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Abstract The majority of deaths from carcinoma are
caused by secondary growths that result from tumour inva-
sion and metastasis. The importance of epithelial-to-
mesenchymal transition (EMT) as a driver of invasion and
metastasis is increasingly recognised, and recent evidence
has highlighted a link between EMT and the cancer stem
cells that initiate and maintain tumours and have also been
implicated in invasion and metastasis. Here, we review
cancer stem cells and their link with EMT, and explore the
importance of this link in metastasis and therapeutic resis-
tance of tumours. We also discuss new evidence from our
laboratory demonstrating that cancer stem cells display a
remarkable phenotypic plasticity that enables them to switch
between an epithelial phenotype that drives tumour growth
and an EMT phenotype that drives metastasis. As successful
therapies must eradicate cancer stem cells in all their guises,
the identification of sub-types of cancer stem cells that
display therapeutic resistance and phenotypic plasticity has
important implications for the future design of therapeutic
strategies. The ability to assay the responses of different
cancer stem cell phenotypes in vitro holds promise for the
rapid development of a new generation of targeted therapies
that fulfil this objective.
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1 Introduction—adult stem cells and cancer stem cells

The discovery of a population of breast cancer stem cells that
have undergone epithelial-to-mesenchymal transition (EMT)
[17 has opened up an exciting new front in the study of cancer
stem cells. It had previously been proposed that cancer stem
cells in carcinomas undergo an EMT to gain a migratory,
mesenchymal phenotype that enables them to migrate out
from the primary tumour to colonize distant sites, where they
then undergo mesenchymal-to-epithelial transition (MET) to
establish a metastatic tumour of the same epithelial character
as the parent tumour [2]. Evidence is now accumulating in
support of this hypothesis [3, 4]. As well as being implicated
in metastasis, cancer stem cells that have undergone EMT
exhibit therapeutic resistance [5] and may therefore also form
a reservoir of surviving cells that is responsible for tumour
recurrence after apparently successful initial therapy. For these
reasons, cancer stem cells that have undergone EMT (EMT
cancer stem cells) are now an important focus for research
aimed at preventing tumour metastasis and recurrence [6].
The key attributes of cancer stem cells, and indeed any
stem cell, are self-renewal and the ability to give rise to
more differentiated cell types [7]. For the vast majority of
tumours, the cancer stem cells lack the pluripotency that is
a characteristic of embryonic stem cells, being generally
limited to the lineage(s) of the tissue from which they arose
[8]. In this regard, cancer stem cells are more similar to the
adult stem cells that drive tissue regeneration and repair
throughout adult life [9] (Fig. 1). Adult tissue stem cells
have been identified in many organs, including skin (basal)
[10], muscle (satellite cells) [11] and breast (in the myoe-
pithelial compartment) [12]. They are characterised by two
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key attributes; self-renewal and the ability to reconstitute
all of the lineages that make up the tissue of origin. In this
latter regard, adult stem cells from all but the simplest
tissues might be regarded as multipotent (as opposed to
the pluripotency of embryonic stem cells), in that they
possess a limited degree of developmental plasticity that
enables differentiation into each of the required lineages.
For example, breast tissue comprises two distinct cell lin-
eages; the luminal cells that form the alveoli and are re-
sponsible for milk production, and the myoepithelial cells
that line the branching ductal structures. Normal breast
stem cells (CD44"€"CD24'°%) reside in the myoepithelial
compartment, but can differentiate into both luminal and
myoepithelial lineages [12]. Breast cancer stem cells also
display a CD44M€"CD24'°% marker profile and are also
multipotent, being able to differentiate into both epithelial
and mesenchymal lineages [1, 13].

The concept of cancer stem cells has been discussed for
many years, but the first firm evidence came in 1997 when it
was demonstrated that the ability to initiate tumour growth
upon transplantation into NOD/SCID mice was limited to a
CD34"/CD38" subpopulation of leukaemic cells [14]. Sub-
sequently, cancer stem cells have also been identified using
various markers in brain tumours (CD133") [15], breast
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(CD44"CD24"ESA™) [19], prostate cancer (CD44") [20]
and other carcinomas. In breast cancer and oral squamous
cell carcinoma, cancer stem cells have also been identified
by high activity of the detoxifying enzyme ALDH1 [21, 22].
In addition to their ability to drive tumour growth, cancer
stem cells have also been implicated in therapeutic resis-
tance of tumours [5, 23, 24]. This therapeutic resistance
presents considerable challenges for cancer therapy, as can-
cer stem cells that survive chemo or radiotherapy have the
ability to regrow the whole tumour [25]. Cancer stem cells
have also been implicated in tumour invasion and metastasis
[26, 27], suggesting that surgical intervention may often
come too late to enable successful excision of the cancer
stem cell population. Therefore, new therapeutic regimens
that target cancer stem cells are required.

2 Cancer stem cells and EMT

EMT is the process by which epithelial cells detach from the
epithelial sheet and acquire a motile mesenchymal pheno-
type. This is important for formation of the mesoderm
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Fig. 1 Types of stem cell. Pluripotent embryonic stem cells self-renew
and can produce every single adult cell type. They express embryonic
stem cell markers. Adult stem cells also self-renew, but their differen-
tiation potential is restricted to the lineage(s) that make up the tissue in
which they reside. They are characterised by various markers, such as
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CD44 in squamous epithelial and breast tissue. Cancer stem cells have
the characteristics of adult stem cells, and often share the same
markers. Tumour cells often display the range of lineages and patterns
of differentiation that characterise the tissue of origin
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during gastrulation, which involves individual cells acquir-
ing a mesenchymal (mesodermal) phenotype and migrating
from the ectoderm to the centre of the embryo [28]. EMT is
also important for wound healing, where stromal signals
trigger the surrounding epithelial cells to undergo EMT
and migrate into the wound site [29]. Upon wounding, the
epithelial cells at the edge of the wound are immediately
exposed to a variety of EMT-inducing stromal signalling
factors that they were previously isolated from. These in-
clude PDGF from platelets, FGF from fibroblasts and trans-
forming growth factor beta (TGF-3) and tumour necrosis
factor-alpha (TNF-o) from immune cells [30]. Tissue in-
flammation associated with wounding facilitates recruitment
of EMT-inducing immune cells to the wound site [31]. The
third occasion where EMT occurs is in cancer, where it
drives migration of tumour cells from the primary site and
formation of metastases [32, 33]. Cancer cells that have
undergone EMT exhibit therapeutic resistance [5, 34, 35],
including resistance to EGFR inhibitors [36], and evade the
host immune response to the tumour [33, 37]. EMT is
therefore an important process in tumour progression. The
tumour cells undergoing EMT appear to borrow heavily
from the EMT mechanisms involved in wound healing,
including response to the same signals and promotion by
the inflammatory tumour environment [30, 31]. Oncogenic
changes in cancer cells, including mutations in receptor
tyrosine kinase or Wnt signalling pathways, render them
especially responsive to EMT-inducing signals originating
in the tumour stroma [38]. The tumour environment is often
viewed as a “wound that never heals”, with a chronic
inflammatory environment that continually drives EMT of
cancer cells at the tumour—stroma interface [39, 40]. The
induction of EMT is mediated by key transcription factors
within the cell, including Slug, Snail and Twist. These are
activated in response to the aforementioned signalling path-
ways, and orchestrate intracellular changes including upre-
gulating expression of vimentin, downregulating expression
of E-cadherin and nuclear import of {3-catenin (normally
kept at the plasma membrane by E-cadherin in epithelial
cells) [41]. The transcription factor Zebl, which represses
the EMT-inhibiting miR-200 family of microRNAs, is also
an important inducer of EMT [42].

As detailed above, it is clear that the process of EMT
plays an important role in tumour invasion and metastasis,
and may also be responsible for the ability of tumours to
evade and subvert the body's immune response. Cells that
have undergone EMT are also resistant to many of the
chemotherapeutic and adjuvant drugs that are used to treat
epithelial tumours, and may therefore form a reservoir of
cells that survive the initial treatment and drive tumour
recurrence. This chemotherapeutic resistance is also a fea-
ture of cancer stem cells, and the discovery of a population
of CD44"E"CD24'°" breast cancer stem cells that have

undergone EMT has now united these two phenomena [1].
The technology of flow cytometric cell sorting (FACS),
which revolutionised the study of cancer stem cells by
enabling heterogeneous cell populations to be separated
based on expression of protein markers and analysed sepa-
rately, is now increasingly important to the study of EMT.
Until recently, many studies of EMT have treated tumours
as a homogenous population of cells that were assumed to
be identical in their behaviour and underlying molecular
mechanisms. The cellular and molecular heterogeneity pres-
ent in most tumours required a change in approach, and
FACS sorting is now used as a basis for study of the EMT
features of cancer cells, and how these features relate to the
issue of stemness. Using this approach, we have recently
identified a population of cancer stem cells that have under-
gone EMT in squamous cell carcinoma, where they are
CD44Me"ES ALY [3].

3 Plasticity of the cancer stem cell phenotype

It is not yet clear whether EMT is restricted to the processes
of embryogenesis, wound healing and tumourigenesis, or
whether adult stem cells also display attributes of EMT in
their normal state. CD24""CD24'°% cells from normal
mammary tissue express EMT markers [1], a possible link
between stemness and EMT in normal tissue. However,
mammary stem cells reside in the myoepithelial part of the
tissue, and unipotent non-stem myoepithelial cells share the
CD24ME"ESA®Y phenotype exhibited by the stem cells [12]
and might also express genes related to EMT. Therefore,
there is still a question over whether there is a meaningful
link between EMT and stemness in normal breast tissue.
Stem cells in other tissues do not necessarily express an
EMT phenotype; the self-renewing stem cells in skin dis-
play a distinctly epithelial phenotype and form tightly bound
epithelial colonies known as holoclones in culture [43].
There is evidence that these holoclone-forming stem cells
also exist in epithelial tumours [3, 17, 44, 45], suggesting
that stem cells having undergone EMT are not always the
necessary drivers of epithelial tumourigenesis. Nevertheless,
it is clear that at least a portion of the cancer stem cells in
many tumour types have undergone EMT. Our recent evi-
dence suggests that cancer stem cells can undergo both
EMT and the reverse process of MET to switch between
EMT and epithelial phenotypes [3], and this plasticity of the
cancer stem cell phenotype supports a model whereby can-
cer stem cells in carcinomas undergo an EMT that enables
them to migrate out from the primary tumour and colonize
distant sites, where they then undergo MET to enable
growth of a metastatic tumour of the same epithelial char-
acter as the parent tumour [2] (Fig. 2).

@ Springer



288

Cancer Metastasis Rev (2012) 31:285-293

Epithelial cancer stem cell Differentiated EMT cell

CD44hish ES Anigh ’ CD44hishESAlow-ALDH-
’ EMT cancer stem cell

CD44hishESAlow* ALDH*

Differentiated epithelial cell
CD44low

Stromal cell
e.g. myofibroblast

Denotes self-renewal
ability

<

-

EMTl

V.
<>

>

>
>

’ Tumour stroma

¢ @

Stromal signals promote EMT
e.g. TGF-B, TNF-q, IL-6

%onhibutes to tumour stroma?

Secondary site

et

METI

= @

Circulatory and lymphatic systems

Fig. 2 Metastasis of cancer stem cells. A model of the processes that
occur during metastatic dissemination from a primary tumour, based on
our results in squamous cell carcinoma [3]. Cancer stem cells undergo
EMT in the primary tumour, and the resulting motile cancer stem cells
invade through the stroma to reach the circulatory and lymphatic
systems through which they travel to distant sites. At these secondary
sites, they undergo MET to resume their proliferative phenotype and

4 Different differentiation states within the population
of cancer cells that have undergone EMT

An important question is whether all cancer cells exhibit-
ing EMT characteristics are cancer stem cells, or are some
actually more differentiated? This question is particularly
important in consideration of the ability to undergo the
reverse process of MET required to seed a new epithelial
tumour, as it would be expected that more differentiated
cells would lose the requisite lineage plasticity. Work
using normal breast tissue [46] has shown that, as well
as containing the bipotent breast stem cells, the myoepi-
thelial population also contains cells that are committed to
a myoepithelial lineage, which as discussed earlier is
likely to share features of EMT. In squamous cell carci-
noma, it has been demonstrated that some cells having
undergone EMT can reverse this process through MET,
but this ability is not shared by all EMT cancer cells.
Further, the EMT cells that are capable of undergoing
MET can be isolated from more differentiated EMT cells
in FACS by their ESA'*ALDHI1" expression pattern
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produce a metastatic growth. Differentiated epithelial cells contribute
to tumour bulk, whereas the role of the newly-discovered differentiated
EMT cells is currently unknown. It is possible that they may contribute
to the tumour stroma, which signals to promote EMT and invasion at
the tumour edge. It is not yet known what signals drive MET at the
metastatic site. Marker expression for the different tumour cell types in
squamous cell carcinoma is shown in the key

[3]. The population of cancer cells that have undergone
EMT and become fixed in the mesenchymal lineage, such
that they can no longer return to the epithelial phenotype,
represent a more differentiated EMT phenotype. What
role, if any, these cells play in tumour progression is
unknown. It is possible that they may make an important
contribution to the tumour stroma. The ability to differen-
tiate between these two different classes of EMT cell is
likely to be an important consideration, both to ensure that
the correct cells are being characterised in cancer stem cell
research and for any efforts at diagnosis based on the
prevalence of EMT cancer stem cells.

5 EMT, MET and metastasis of cancer stem cells

One area of controversy is whether it is necessary for cancer
stem cells to undergo EMT in order to seed metastases. In in
vitro models, EMT cancer stem cells are much more inva-
sive than their epithelial counterparts [3, 47]. The special
ability to survive and grow in attachment-free conditions,
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which some studies suggest is unique to the EMT cancer
stem cells [1, 48], is also likely to be of benefit to a cancer
cell that has to survive in situations far removed from their
parent tumour and surrounding stroma. In addition, evi-
dence from in vivo experiments also suggests a crucial role
for EMT cancer stem cells in metastasis [3, 32]. There are,
however, some alternative models of metastasis that do not
require a role for EMT cancer stem cells. The first is that
stromal fibroblasts, or possibly cancer cells that have un-
dergone an irreversible EMT, drag non-EMT cancer stem
cells out of the tumour and into the circulatory and lym-
phatic systems, from where they travel around the body
and seed new tumours [49]. Alternatively, recent evidence
suggests that non-EMT breast cancer cells can collectively
invade into the lymphatic system, but not the blood system,
without the aid of cells that have undergone EMT [50].
Despite questions remaining over whether EMT is abso-
lutely essential for metastasis, it is clear that it plays a very
important role.

Another question concerns the role of MET in formation
of metastases. Clearly, if metastasising cells have undergone
EMT, then subsequent MET would be required for forma-
tion of a metastasis with the same epithelial characteristics
as the original tumour. Therefore, the fact that most meta-
static tumours mirror the phenotype of their primary coun-
terpart [2] suggests a role for MET in their formation. Why
are EMT cancer stem cells unable to form metastatic
tumours directly, without recourse to the epithelial pheno-
type? It is possible that this happens in some cases, and
indeed it may explain the highly mesenchymal nature of
some metastatic tumours [51]. However, it has been ob-
served that the EMT cancer stem cells in squamous cell
carcinoma grow very slowly [3]. Therefore, the reemer-
gence of non-EMT cancer stem cells may be required simply
to enable the heightened rates of proliferation required to
drive tumour growth. It has been shown that selection
through multiple rounds of metastasis forms cell lines with
a more epithelial character, and that these lines seed more
bone metastases when injected intracardiacally or intrati-
bially (but, crucially, not orthotopically) in a mouse model
[4]. More recently, it has been demonstrated that the Mir-
200 family of microRNAs promotes MET, decreased ability
to escape from primary tumours and increased ability to
colonize metastatic sites in breast cancer cell lines [52].
Thus, the evidence points to a requirement for EMT in the
carly stages and MET in the later stages of metastasis. There
is as yet little information on what signals drive MET in
cancer, although the fibroblast growth factor receptor-2
FGFR2IIIc has been implicated [4]. Two effects of the
Mir-200 family also drive MET in cancer—downregulation
of the secretome with consequent reduction of the secreted
proteins Igfbp4 and Tinagll [52], and direct targeting of the
E-cadherin repressors Zebl and Zeb2 [53].

6 Promotion of EMT by the tumour stroma

It has become increasingly evident that the stromal tissue
surrounding a tumour plays an important role in enabling
and sustaining tumour development [54]. Recent work has
demonstrated that TGF-{3 produced by tumour cells induces
the conversion of fibroblasts into myofibroblasts known as
carcinoma-associated fibroblasts, and that these cells then
maintain themselves in this state through autocrine TGF-f3
signalling and greatly promote tumour development [55].
Promotion of tumour development by these cells may be at
least partly through TGF-{3 signalling back to the tumour
that aids production of EMT cancer stem cells. Indeed, it is
known that TGF-f3 signalling induces production of EMT
cancer stem cells in tumour cell lines [3]. Nuclear 3-catenin,
a marker of EMT, is restricted to those tumour cells that are
at the tumour—stroma interface in colorectal cancer [2],
further indicating a role for the tumour stroma in the pro-
duction of EMT cancer stem cells. The fact that TGF-f3
signalling appears to work in both directions, from tumour
to stroma and vice versa, suggests a positive feedback loop
that results in continuous EMT at the tumour—stroma inter-
face as the “wound that never heals” model described
earlier would predict. This would be particularly so if, as
seems possible, the EMT cancer stem cells produce greater
amounts of TGF-3 than the non-EMT cancer cells, thus
reinforcing the feedback loop. The questions of which
cancer cells signal most strongly to the stroma, and wheth-
er the process is initiated by stromal signalling to the
tumour or vice versa, are currently unanswered. In addi-
tion, the recent demonstration that some cancer cells un-
dergo an irreversible EMT [3] suggests that the tumour
may actually be able to create its own stroma that signals
back to the tumour to promote EMT and tumour develop-
ment. In addition to TGF-f, the inflammatory stromal
microenvironment in which the tumour resides also produ-
ces TNF-«, IL-6 and other inflammatory mediators. These
signals also induce EMT in tumour cells and further en-
hance inflammation, and crosstalk between the different
signalling molecules including TGF-{3 sustains and upre-
gulates their production [56].

7 Cancer stem cells and therapeutic resistance

A big problem for cancer therapy is the occurrence of
resistance in tumours, and this therapeutic resistance has
been attributed to cancer stem cells [23]. Typically, initially
successful treatment kills the bulk of the tumour but leaves
the cancer stem cells still alive, and these then drive tumour
regrowth and disease relapse. This often results in a more
aggressive tumour, possibly due to a higher content of
cancer stem cells. It has been demonstrated that EMT cancer
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stem cells exhibit resistance to common chemotherapy
drugs [5], and breast cancer cells remaining after conven-
tional therapy display both features of EMT and the
CD44"€"CD24 "% signature of breast cancer stem cells
[57]. Other work demonstrates therapeutic resistance of the
holoclone-forming, epithelial-phenotype cancer stem cells
in squamous cell carcinoma [58]. At present, the mechanism
governing resistance of cancer stem cells to therapy is
unclear. Drug efflux transporters of the ABC family have
been implicated in therapeutic resistance as they pump drugs
out of the cell, with ABCC2 and ABCBI being associated
with resistance to cisplatin and paclitaxel, respectively [59,
60]. Recent studies have uncovered a link between the Oct4
transcription factor, PI3K/Akt and ABCG2-mediated resis-
tance of cancer stem cells to cisplatin in hepatocellular
carcinoma [61] and oral squamous cell carcinoma [62],
and ABCBS has been implicated in the resistance of cancer
stem cells to doxorubicin in hepatocellular carcinoma [63]
and melanoma [64]. Therefore, the ABC family of trans-
porters appears to be heavily involved in the mechanism of
cancer stem cell therapeutic resistance. Undoubtedly, the
key molecular drivers of cancer stem cell therapeutic resis-
tance remain to be uncovered, but will hopefully in the
future provide molecular targets through which cancer stem
cell resistance may be abrogated, thus enabling their eradi-
cation. The antibiotic salinomycin has already been demon-
strated to specifically kill EMT cancer stem cells in breast
cancer cell lines [5], although the mechanism for this is not
yet known.

8 The role of EMT in enabling cancer stem cells to evade
the immune response

Another feature of cancer stem cells is their ability to evade
the immune response to the tumour, and actively suppress
the T cell response [65]. In melanoma, this feature has been
linked to cancer stem cells that exhibit features of EMT [66].
A direct link between EMT and immune evasion has been
demonstrated through the knockdown of AxI, a receptor
tyrosine kinase that is required for EMT [33]. When injected
into normal BALB/c mice, with a functioning immune
system, control breast cancer cells formed tumours that were
initially subjected to a vigorous immune response that
caused tumour regression, but then regrew and metastasised.
Axl-knockdown breast cancer cells (depleted of EMT cancer
stem cells) initially behaved in the same manner, but were
not able to overcome the immune response and regrow.
Thus, it seems that EMT cancer stem cells survive the initial
immune response to the tumour, then drive regrowth of a
tumour that is no longer subject to an effective immune
response. This feature of EMT cancer stem cells is of par-
ticular significance to mouse models used to assess the
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presence of cancer stem cells, as any model that retains an
immune system may present a more favourable environment
for growth of EMT cancer stem cells than epithelial-
phenotype cancer stem cells that are less able to evade the
immune response. Therefore, new mouse models with more
complete immune compromisation will be important for
accurate assessment of cancer stem cell properties. For
example, using the new NOD/SCID /I2rg "~ mouse model,
the proportion of tumour initiating cells in melanoma
increases to 1 in 4 compared to 1 in 111,000 when trans-
planted into standard NOD/SCID mice [67], demonstrating
that the use of more immunocompromised mice enables a
far greater proportion of cancer stem cells to display tumour-
initiating ability.

9 Diagnostic potential of cancer stem cells

The presence of cancer cells in the circulation has been
investigated as a possible indicator of metastasis, but look-
ing specifically for circulating cancer stem cells or EMT
cancer stem cells in the primary tumour may give a better
indication as these are the cells that will drive the formation
of secondary tumours. Expression of CD26, a marker of
EMT cancer stem cells in primary colorectal cancer, is a
predictor of subsequent metastasis [68], and the EMT
marker smooth muscle actin is a strong prognostic marker
for poor outcome in oral squamous cell carcinoma [69]. It
is hoped that assaying for cancer stem cell features will
give a better indication of the likely disease course, includ-
ing the likelihood of metastasis, and thus enable more
tailored therapeutic management.

10 Conclusion—important implications for therapeutic
strategies

EMT enables metastasis, evasion of the immune response,
and tumour recurrence after chemotherapy (due to resis-
tance of the EMT cancer stem cells) and surgery (due to
motility of the EMT cancer stem cells). The self-renewal
endowed on these cells by their stemness is key to their
ability to drive new tumour growth, and underlines the
central importance of understanding how cancer stem cells
are controlled and sustained in order that future therapies
might successfully target both the non-EMT cancer stem
cells that drive tumour growth and the EMT cancer stem
cells that drive tumour metastasis and recurrence. It is
hoped that the recent development of sophisticated in vitro
cancer stem cell assays [3] will greatly facilitate both mech-
anistic studies and efforts at high throughput drug screen-
ing, and thus drive rapid progress in the development of
cancer stem cell therapies.
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