Signalling pathways involved in normal mammary stem cell regula-
tion, including WNT (Liu et al. 2004; Li et al. 2003), Hedgehog (Dontu
and Wicha 2005), Notch (Dontu et al. 2004; Stylianou et al. 2006), LIF
(Kritikou et al. 2003), TGF-β (Ewan et al. 2005; Boulanger et al. 2005)
and EGF families (Dontu et al. 2003a), prolactin (Dontu et al. 2003a),
estrogen and progesterone (Clarke et al. 2005) are known to be dysreg-
ulated in many cancers (Fig. 1). In particular our group have reported
that Notch receptor signalling is aberrantly activated in breast cancers
compared to normal breast (Stylianou et al. 2006). Levels of Jagged
1 and Notch 1 have previously been correlated with poor prognosis
(Reedijk et al. 2005). In a very recent study discussed below, we have
demonstrated the importance of the Notch receptor signalling pathway
in breast ductal carcinoma in situ stem cells (DCIS).

2 Cancer Stem Cells

There is now a large body of evidence showing that leukaemia origi-
nates from a cancer stem cell (Reya et al. 2001). The first evidence
for cancer stem cells described a small but variable proportion of hu-
man acute myeloid leukaemia (AML) cells, which could be identified
and purified with cell surface markers CD34+CD38–, and were found
to be the only cells capable of transferring AML from human patients
to NOD/SCID mice (Bonnet and Dick 1997), providing evidence that
not all AML cells have clonogenic capacity and only a small subset of
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Fig. 1. Self-renewal pathways involved in regulating the normal breast stem cell

cells (the cancer stem cells, CSCs) are capable of regenerating the can-
cer. Solid cancers are known to be phenotypically heterogeneous and
clonogenic in culture; therefore, many groups have extrapolated the can-
cer stem cell hypothesis from the haematopoietic system to solid can-
cers. Cells with stem cell characteristics from brain tumours were first
isolated with clonogenic neurosphere culture technique from human
glioblastoma (Ignatova et al. 2002), and now other groups have indepen-
dently confirmed that brain tumours contain neurosphere-forming cells
(Singh et al. 2003, 2004; Hemmati et al. 2003). These cells are highly
enriched for cell surface marker CD133 and nestin, have a marked ca-
pacity for proliferation and self-renewal and are capable of differentiat-
ing in vitro into phenotypes identical to the tumour in situ. Cancer stem
cell populations have also been found in prostate (Collins et al. 2005;
Lawson et al. 2007), pancreas (Li et al. 2007)[39], colon (O’Brien et al.
2007; Ricci-Vitiani et al. 2007) and breast cancer (Al-Hajj et al. 2003).
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For example O’Brien et al. (2007) reported a xenograft model using
subrenal implantation of human colon cancer cell suspensions into pre-
irradiated NOD/SCID mice where 17 out of 17 primary or metastatic
colon cancer samples formed tumours which resembled the original tu-
mour from which they were derived; these tumours could be passaged
and re-form tumours in secondary and tertiary recipients. Fractiona-
tion of colon cancer cells based on expression of CD133, a potential
cancer stem cell marker, revealed that the proportion of CD133+ cells
ranged from 1.8% to 24.5% within the colon cancer samples and that
after implantation into NOD/SCID mice only 1 out of 47 mice injected
with a CD133– population formed a tumour compared to 45 out of 49
when CD133+ cells were implanted. Limiting dilution experiments de-
termined that 1 in every 262 CD133+ colon cancer cells was capable
of re-initiating a tumour (O’Brien et al. 2007). Ricci-Vitiani and col-
leagues took a similar approach in sorting for CD133+ primary colon
cancer cells, where again they found that the CD133+ population was
enriched for cells which give rise to subcutaneous tumours in SCID
mice, which could re-form tumours after re-implantation into secondary
and tertiary mice. An in vitro culture system was also used to grow colon
cancer cells as colon spheres similar to neurospheres, which allows the
cells to grow in an undifferentiated state. Spheres were enriched for
CD133+ cells and were capable of growing tumours in mice, in contrast
differentiated colon cancer cells were not tumourigenic. The study also
demonstrated that primary colon cancer cells grown as spheres for over
1 year were still capable of initiating tumours with morphology similar
to tumours formed before long-term culture (Ricci-Vitiani et al. 2007).
Both studies are in line with the cancer stem cell hypothesis which sug-
gests that tumours are generated and maintained by a small subset of
undifferentiated cells able to self-renew and differentiate into the bulk
tumour population (Wang and Dick 2005).

In the breast, the study by Al Hajj et al. (2003) was the first to identify
a subpopulation of human breast cancer cells which initiated tumours in
NOD/SCID mice, using a set of cell surface markers to sort cells with an
increased tumourogenic capacity. Cells which were CD44+, CD24low,
ESA+ and lineage– (cells lacking markers CD2, DC3, CD10, CD16,
CD18, CD31, CD64 and CD140b) isolated from one primary breast
cancer and nine metastasis were able to form heterogeneous tumours
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eight out of nine times. The tumours contained not only the CD44+,
CD24low, ESA+ and lineage– tumour initiating cells but also the phe-
notypically diverse non-tumourigenic cells which comprise the bulk of
tumours. As few as 200 CD44+/CD24low/ESA+/lineage– cells implanted
into NOD/SCID mice could form tumours four out of four times, while
no tumours formed when 200 cells from the CD44–/CD24+/ESA– cell
population were used (Al-Hajj et al. 2003). A subsequent study carried
out on 16 breast lesions with the sphere culture technique which has
been used to enrich for normal breast stem cells (Dontu et al. 2003a)
resulted in the production of three long-term primary cultures which
had self-renewing capacity and could differentiate into the different
breast lineages. The sphere forming cells were found to be 96%–98%
CD44+/CD24–; however, cells with self-renewal only accounted for
10%–20% of the total cell number, showing that only a sub-group within
the CD44+/CD24– sorted cells had self-renewal capacity (Ponti et al.
2005), which is consistent with only 1 in 200 cells being capable of
initiating a tumour in the previous study (Al-Hajj et al. 2003). This in-
dicates that sorting for a CD44+/CD24 population enriches for tumour-
initiating cells; however, it highlights the need for additional markers
to isolate the true CSC. Tumour-initiating capacity was measured with
a long-term sphere culture of the breast cancer cell line MCF7, termed
MCF-S. CD44+/CD24– cells from the MCF-S or MCF7s (used as a con-
trol) were implanted into the mammary fat pad of SCID mice. The
MCF7 cells gave rise to tumours when at least 1 million cells were
implanted; however, the MCF-S cells gave rise to tumours with smaller
numbers of cells (105, 104 and 103) with at least a 60% success rate,
whereas the MCF7s showed no growth when a comparable cell number
was implanted (Ponti et al. 2005), thus indicating that both the mammo-
sphere culture system and the cell surface marker selection enriched for
tumour-initiating cells.

Further studies in breast cancer cell lines and most recently in WNT-
induced mouse mammary tumours have added to the growing evidence
for CSC in the breast. Hoechst dye exclusion was used to isolate a side
population (SP) in MCF7 cells (0.2%); this population had a greater
tumourigenic capacity than the non-SP fraction when determined by tu-
mour production subcutaneously in NOD/SCID mice. The MCF7 SP
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also expressed higher levels of Notch1 and β-catenin mRNA compared
to the non-SP population, suggesting that the SP cancer cells have some
intrinsic properties of stem cells (Patrawala et al. 2005). The SP pop-
ulation within hyperplasic tissue from mouse mammary tumour virus
(MMTV)-driven Wnt-1 transgenic mice was >2-fold increased com-
pared to matched background controls (Woodward et al. 2007); radia-
tion was shown to selectively enriched progenitors in the activated WNT
cells compared to background-matched control mice. A recent paper
suggests that breast cancer-initiating cells are radioresistant, firstly
showing that MCF7 and MDA-MB-231 breast cancer cells grown as
mammospheres have elevated numbers of CD24–/low/CD44+ cells; they
were also found to be more radioresistant than the corresponding cells
grown in monolayer when compared by clonogenic assay (Phillips et al.
2006). A comparable but more extensive study in glioblastomas showed
not only that CD133+ tumour cells were more radioresistant than the
CD133– but that ionising radiation also increased the proportion of
CD133+ cells from glioblastoma specimens (Bao et al. 2006). The
CD133+ population preferentially activate the DNA damage checkpoint
response to DNA damage and repair radiation-induced DNA damage
more effectively than CD133– cells, suggesting that CD133+ cells could
be the source of tumour recurrence in patients after radiation. A specific
Chk1 and Chk2 inhibitor used in this study was found to reverse this
radioresistance in vitro and in vivo, indicating that targeting DNA dam-
age check points may disrupt this resistance mechanism and improve
tumour control with radiation treatment.

3 DCIS Mammospheres–Importance of EGF
and Notch Signalling

We have adapted the mammosphere culture system which has been used
to enrich for normal stem cells and populations of cells from cancers
with a greater tumourigenic capacity to grow primary DCIS mammo-
spheres (Dontu et al. 2003a; Singh et al. 2004; Ricci-Vitiani et al. 2007;
Ponti et al. 2005; Farnie et al. 2007). Compared to normal breast cells
grown under the same non-adherent culture conditions, primary DCIS
tissue contained a greater number of cells with the ability to form mam-
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Fig. 2. Mammosphere-forming efficiency (MFE) in normal breast (A) and DCIS
(B) after treatment with DAPT and a Notch 4 neutralising antibody compared
to equivalent DMSO or IgG control, respectively. Mean %MEF±SE, two-tailed
test: *P<0.05, **P<0.01. (C) Western blotting showing expression levels of
Notch 1 and 4 intracellular domain (NICD, 4ICD) in normal breast and DCIS
tissue. Cytokeratin (CK) 18 is shown as a control for epithelial content of tissue.
(D) Brightfield image of DCIS mammospheres after treatment with a Notch 4
neutralising antibody or an IgG control

�

mospheres (Fig. 2 A and B), DCIS mammosphere-forming cells also
had a greater self-renewal capacity than normal breast mammospheres
as they could produce a greater number of new mammosphere gen-
erations after passage. High-grade DCIS also had an increased MFE
compared to low-grade DCIS; this is consistent with findings from both
brain and colon cancers, where the most aggressive clinical samples
have tumour stem cells with the highest sphere formation and self-
renewal capacity (Singh et al. 2003; Ricci-Vitiani et al. 2007).

The non-adherent DCIS culture system has allowed the investiga-
tion of pathways which are involved in the survival and self-renewal of
DCIS. Our previous xenograft work has shown that EGFR signalling is
required for the growth of DCIS tumours (Chan et al. 2002). We found
that high-grade DCIS mammospheres have a greater sensitivity to an
EGFR inhibitor, gefitinib, compared to low-grade DCIS in the absence
of exogenous EGF, suggesting secretion of an EGF-like ligand from the
high-grade DCIS which is regulating mammosphere initiation and/or
growth via the EGFR signalling pathways. Notch signalling has been
shown not only to play a role in normal stem cell regulation but also to
be frequently dysregulated in a number of cancers, including invasive
breast cancer (Dontu et al. 2004; Stylianou et al. 2006). Western blot-
ting confirmed that Notch signalling was highly activated in DCIS com-
pared to normal breast tissue, showing that both Notch 1 and 4 intracel-
lular domain (NICD and 4ICD, respectively) were elevated (Fig. 2C).
We then used two Notch inhibitors in DCIS and normal breast mam-
mosphere culture, mammosphere formation was reduced with both a γ-
secretase inhibitor (DAPT) and a Notch 4 neutralising antibody. How-
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ever ,the DCIS mammospheres were more sensitive to both inhibitors;
in particular the Notch 4 blocking peptide where in two out of six cases
caused 100% inhibition of mammosphere growth (Fig. 2D). Our re-
sults suggest that targeting both of these pathways may have therapeutic
value as adjuvant therapy for DCIS.
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