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Abstract

of breast cancer stem cells.

There are multiple definitions of cancer stem cells based on the different assays used to detect or enrich for
them. The existence of different assays has made the identification and isolation of the archetypal cancer stem cell
(CSC) with all of these properties an attractive but as yet unachievable goal. Indeed, it has been suggested that
the lack of complementarity between these assays is in itself a barrier to CSC identification. Yet new insights into
the heterogeneity of breast cancer stem cells and the discovery of CSC plasticity now suggests that rather than the
existence of a single elusive stem-like entity in cancers, there may be a heterogeneous mix of cell populations able
to switch their phenotype under different selective pressures. The aim of this review is to summarise the current
evidence supporting this hypothesis and to suggest that focusing on the mechanisms controlling the inter-conversion
between these minority stem cell populations could lead to more effective strategies to target the malignant properties
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Mesenchymal Transition

Introduction

Models of tumourigenesis and the cancer stem cell hypothesis

The cancer stem cell (CSC) hypothesis first arose as a result of the
noted similarities between normal stem cells and tumourigenic cells:
both have the ability to self renew and to generate the heterogeneous
cell populations observed in tissues and tumours. These similarities
together with the rarity of stem cells in adult tissues are what led to the
notion that there may be only a subset of cancer cells within a tumour
with tumourigenic capacity [1]. This theory is in accordance with the
cell-of-origin model of tumourigenesis which is one of two theories
proposed to account for the generation of heterogeneity observed
within tumours such as those of the breast (Figure 1) [2]. The cell-of-
origin model states that intra-tumoural diversity derives from a single
cell sitting at the top of a cellular hierarchy similar to that observed in
the normal mammary epithelium. The tumour cell-of-origin is often
considered synonymous with the CSC and although this may not
necessarily continue to be the case throughout tumourigenesis, it is by
definition the first CSC.

Alternatively, it has also been proposed that some cancers may
arise in a non-hierarchal manner, whereby transforming genetic
lesions occur to multiple cells during the process of tumourigenesis.
This model of clonal evolution was initially put forward as an opponent
of the cell-of-origin hypothesis; however, the two need not be mutually
exclusive. It is possible that the phenotypic heterogeneity of a tumour
may arise as a result of both the phenotype of a cell of origin (i.e. the
CSC), and that conferred by evolution (Figure 1).

Discovery of breast cancer cells with stem-like properties

Experimental evidence in support of the cell-of-origin hypothesis
came about in 1997 with the discovery of putative CSCs in acute
myeloid leukaemia. Bonnet and Dick [3], by virtue of the cell surface
markers CD34*/CD38;, isolated a population of cells with enhanced

tumourigenic capacity following transplantation into NOD/SCID
mice. Al Hajj et al. [4] subsequently recapitulated this observation for
the first time in solid tumours by enriching for a sub-population of
tumour initiating cells from primary breast lesions using the cell surface
marker profile CD44*/CD24/ESA /lin- (negative for several lineage
markers and therefore, considered undifferentiated). Tumourigenic
sub-populations have since been discovered in a variety of cancer tissue
types, including brain, colon and pancreas [5-8].

Definition and identification of breast cancer stem-like cells

A normal stem cell is defined by its ability to divide both
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Figure 1: Models of tumorigenesis: A. The cell-of-origin hypothesis;
transforming mutations occur to a single cell which acquires or deregulates
stem-like characteristics allowing it to divide symmetrically to self-renew or
asymmetrically to generate differentiated cells in order to propagate and form
a tumour. B. The clonal expansion hypothesis; transforming mutations occur
to a number of cells during the process of tumorigenesis.
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symmetrically to self-renew and asymmetrically to generate
differentiated cells [9,10]. A cancer stem cell should therefore also be
defined as such, possibly adding the property of extensive proliferation
[1,11]. Indeed, CSCs are more prevalent in mammary tumours
compared to their normal counterparts in mammary tissues, a property
that is attributed to an increased rate of self-renewal of breast cancer
stem cells (bCSCs) possibly linked to p53 activity [12].

The gold standard of CSC identification, including breast cancer
stem cells (bCSCs), continues to be tumour initiation with serial
transplantation in recipient mice and most of the literature relies
upon tumour initiation in vivo to identify and quantify stem-like cells
from tumour cell populations. This phenotypic trait encompasses the
key properties of self-renewal, asymmetric division and enhanced
proliferative capacity. However, as it is impossible to identify and
subsequently isolate CSCs based purely on this premise, a number of
methods of identification and enrichment have been adopted that rely
on additional CSC-phenotypic properties associated with the ability to
propagate new tumour growth in vivo (Table 1).

Despite this, the identification and isolation of cancer stem
cells remains problematic. This has been attributed in part to bCSC
heterogeneity both within and between breast tumours. In addition
to heterogeneity, there is a mounting body of evidence to suggest that
these cell populations are also dynamic; both stem, and non-stem-like
populations may be capable of inter- or intra-conversion in response to
environmental cues [13,14].

In this review we will summarise the experimental evidence for
heterogeneity and plasticity of breast CSCs and discuss the implications
of these properties both for future characterisation of bCSCs and the
development of effective therapeutic strategies targeting them (Table

1.
Heterogeneity of breast cancer stem-like cells

Despite the continued use of the term “cancer stem cell” to
describe the minority of self-renewing, tumour-initiating, cells within
a tumour, it is becoming apparent that the stem-like characteristics
that accompany this description do not necessarily occur within the
same sub-population of cells. This suggests that our ability to identify
and then to isolate “cancer stem cells” is impeded by limitations in our
current CSC assays and that the existence of stem-like characteristics
within tumours is a more complex situation than initially thought.
Here we summarise the evidence for marked differences in the number
and phenotype of stem-like cells between breast tumours and the co-
existence of cancer cells with distinct stem-like properties within breast
tumours.

Inter-tumour bCSC heterogeneity

The identification of targetable stem-like features relies upon the

ability to isolate and study stem-like cell populations. The identification
of signature “stem-like” cell-surface protein expression profiles
has made it possible to enrich for breast cancer cells with increased
tumourigenic and self-renewal capacity. However, the heterogenous
nature of breast cancer makes the existence of a universal stem cell
surface marker profile unlikely. Breast cancer has been divided into
different subtypes based on tumour cell type; basal-like, ErbB2+,
normal breast like, luminal subtype A and luminal subtype B, and
the more recently identified claudin-low subtype [15,16]. To date a
number of different marker profiles have been used to isolate stem-like
cells from breast cancers, each with varying degrees of specificity across
the molecular subtypes [17].

The first identification of bCSCs was achieved by the isolation of
cells with the cell surface marker profile of CD44*/CD24 /ESA*/Lin°
[4]. Subsequent studies have shown that this profile does not enrich for
tumour initiating cells in all breast tumours, but instead is particular to
basal-like breast cancer; for example, in one study the profile was only
identified in 31% of 240 samples where it correlated with basal subtypes
[18]. Honeth et al. [18] analysed the expression of CD44 and CD24
across a range of breast tumour samples by immunohistochemistry.
The stem-like phenotype of CD44'/24 correlated strongly with
low Her2 expression and elevated EGFR and was predominantly
found in the basal-like/Her2 negative subgroup as defined by gene
expression analysis of tumour samples. The CD44%/24" phenotype was
underrepresented in Her2 positive tumours, which instead had a strong
association with CD447/24* expression. In addition, 94% of BRCA null
and all medullary tumours expressed the CD44%/24" phenotype [18].

In contrast to the findings of Al Hajj et al. [4], Meyer et al.
demonstrated in an ER-negative breast tumour sample that in the
CD44" population, both CD24 negative and positive cells exhibited
equivalent tumorigenic capacity and could be further enriched with
markers for CD49 and CD133; markers associated with normal
mammary stem cells [19,20]. Cariati et al. [21] also demonstrated
a role for CD49f as a marker of breast cancer stem cells in the (ERa
positive) MCE-7 cell line, whereby mammospheres exhibited a greater
proportion of CD49f"s" expressing cells and knockdown of CD49f
completely prevented mammosphere formation and tumour initiation
in vivo [21].

Similarly, CD133 (prominin-1),a marker of CSCs in haematological
malignancies and a variety of solid tumour types [22], was associated
with bCSCs derived from tumours in a Brcal deficient mouse model
[23]. Cell lines derived from these tumours exhibited a CD133 positive
sub-population highly enriched for tumour initiating cells. CD133
positive cells were shown to have stem-like properties comparable to
the CD44'/CD24 populations isolated from other Brca null tumour cell
lines, including similar gene expression profiles, although significantly
no overlap between the CD44'/24 and CDI133* population was

Proposed Stem-like Characteristics

Corresponding Assays

Tumour initiation/ maintenance of tumour growth

® Invivo transplantation

The capacity for both symmetrical division (self renewal) and assymmetrical division
(differentiation)

It is impossible to assay for both attributes in a single cell/assay. Self renewal can
be assayed for:

®  in vitro by the tumour sphere assay [48]

® invivo by serial transplantation

Resistance to Anoikis
(the form of apoptosis induced by cellular detachment)

®  Invitro Tumour sphere assay [48]
* Invivo analysis of circulating tumour cells

Metastasis formation
(Combination of anoikis resistance and tumour initiation)

® in vivo metastasis models e.g. by tail vein or intra-cardiac injection

Drug resistance

* Invitro/in vivo Cell survival following drug treatment

Table 1: Stem-like characterisitics associated with tumour cells and the corresponding assays used to test for them.
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observed despite all tumours occurring in BRCA null mice. Similarities
in gene expression included over-expression of seven stem-cell related
genes such as Notchl, Fgfrl, CD44, SoxI and Aldhlal, although there
were some notable differences including 17-fold higher levels of KRT5
in CD133 positive subsets compared to CD44/CD24 cells [23].

Aldehyde dehydrogenase (ALDH) was identified as a marker of
tumorigenicity by Ginestier et al. [24]. ALDH is an enzyme which
detoxifies aldehydes such as retinol, and was studied because of its
previous associations with leukaemic stem cells [25]. In this study, it
was found that 3-10% of the cell population of each of four primary
tumour samples (3 triple negative and 1 ERBB negative) was ALDH
positive. When isolated, ALDH positive cells were found to exhibit
at least 100-fold greater tumour initiating capacity than their ALDH-
negative counterparts. Although limited growth was observed with
50000 ALDH negative cells, resulting tumours did not self renew
suggesting that tumour initiation may have been instigated by a
progenitor population [24]. ALDH positive populations have since
been identified in 23/33 cell lines where as consistent with the CD44*/
CD24/ESA*/Lin" profile it correlated with those lines of a basal-like
nature, e.g. as few as 100 ALDH positive cells of the basal-like SUM159
cell line were required to generate tumours. Although ALDH is
associated with elevated ERBB expression in breast cancers this was
not found to be the case in cell lines [26].

The aforementioned studies all refer to isolation of bCSCs from
basal-like and more aggressive disease subsets and despite some
sporadic success, the current marker profiles do not identify stem-like
cell populations from luminal-like breast cancers [18,27]. It is possible
that this may allude to the existence of an alternative mechanism of
tumorigenesis in luminal tumours, such as clonal evolution (Figure 1).
This theory is supported by the MMTV-Erbb2 mouse model of breast
cancer which spontaneously generates relatively homogenous luminal
tumours from which no distinct rare subpopulation of stem-like cells
can be isolated; in fact, these tumour cells are tumorigenic with as
few as 100 cells [28]. However, it has been suggested that as relapse
is common in patients with luminal-like breast cancers, the stem-like
component of this subset exists but still remains elusive [29].

The range of marker profiles currently used to enrich for stem like
characteristics across tumours could be an indication that we have
not yet identified the universal bCSC marker profile. However, it is
more likely that the bCSC population mirrors that which is observed
among all breast cancer cells and is heterogeneous in nature. Further
studies of bCSC marker profiles, perhaps those incorporating gene

expression analyses, will undoubtedly increase our understanding of
heterogeneity and may even make it possible to classify breast tumours
based on distribution of bCSC characteristics (Table 2).

Intra-tumour heterogeneity in cancer stem-like cells

The cell-of-origin model of tumorigenesis assumes that CSCs are
a rare population at the top of a cellular hierarchy, but this concept is
now being challenged. In addition to the bCSC heterogeneity observed
between breast tumours, there is some evidence to suggest that there
exists more than one population of stem-like cells even within a single
tumour or cell line. Intra-tumour CSC populations have come to
light by investigating different aspects of stem-like behaviour within
a single tumour which by our current definitions do not completely
overlap. Intra-tumour heterogeneity is most easily observed by cell-
surface marker profile analysis due to the ability to analyse both
potential populations simultaneously in the same environment. With
a sequential analysis it is not possible to determine whether two stem-
like populations exist or whether plasticity has occurred; i.e. in the time
it takes to perform transplantation assays, a stem-like cell could have
derived from a non-stem.

Although intra-tumour diversity in stem like cells has been observed
in other cancers [30], evidence for intra-tumour CSC heterogeneity
in breast cancer has only arisen from a few papers including the
aforementioned study of cell surface markers by Ginestier et al. [24].
In the four samples investigated, the ALDH positive population only
overlapped with the CD44*/CD24 /ESA*/Lin" profile by 0.1-1.2%. The
ALDH negative population was not tumorigenic whereas the ALDH
+ required 500 cells to form tumours, but the overlapping population
required only 20 cells to produce tumours [24]. On the basis of these
findings, two interconverting stem-like subpopulations have been
proposed, each possessing distinct stem-like features (Figure 2). In
a recent review, Liu et al. [31] have related bCSC markers to normal
mammary stem cell markers and found that the bCSC population
as defined by Al Haij et al. [4] resides within the EpCAM-CD49{+
population,and ALDH positive within the EpCAM+CD49f- population,
the latter being considered more epithelial-like. On this basis bCSCs
have been divided into more luminal or MET-like and more basal or
EMT-like. It is interesting to note that despite the inability to initiate
tumour growth, the ALDH/CD44*/CD24 /ESA*/Lin” population is still
considered stem-like by this group. Furthermore, there is evidence to
suggest that these populations reside at different areas or niches of the
tumour: the MET-like at the centre, and the EMT like at the invasive
front [31]. The possible dynamics of this system are discussed in more

Marker Target Cell numbers requl'red.for tumour formation Reference
in vivo
Human breast cancers: 200 [4,18]
CD44+/CD24-/ESA+ Basal-like, claudin low, Her2-ve, BRCA null, and medullary tumours !
Cell lines Not tested [17]
CD44+/CD49f"/CD133* ERa- tumours 250 [19]
CD49f* MCF-7 cell line Not tested [21]
CD133* BRCA" mouse tumours 50 [23]
Human breast cancers:
Triple negative 500 [24]
ALDH+ ERBB2 negative
Cell lines e.g. SUM159 100 [26]
CD44+/CD24-/ESA+
ALDH+ Human breast cancers 20 [24]
PROCR+/ESA+ MDA-MB-231 cell line 100 [17]

Table 2: Markers used to isolate breast cancer cell subpopulations enriched for tumorigenic capacity.
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Figure 2: Intra-tumour heterogeneity and plasticity of stem-like
populations: Two or more interconverting stem-like populations may exist
within breast tumours [24,31]. Further investigation may reveal yet more
stem-like subpopulations but a universal CSC marker may be an unrealistic
prospect.

detail in subsequent sections.

Further evidence which may support this theory comes from
a study of rat mammary tumours by Zucchi et al. [32]. Three clonal
subpopulations were isolated from a rat mammary tumour derived from
rat LA7 bCSCs; stem-like, mesenchyme-like and epithelial like. Both
the stem-like and epithelial-like cells although morphologically distinct
were able to initiate tumour growth in vivo and to form tumorspheres,
however the epithelial-like cells were incapable of self-renewal in both
assays. This is another example of a cell population exhibiting some
but not all stem-like attributes. The lack of self-renewal capacity in
this population led the authors to describe it as a progenitor-like but
nonetheless tumorigenic population. In addition, the epithelial-like
population expressed a cell-surface expression signature comparable
to that observed in the core of the tumour, whereas the stem-like
population was comparable to the tumour invasive front, thus echoing
the findings of Liu et al. [31] as mentioned above [32].

Plasticity of Breast Cancer Stem-like Cells

Plasticity between non-stem-like breast cancer cells and
bCSCs

A certain degree of plasticity may exist within a tumour cell
population which allows interconversion between CSC and non-CSC
states when driven by selective pressures (including therapy) or clonal
evolution. Indeed CSCs within a tumour may be a different entity at
instigation of tumorigenesis compared to diagnosis or following therapy
[11]. The study of intra-tumour plasticity is more difficult than tumour
origin as it could easily be confused with a potential heterogeneity of
stem-like populations and therefore cannot simply be observed by an
alteration of stem-like characteristics in the total population. To study
this process, subpopulations of cancer cells must be assayed separately.
If a certain stem-like characteristic were to appear in a population
previously devoid of such attributes, only then would it be possible to
conclude that plasticity has occurred.

An analysis of the plastic potential of HMECs was carried out in
this manner by Chaffer et al. [13]. Initially, non-transformed HMECs

were considered and the cell population first sub-divided by the
isolation of a small population of cells found floating in the media
of HMEC cultures. The floating cells (designated HME-Flopc) were
found to contain a greater proportion of stem-like cells as determined
by the expression of the stem cell markers CD44*/CD24/ESA*, (2.5%
compared to 0.2%). This correlated with approximately 1.5 in 300 cells
having mammosphere forming potential compared to none in the
remaining population. Clonal flopc populations were subsequently
fractionated into CD44"° and CD44" subsets. Re-assaying for marker
profile following adherent culture revealed CD44" cells in the CD44"
fraction. In addition, even in the presence of a high proportion
of labelled CD44" cells, CD44" cells could still be generated from
unlabelled CD44" cells. To analyse the oncogenic counterparts of
flopc cells, oncogenic transformation was induced by introduction
of the SV40ER and H-Ras oncogenes. Transformation resulted in
5-fold more efficient conversion of CD44" cells to CD44". This was
also found to be true in vivo; CD44" cells injected into mice formed
tumours with up to 16% CD44" cells [13]. This study was the first to
definitively demonstrate plasticity upwards in the established hierarchy
of both normal and neoplastic cell populations. These findings have
important implications for breast cancer treatment as they suggest that
targeting only the stem-like population of cancer might not be enough
to eradicate a tumour of its metastatic potential, as stem-like cells could
then re-generate from the non-stem population.

These observations have been corroborated by a similar analysis of
the breast cancer cell lines SUM149 and SUM159 [14]. Both lines were
fractionated into subpopulations based on the marker profile identified
by Al Hajj et al. [4]: luminal: CD44/CD24*/ESA", basal: CD44*/
CD24/ESA, and stem-like; CD44*/CD24 /ESA*. These subtypes were
confirmed by gene expression analysis; however no functional assay
was used. All isolated populations were able to transition back to a
heterogeneous population which recapitulated the proportions of
each subset observed in unsorted cells. It was not likely that any stem-
like component remaining within the basal or luminal populations
increased via enhanced self-renewal due to no difference in proliferation
being observed. As with the Chaffer study, these data indicate that it is
possible for cells to transition between states, and most importantly
have revealed that plasticity can occur between non-stem cancer cells
and bCSCs. The Gupta et al. [14] study generated a mathematical
model to describe state transitions and make predictions about luminal
or basal cell transitioning to a stem-like state that were corroborated by
in vivo experiments; luminal or basal subpopulations were able to form
tumours when injected with non-tumorigenic irradiated GFP carrier
cells used to improve survival [14]. This strongly indicates plasticity
occurring within these populations however it cannot be ruled out
that a tumorigenic subset remained within the purified populations,
even without a stem-cell profile. The CD44*/CD24 /ESA* phenotype
at-best enriches for tumorigenic cells and tumours can arise from the
stem-like negative population [4]. Furthermore, inhibition of TBX3
(a gene involved in the regulation of differentiation) by shRNA was
able to perturb plasticity by decreasing the probability of luminal to
basal transitions in SUMI159 cells and increasing the probability of
basal to luminal transitions in SUM149 cells. Although not able to
prevent conversion to a stem-like state, this demonstrates a useful tool
for the identification of genes involved in the process of plasticity as
potential therapeutic targets. In addition this study was able to show
that chemotherapy resulted in a 5-fold increase in the proportion of
stem-like cells.

A number of studies have since indicated the importance of
an EMT (epithelial-to-mesenchymal transition) like process in the
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conversion of cells to a CSC state. EMT is a process of cell transition
which occurs primarily during embryogenesis, but can also take place
during wound healing and tumorigenesis [33]. In tumorigenesis
EMT has been implicated in metastasis of disseminated cancer cells,
which are thought to require stem-like characteristics such as anoikis
resistance. This correlation led to the notion that EMT may be
responsible for imparting CSC traits. Mani et al. [34] investigated this
possibility by induction of EMT in HMECS by overexpression of twist,
a transcription factor known to be important in EMT. In addition
to expected downregulation of epithelial markers and upregulation
of mesenchymal markers such as N-cadherin, cells acquired a stem-
like phenotype and formed over 30 fold greater number of spheres
than wild type cells. Induced EMT in Her2neu immortalised HMLEs
resulted in a 10-fold increase in spheres and 2-fold increase in tumour
initiating cells [34]. These data strongly implicate a role for EMT in
plasticity however it cannot be distinguished from this study whether
induction of EMT has increased self-renewal of existing bCSCs
or plasticity towards a stem-like phenotype. The lack of difference
between proliferation rates between subpopulation supports the
latter possibility however an analysis of isolated subpopulations
would be more conclusive. Morel et al. [35] supported this line of
investigation by focussing on CD24 cells which were completely
absent from HMECS. Transformation by the Ras oncogene resulted
in the generation of a CD24 population which increased with time up
to 65% of the population. This phenotype was consistent with stem-
like cancer cells; CD24 cells could form mammospheres and tumours
in vivo whereas CD24" cells could not. Furthermore CD24 cells could
be generated from CD24" cells. Enrichment in CD24" cells following
transformation coincided with morphological changes and alteration
of gene expression profiles consistent with EMT. Experimentally
induced EMT by TGFp also resulted in the appearance of CD24 cells
and an increase in the expression of mesenchymal markers. TGFp also
accelerated transformation by Ras [35]. Similar observations linking
plasticity and EMT have been made in cell lines [36]. More recently,
Yang et al. [37] have visualised plasticity between non-stem cancer
cells and bCSCs occurring in situ in MCF-7 cells and shown that this
process could be enhanced by the induction of EMT or perturbed by
its inhibition [37].

The link between EMT and the formation of cancer stem cells has
now been recognised but the molecular mechanisms underlying this
plasticity have yet to be firmly established. To date only a few groups
have addressed this issue. A number of molecular mechanisms which
potentially underlie this stem cell/EMT plasticity have been identified
including the p130Cas/Cyclooxygenase-2 axis and Brd4 [38,39]. Meyer
et al. [19] have also demonstrated that single non-invasive epithelial-
like CD44/CD24" cells of breast cancer cell lines can generate invasive,
mesenchymal-like CD44'/CD24 cells in culture and following
transplantation in vivo. Importantly, inhibition of activin/nodal
signalling prevented the generation of heterogeneity from CD44'/
CD24" cells which could only then generate vimentin-low progeny.
Inhibition was also able to prevent the generation of vimentin-
negative progeny from CD44*/CD24  cells [19]. This study revealed the
importance of activin/nodal signalling in plasticity which highlights an
additional potential therapeutic target.

The most consistent evidence for regulation of stem cell/
EMT plasticity so far has come from investigations into the role of
microRNAs in this process. MicroRNAs are untranslated RNAs which
regulate the expression of multiple coding regions of the genome and
have been implicated in the regulation of many cellular processes

including stem cell division and also in carcinogenesis [40]. Chang et
al. [41] identified two miRNAs, 200c and 183 as being the miRNAs
most downregulated in the CD44°CD24 population of HMECs
and the normal mammary cell line MCF12A. It was subsequently
established that the transcription factor p53 was able to bind promoter
regions of both miRNAs. Overexpression of p53 was able to increase
miR200c and 183 expression and reduce the expression of the stem
cell-related genes, KiIf4 and Bmil, both known targets of miR200c
and 183. In addition, enforced EMT by TGF-p treatment resulted in a
downregulation of p53 and miR200c and 183, and elevated expression
of Bmil and KIf4. shRNA inhibition of p53 was able to induce EMT
and increased the percentage of stem cells and overexpression of miR-
200c was able to rescue the phenotype of p53shRNA cells. Conversely,
overexpression of p53 in TGF-p-treated cells was able to reverse the
EMT process (ie. MET) and reduced the percentage of stem cells.
The relevance of this process in breast cancer was established by the
observation that overexpression of mutant p53s found in breast
tumours had the same affect as inhibition of wild-type p53. These data
are evidence of the important relationship between p53 and miRNAs
in the regulation of the conversion of non-stem breast cancer cells to
bCSCs [41]. Polytarchou et al. [42] investigated the role of miRNAs
in a cell line model of inducible bCSC formation: activation of the
Src oncogene in the MCF10A line induces a cellular transformation
which includes the production of bCSCs. By transfecting bCSCs from
this model with a library of 355 miRNAs, a number were identified
as capable of inhibiting bCSCs growth by at least 50%, these included
miRs 200, let7, 15, 16, 103, 1107, 145, 335 and 128b. Expression of
these miRNAs were also reduced in bCSCs compared to non-stem
cancer cells. In addition they shared a number of stem-cell associated
target genes in common including Suz12, Zeb2, Klf4, and Bmil, and
miRNA overexpression resulted in their downregulation. Low levels of
these miRNAs and high levels of their targets were observed in bCSCs
isolated from breast tumour samples but this inverse relationship
was most significant in tumour samples which were triple-negative
or basal-like. Although not direct evidence of plasticity, any plasticity
occurring between the non-stem and bCSC populations investigated
may require the downregulation of these microRNAs [42].

The aforementioned studies all used cell surface marker profiling
to isolate stem-like populations and whilst this has proved an effective
method to identify plasticity within tumours the evidence is mostly
limited to a single stem-like attribute. Lineage tracing experiments
have recently been used to track cancer cell growth in both skin and
mammary tumours and have produced the first in vivo evidence of
cancer stem cells as defined by tumour initiation [43,44]. In order to
observe plasticity in vivo Zomer et al. [44] induced random expression
of one of four colours in all tumour cells of the PyMT mouse model of
spontaneous tumour formation. Using this system and by imaging at
various stages during tumour progression it was possible to identify
clonal populations by single colour expression which either expanded
at a later stage of tumour formation or regressed, thereby implying loss
or gain of the bCSC property of tumour initiation [44]. The regulation
of this observed plasticity was not investigated in this study. To further
expand our knowledge of plasticity and to investigate the underlying
molecular mechanisms, it may be advantageous to develop functional
plasticity assays; i.e. the elimination and reacquisition of a single
functional stem-like attribute such as tumour initiation as mentioned
above [43] or mammosphere formation as proposed by Piggott et al.
[45].
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Plasticity within breast cancer stem-like cell populations

Adding yet another layer of complexity to the issue of plasticity is
the notion that there may exist within a tumour more than one distinct
cancer stem-like state between which cells can transition, possibly
depending on the influence of external cues. Evidence for multiple
stem-like states can only come from studies which further purify the
CSC component into putative subpopulations.

As mentioned previously, 2 putative subpopulations of bCSCs have
been identified in breast tumour samples based on the two marker
profiles of ALDH* and CD44*/CD24/ESA* [24]. In a recent review
it was suggested that these two populations are present in distinct
compartments of the normal mammary gland hierarchy and exist in
EMT-like (ALDH'), and MET-like CD44"/CD24/ESA* states. This
model suggests that interconversion between stem-like states can occur
via an EMT like process, and also via MET. There is some evidence to
suggest that interconversion is regulated by the expression of a number
of microRNAs. It has been observed that the MET-like CSC population
exhibits increased levels of mi93 which when overexpressed is capable
of increasing this population further [31]. Consequently, inhibition of
mi93 is able to induce EMT in isolated populations of ALDH* SUM159
cells. In contrast, upregulation of mil00 or 221 decreases the ALDH*
population and increases CD44"/CD24/ESA* cells. These data are
reviewed in more detail in Liu et al. [31]. Whilst evidence for intra-
bCSC plasticity is still lacking, this group has demonstrated convincing
support for this hypothesis which may explain a previous discrepancy
in breast tumorigenesis; why EMT is known to increase metastasis
but metastases are often more epithelial-like than the primary tumour
[31,46].

Further support for this theory comes from an investigation
into the effect of hypoxia on tumour initiating cells. Hypoxic
conditions were found to confer the property of invasiveness on a
cell line enriched for tumour initiating cells (SK3rd), but which was
previously stationary. This effect was mediated by membrane type 1
matrix metallo-proteinase (Mt1-MMP), the inhibition of which was
found to reduce invasiveness under hypoxic conditions. Hypoxia was
not able to affect the expression of Mt1-MMP, but instead altered its
redistribution to the cell surface. Elevated levels of surface Mt1-MMP
although associated with enhanced invasive ability correlated with a
decrease in the bCSC marker CD44, and also disrupted mammosphere
formation. However, hypoxia or elevated surface Mtl-MMP did
not alter the tumorigenic capacity of the tumour initiating cells but
the volume of lung metastases was increased. These data imply the
existence of two distinct stem-like populations which can interconvert
in response to oxygen levels in the tumour environment. In addition to
regulation by hypoxia, EMT may also play a role in this plasticity. The
non-invasive bCSCs in this model were found to be mesenchyme-like
in comparison to the SKBR3 parental line. Twistl was elevated in the
SK3rd cells which in turn were found to be capable of regulating MT1-
MMP expression via miR10b and HoxD10. However as hypoxia is not
able to regulate MT1-MMP expression, the relevance of EMT in this
model remains to be firmly established. In addition, the authors did
not report on the epithelial or mesenchymal status of the SK3rd cells
under hypoxic conditions [47]. Despite this the findings of this study
do correlate with the suggestion of Liu et al. [31] that these two stem-
like populations may reside at different areas or niches of the tumour:
the MET-like at the centre (hypoxic), and the EMT like at the invasive
front (normoxic). Of most relevance is the finding that alterations
to the oxygen level mimicking those occuring during metastasis can
also alter the percentage of mammosphere-forming cells in the Sk3rd

model thus strongly implicating hypoxia in the dynamic regulation of
bCSC states [47] (Table 2).

Conclusions

At present, the resistance of stem-like cells to commonly prescribed
anti-cancer drugs poses a major problem for the successful treatment
of breast cancer patients. The ability of stem-like cells to survive
treatments which otherwise shrink tumour growth suggests that they
may be responsible for the disease recurrence which is observed in a
large proportion of patients. This strongly suggests that a proportion
of cells with tumorigenic capacity remain or have regenerated from
among surviving tumour cells. Despite the complexity of CSCs, it is
clear that stem-like properties contribute the most detrimental aspects
of malignancy to a tumour. Understanding how stem-like attributes
have become unregulated in tumours will undoubtedly lead to the
identification of novel targets. However, the complexity of CSCs in
terms of their heterogeneity and plasticity will make any one single drug
unlikely to be efficient. An ideal strategy would be to target both the CSC
and the non-stem populations in order to prevent the reacquisition of
stem-like characteristics by plasticity. Research in this area taking these
factors into consideration could lead to the development of therapeutic
strategies with enormous potential for efficacy.
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