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Abstract

Over the past several decades the traditional view of cancer being a homogeneous mass of rapid
proliferating malignant cells is being replaced by a model of ever increasing complexity, which
points out that cancers are complex tissues composed of multiple cell types. A large variety of
immune and other host cells constitute the tumor microenvironment, which supports the growth
and progression of the tumor where individual cancer cells evolve with increasing phenotypic and
genetic heterogeneity. Furthermore, it has also become clear that, in addition to this cellular and
genetic heterogeneity, most tumors exhibit a hierarchical organization composed of tumor cells
displaying divergent lineage markers and at the apex of this hierarchy are cells capable of self-
renewal. These “cancer stem cells” not only drive tumor growth, but also mediate metastasis and
contribute to treatment resistance. Besides displaying remarkable genetic and phenotypic
heterogeneity, cancer stem cells maintain plasticity to transition between mesenchymal-like
(EMT) and epithelial-like (MET) states in a process regulated by the tumor microenvironment.
These stem cell state transitions may play a fundamental role in the process of tumor metastasis. In
this review, we will discuss emerging knowledge regarding the plasticity of cancer stem cells and
the role that this plasticity plays in tumor metastasis. We also discuss the implications of these
findings for the development of cancer stem cell targeted therapeutics.
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1. INTRODUCTION

Breast cancer remains a major health issue in women world-wide. Over the past two
decades, the development of diagnostic technologies for early detection and the advent of
targeted therapies for ER- (estrogen receptor) and HER2- (epidermal growth factor receptor
2) positive cancers have driven the mortality rates of breast cancer steadily downward in a
large member of countries especially the wealthy ones [1]. However, despite recent
advances in breast cancer therapies, many patients still succumb to metastasis due to
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therapeutic resistance and disease recurrence, which is the main culprit of breast cancer
deaths. Thus, the ultimate goal in combating breast cancer, especially those in advanced
stages, is to overcome therapeutic resistance and to prevent disease recurrence.

Developmentally, tumorigenesis can be viewed as tissue repair or organogenesis gone awry.
There is now substantial evidence that breast cancers are hierarchically organized and driven
by a small fraction of tumor cells displaying stem cell properties [2-4]. This small
population of breast cancer stem cells (BCSCs), also termed breast cancer initiating cells,
were the first identified in any solid tumors. They were characterized by expression of
specific cell surface markers including EpCAM™*, CD24~ and CD44* [5]. As few as 100
cells beating this phenotype were able to produce tumors in immune deficient NOD/SCID
mice whereas over 100-fold greater cells that did not bear this phenotype were non-
tumorigenic. Furthermore, tumors generated from EpCAM*CD24-CD44* BCSCs
recapitulated the cell type heterogeneity of the primary tumor. More recently, it has been
shown that both normal and malignant mammary stem/progenitor cells express high level of
enzyme aldehyde dehydrogenase (ALDH) [6], which can be assessed by the Aldefluor assay
(Stem Cell Technologies).

Interestingly, we have recently reported that the EpCAM*CD24~ CD44* and ALDH
expressing CSCs identify anatomically distinct BCSCs within breast cancers. Furthermore,
gene expression profiling suggests that the EpCAM*CD24-CD44* CSCs express genes
associated with epithelial-mesenchymal transition (EMT) and are relatively quiescent,
whereas the ALDH* stem cells have an epithelial phenotype and are associated with a self-
renewal state [7]. Furthermore, we find that the EMT and MET states of CSCs are not fixed,
but rather that CSCs maintain plasticity to transition between EMT and MET states in a
process regulated in the tumor microenvironment. Emerging evidence suggests that the
plasticity of CSCs that enables them to transition between the EMT and MET states may
play a crucial role in the ability of these cells to metastasize. In this review, we assess the
current state of knowledge of how EMT and MET developmental programs are reactivated
in cancer and are linked to breast cancer metastasis. We highlight the implications of cellular
plasticity in driving metastasis, treatment resistance and tumor recurrence.

2. EMT AND MET: DEVELOPMENTAL PROGRAMS REACTIVATED DURING
CANCER PROGRESSION

2.1. EMT and Tumor Cell Invasion, Dissemination and Micro-metastasis

The cellular process converting adherent epithelial cells into individual mesenchymal cells
with the ability to migrate and invade adjacent tissues is known as epithelial-mesnechymal
transition or EMT. During embryogenesis, EMT enables embryonic epithelial cells to
become mesenchymal-like and travel to distant sites where new tissues and organs form.
EMT is a multi-step process manifested by the loss of cell junctions and the reorganization
of the cytoskeletal network, resulting in the loss of epithelial polarity and acquisition of a
mesenchymal-like phenotype [8]. During tumor progression, this EMT process is thought to
be reactivated and ultimately facilitates tumor cell migration through the basement
membrane, invasion into adjacent tissues, and penetrating into the circulation. Indeed, many
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studies using cell culture and mouse models have documented that epithelial tumor cells can
acquire a mesenchymal morphology associated with the expression of mesenchymal
markers including vimentin, N-cadherin, fibronectin, a smooth muscle actin (a-SMA), and
fibroblast specific protein 1 [9-12]. These phenotypic changes are induced by a wide variety
of extracellular signals that subsequently activate one or several transcription factors of
different families, including the zinc-finger proteins Snail, Slug, Zebl, and Zeb2, the bHLH
proteins Twist and TCF3, the forkhead box proteins FOXC1 and FOXC2, as well as the
homeobox protein goosecoid [13, 14].

In epithelial derived cancers, tumors at the primary and metastatic sites frequently have a
similar heterogeneous organization manifested by regions of dedifferentiation [15]. EMT-
like tumor cells are typically seen at the invasive edge of primary tumors. These cells are
most probably the cells that eventually enter into the next steps of tumor metastasis cascade,
including intravasation, extravasation, and formation of microscopic and macroscopic
metastases in distant organs [15, 16]. The roles of EMT to promote tumor cell dissemination
are well supported by recent studies on circulating tumor cells (CTCs) and disseminated
bone marrow tumor cells, both of which exhibited EMT and sternness characteristics [17—
19]. The subset of CTCs able to generate metastatic growth with clonal capacity in distant
organs has been termed as metastasis-initiating cells (MICs) [20, 21]. Clinically, detection of
five or more CTCs in 7.5 ml of peripheral blood serves as an indicator of breast cancer
progression and the number of CTCs in patients with metastatic breast cancer tends to be a
better indicator of tumor prognosis compared to other diagnostic means [22-24]. A recent
study on CTCs from breast cancer patients has further implicated an association of
mesenchymal CTCs with cancer progression [25]. This study also showed that CTCs, in
forms of single cells or multicellular clusters, express known EMT regulators such as TGF-
pathway components and the transcription factor FOXC1 [25]. Moreover, a high degree of
epithelial-mesenchymal plasticity in the CTCs appeared to associate with treatment cycle
[25], which may reflect a cell state plasticity in these cells.

2.2. MET and Metastatic Colonization

Although migratory tumor cells in primary tumors and CTCs have been shown to present
typical EMT features, distant metastases in a majority of epithelial cancers are generally
characterized as having epithelial type morphology. In some cases, metastatic tumors even
have a greater degree of cellular differentiation as compared to the primary tumor [15]. Such
seemingly paradoxical observations suggest that the EMT program activated during tumor
dissemination must have been suppressed upon arrival at the site of metastasis and the
reciprocal program, MET, is subsequently induced to help disseminated tumor cells form
sizable macro-metastatic colonies at distal organs. Such dynamic EMT/MET state
transitions for metastatic tumor cells may serve as the underlying driving force of
metastasis.

Accumulating evidence supports this epithelial-mesenchymal-epithelial plasticity in
establishing carcinoma metastasis [26-31]. In breast cancer, the content of CD24-CD44*
BCSCs in the primary tumor correlates with increased risk of distant metastasis. However,
distant metastases formed from these tumors frequently show a higher differentiation rate as
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manifested by increased expression of the luminal epithelial marker CD24 [26]. Similarly, in
a mouse model of breast cancer driven by MMTV-PyMT oncogene, it has been shown that
CD90* CTCs are responsible for lung metastasis. However, the portion of CD90* tumor
cells decreases in differentiating and growing metastatic nodules [27]. Using mouse skin
cancer model, Tsai et al. recently demonstrated that the reversion of EMT by turning off
Twistl is required for disseminated tumor cells to proliferate and develop metastases [28].
Similarly, Ocafia et al. demonstrated that temporal loss of the EMT inducer Prrx1 is required
for cancer cells to form lung macrometastasis [29]. Recent studies also documented that
induction of MET by miRNA regulatory networks especially the miR-200 family is able to
promote breast cancer metastatic colonization [30]. In another study, specific expression of
the 1d1 gene in breast cancer cells that have undergone EMT induces MET through
antagonism of Twistl and this phenotypic switching is required for metastatic colonization
in the lung [31]. Together, these studies indicate that a reversible EMT appears to be
necessary for the formation of macrometastasis. This mesenchymal-epithelial plasticity of
cancer cells may thus be harnessed for therapeutic intervention to prevent metastatic
colonization.

3. BCSCS: KEY PLAYERS OF BREAST CANCER METASTASIS AND
TREATMENT RESISTANCE

3.1. BCSCs Mediate Tumor Metastasis

Tumor metastasis is a complex process requiring the disseminated cancer cells to survive the
long periods of shear stress in the circulation, to escape out of the blood vessels, and to
invade the foreign microenvironment and proliferate in distant organs following
extravasation. Indeed, even though primary tumors release large amount of cancer cells into
the circulation, only a small fraction of these cells (~2%) are able to initiate growth as
micrometastases and only ~0.02% of CTCs are estimated to form sizeable macrometastases
in distal organs [32-36]. Therefore, metastatic colonization, the last step of metastasis,
appears to be the rate-limiting step of distant metastasis. An increasing body of evidence has
indicated that, BCSCs, although initially identified as a subset of tumor cells with high
tumorigenic properties when transplanted into immune deficient mice, are the critical cells
that mediate tumor metastasis, treatment resistance and disease recurrence.

An early gene profiling study revealed that BCSCs possess an invasive gene signature which
correlates with increased metastasis and poor overall survival [37]. The association of
BCSCs and cancer metastasis is further supported by observation that disseminated bone
marrow cancer cells of breast cancer patients have a BCSC phenotype [17]. In a mouse
xenograft model of human triple negative breast cancer, spontaneous lung metastasis was
examined using noninvasive optical imaging and metastatic tumor cells were collected and
analyzed. This study revealed that metastatic cancer cells from the lungs highly express
BCSC marker CD44 and are able to regenerate tumors following transplantation in immune
suppressed mice [38]. This study strongly suggests a metastatic role for BCSCs.

The relationship between BCSCs and MICs in CTCs of patients with metastatic breast
cancer has been further documented in a recent study by showing that functional MIC-
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containing CTCs highly express BCSC markers [24]. Moreover, the number of CTCs with
the EpCAM*CD44*METCD47* signature increased with the clinical progression while no
significant change was found in the number of CTCs representing the bulk tumor population
[24]. In another study, a subset of breast cancer cells (Oct4N/CD44hi/med/cp24-/*)
demonstrating BCSC properties including self-renewal, cycling quiescence, asymmetric
division, high metastatic and invasive capability was also found in the circulation of breast
cancer patients who were undergoing or had completed treatment [39]. Together, these
studies implicate that BCSCs have the ability to metastasize to distal organs where they
serve as the seeds of metastatic lesions.

BCSCs Mediate Treatment Resistance—Besides a causal role in metastasis, a
plethora of studies have also indicated that BCSCs are relatively resistant to traditional
cancer therapies including chemotherapy and ionizing radiation in cultured breast cancer cell
lines [40-43], in primary mammary tumor cells derived from mouse models of human breast
cancer [44-46] and in patient-derived tumor xenografts [41, 47, 48]. The intrinsic resistance
of BCSCs to neoadjuvant chemotherapy in the clinical setting has also been shown in a
number of studies. For example, breast cancer cells isolated from tumors treated with
neoadjuvant chemotherapy compared to those rescued from chemotherapy-naive patients
exhibited increased mammosphere forming activity and CD24-CD44* BCSC content [47].
In another study, the percentage of CD24-CD44* BCSCs and tumorsphere forming activity
in the residual tumor tissues were also significantly increased after twelve weeks of
treatment with docetaxel or doxonibicin/eyelophosphamide [49]. Interestingly, in a separate
group of patients with HER2 amplification, treatment with HER2 and EGFR inhibitor
Lapatinib following chemotherapy did not increase, but rather slightly decreased the content
of CD24~CD44* BCSCs and tumorsphere forming activity [49]. Since HER2
overexpression has been show to drive BCSC activity [50], this clinical study suggests that
strategies combining BCSC targeting agents (e.g., Trastuzumab and Lapatinib) with
conventional chemotherapy hold the potential to overcome BCSC associated treatment
resistance and achieve better therapeutic outcomes.

Previous studies have shown that ALDH1 expression in human breast tumors is associated
with poor prognosis, suggesting that ALDH+ MET-like BCSCs share properties with EMT
type of BCSCs in terms of metastasis/recurrence and treatment resistance [6]. Consistent
with this observation, a clinical study examining ALDH1 expression in a cohort of primary
breast cancer samples treated with sequential paclitaxel and epirubicin-based chemotherapy
revealed that ALDH1 positivity was significantly associated with a low pathological
complete response (pCR) rate and resistance to the therapy [51]. Furthermore, presence of
residual ALDH" cells following new adjuvant chemotherapy was found to associate with a
high recurrence rate [52]. Thus, ALDH* MET type BCSCs, similar to CD24-CD44* EMT
type BCSCs, also play a role in resistance to conventional chemotherapy.

The association of different BCSC states with tumor metastasis and therapeutic resistance as
discussed above is dictated by unique properties of CSCs. Both ALDH* and
EpCAM*CD24~CD44* BCSCs are endowed with enhanced migration/invasion capacity [7,
53], intrinsic ding detoxifying abilities [54, 55] or efflux activities [56-59], increased DNA-
damage repair responses [60, 61] and anti-oxidant defense [46]. BCSCs especially EMT
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BCSCs express higher levels of inflammatory cytokines and proteins associated with
invasion and bone metastasis, including IL-1a, IL-6, IL-8 and urokinase plasminogen
activator [62]. CD44, the functional marker of EMT BCSCs, serves as a major adhesion
molecule and receptor for extracellular glycosaminoglycan hyaluronic acid [63]. CD44 and
its alternative splicing variants form co-receptor complexes with various receptor tyrosine
kinases to modulate diverse cellular signaling events and regulate cell proliferation,
migration and invasion [63-67]. Expression of CD44 has been demonstrated to potentiate
the adherence of breast cancer cells to bone marrow endothelial cells [68] and promote bone
metastasis by enhancing hyaluronan expression, cell motility, and tumorigenicity [69]. In
addition to promote BCSC motility, CD44 has been implicated in EMT and a shift of CD44
expression from the variant (CD44v) to the standard (CD44s) isoform is essential for
mammary epithelial cells to undergo EMT, and to promote the formation of mammary
tumors displaying EMT characteristics [70]. The role of CD44 to enhance EMT and breast
cancer formation is in agreement with the studies showing that acquisition of EMT promote
stem cell properties [71]. The role of EMT in promoting BCSC traits is discussed in the
following section.

4. EMT AND CANCER STEM CELL TRAITS
4.1. EMT Induced Formation of BCSCs

In general, the induction of EMT tends to cause an increase in expression of genes
associated with “stemness” and CSC numbers in some tumor types. This has been
particularly well studied in normal breast tissue and breast cancer. One such study showed
that induction of EMT in immortalized human mammary epithelial cells was sufficient to
induce the expression of stem cell markers. This was accompanied by increases in the
formation of mammaosplieres, colonies in a soft agar assay and tumorigenicity in immune
deficient mice, which are all properties associated with CSCs [71]. As well as being
experimentally induced, natural increases in EMT caused by endothelial cells have also been
shown to increase CSCs [72]. Finally, in normal breast tissue overexpression of the
transcription factors Slug and Sox9 were enough to push luminal line-age cells into a more
stem-like state, while only Sox9 was required in basal cells that already expressed the EMT
associated transcription factor Slug [73].

4.2. The Breast Cancer Cell of Origin

In discussions of the effect EMT can have on CSCs, it is important to discuss the possible
models for the cell of origin in breast cancer. Some models propose that the cell of origin
should be the most stem-like cell of the natural cell hierarchy since CSCs have stem-like
properties including self-renewal capacity and this would require the shortest path to
tumorigenesis. This also would require no induction of EMT or dedifferentiation to create
the CSC as it would already be formed from the cell of origin. Other models hypothesize
that the cell of origin in breast cancer is most likely a luminal progenitor cell or a unipotent
luminal stem cell [74, 75]. This is a reasonable model since almost all breast carcinomas
tend to have mostly luminal cells with few myoepithelial cell components. If a bipotent stem
cell was the cell of origin for breast cancer, one might expect similar numbers of the two cell
types derived from the bipotent stem cell of the normal hierarchy. Of course, if a luminal
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type of cell is the most common cell of origin for breast cancer, then it suggests that EMT
could play an important role is transitioning the luminal cell of origin back to a more
mesenchymal stem-like CSC. Another alternative model suggests that the different
molecular subtypes of breast cancer originate from distinct cellular compartment in the
normal mammary epithelial hierarchy [76]. According to this model, claudin-low breast
cancers originate from the most primitive mammary stem cells, while basal breast cancers
originate from a luminal progenitor. This model also envisions that luminal breast cancers
are derived from more differentiated luminal cells.

5. CANCER STEM CELL PLASTICITY IN BREAST CANCER
5.1. BCSCs Transition between EMT- and MET-like States

Two of the most widely used methods of enriching for CSCs are sorting cells that are
CDA44+/CD24~- [5] or using Aldefluor positivity [6]. Recently it was shown that these two
populations of BCSCs are plastic and have the capacity to transition between these states
[7]. While both of these populations show characteristics of CSCs, they also have properties
unique to each particular type. The CD44+/CD24- population has signatures of EMT such
as low expression of E-Cadherin, high levels of vimentin, and tends to be quiescent.
Therefore this population was labeled as EMT-CSCs. The ALDH+ population, on the other
hand, had a relatively opposite phenotype with high expression of E-Cadherin and low
expression of vimentin. These cells were also much more proliferative, which pointed
towards a more epithelial signature and was therefore labeled as MET-CSCs. The transition
between these two states is likely to be critical for tumor expansion. The EMT-CSCs sit at
the invasive edge of the tumor, their mesenchymal features allowing them to quickly move
into the surrounding tissue. While the EMT-CSCs allow the tumor to expand into new
territory, the proliferative MET-CSCs likely drive tumor cell growth in the tumor interior.
When tumor conditions change or the invasive edge becomes the interior of the tumor, the
two CSCs can change states. This is because of the extreme plasticity of tumor cells that are
able to rapidly switch the transcriptional machinery to undergo MET or EMT when needed.
Apparently, more research is required to more conclusively identify the cells of origin of
these CSC states in human breast cancers.

5.2. Tumor Microenvironment in Dictating BCSC Plasticity

The tumor microenvironment can have very large effects on CSCs in breast cancer. In breast
cancer, the tumor microenvironment is primarily composed of endothelial cells, fibroblasts,
macrophages, plus a variety of other infiltrating immune cells. Each has their own specific
function related to their normal, non-tumor associated, counterparts, but also has extended
functions that the tumor has co-opted to promote tumor growth and metastasis.

Endothelial cells in the solid tumor microenvironment were at first thought to mainly
provide nutrients and oxygen for the rapidly growing tumor. While this is certainly part of
their function, recent evidence perhaps points towards their more important function being
niche space for various CSCs. This was originally discovered in glioblastoma where it was
shown that microvascular endothelial cells in the tumor microenvironment are home to the
brain CSCs and greatly enhances their tumorigenicity when glioblastoma cells were
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xenografted into immunocompromised mice [77]. Similarly, when breast epithelial cells
were co-cultured in 3D with endothelial cells similar effects were seen such an increase in
CDA44+/CD24~ cells, reduction of E-Cadherin, and increased expression of N-Cadherin
[70]. Anincrease in EMT and CSCs was also recently shown in head and neck cancer in
response to EGF secreted by endothelial cells [78]. Endothelial cells are a main component
of a number of normal stem cell niches so it follows that they constitute an important
component of the CSC niche. However, the exact mechanism by which endothelial cells
cause this increase in EMT remains to be determined but endothelial cells are a source of
TGF-B as well as 1L-6 [79] which have been shown to increase EMT [80].

Fibroblasts are the major cell type in connective tissue whose main function is to secrete the
proteins and fibers that form the extracellular matrix (ECM). They are found in most tissues
in the body and therefore it is not surprising that they are one of the most common tumor
microenvironment cells across tumor types. They can have a multitude of effects on the
tumor including changing the ECM and secreting angiogenic compounds, chemokines and
cytokines [81-83]. For example, lactate in the tumor microenvironment can stimulate
fibroblasts to secrete higher levels of hyaluronic acid, also leading to increases in levels of
CD44 which is the hyaluronic acid receptor and one of the markers for BCSCs [84]. Tumor
associated fibroblasts (TAFs) can also secrete powerful chemakines such as SDF-1/
CXCL12 [85] which can both attract stem cells through its interaction with its receptor
CXCR4, but which can also attract further endothelial cells causing an increase in
angiogenesis and which would, as mentioned above, contribute to even more niche space for
CSCs. Fibroblasts, similarly to endothelial cells, have been shown to secrete TGF-f3 that can
cause an increase in EMT and CSC properties in breast cancer cell lines [86].

5.3. Models of BCSC Plasticity

In a normal stem cell hierarchy, maintaining the stem cell population and preventing
aberrant differentiation is a very tightly controlled process primarily mediated by epigenetic
mechanisms such as methylation and histone modifications [87]. On the other hand, cancer
is characterized by its loss of epigenetic control [88, 89]. It is likely that this loss of
epigenetic control facilitates the increased plasticity of CSC transitions and allows for
greater flexibility in transitioning between states and the rare dedifferentiation event back to
a CSC state, something that is very uncommon in normal tissue biology. One example of
this is a recent study showing that the chromatin surrounding the EMT transcription factor
ZEBL is poised to be rapidly switched on or off depending on the microenvironmental
signals [90]. It has also been shown that the expression of polycomb complex (PRC1 and
PRC2) proteins such as EZH2 is associated with the maintenance of CSCs and disease
progression in a number of cancers including breast cancer [91, 92] and these pathological
effects are mediated through induction of EMT [93, 94].
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6. IMPLICATIONS OF BCSC PLASTICITY IN CANCER METASTASIS AND
THERAPEUTIC RESISTANCE

6.1. BCSC Plasticity Complements to Current Model of Metastasis

It is worthy to note that, although gene expression profiling of CD24-CD44" and ALDH*
cell populations across different subtypes of human breast cancers indicate that they are
distinct cancer cells with respective EMT and MET gene expression signatures, both cell
populations share overlapping gene signature associated with stemness [7]. Together with
experimental evidence demonstrating that both CD24-CD44" and ALDH?* cell populations
enrich functional BCSC activities [5, 6], it is evident that functional BCSCs exist in inter-
convertible EMT and MET states. The CD24~CD44* BCSCs exist in an EMT-like state that
are E-cadherin and EpCAM negative, vimentin positive, and relatively quiescent, whereas
the MET-like ALDH+ BCSCs are cycling, E-cadherin and EpCAM positive, and vimentin
negative (Fig. 1). This reversible, metastable epithelial-mesenchymal plasticity of BCSCs is
closely connected to current model of cancer metastasis postulating that EMT drives tumor
cell dissemination and a consecutive MET drives metastatic colonization. In the case of
breast cancer, the CD24~CD44* EMT-like BCSCs mediate tumor invasion toward the basal
membrane and neighboring tissues and into the blood, where they survive due to their
intrinsic quiescence and anoikis resistance. After extravasation of the circulation, these
mesenchymal-like BCSCs form micrometastasis in distant organs, where metastatic niche or
specific microenvironment in distal sites induces MET, which drives BCSC self-renewal
and generation of macrometastasis. An exception to this may be the claudin-low breast
cancers which are characterized by a mesenchymal phenotype [95]. These tumors may
contain CSCs that simultaneously display EMT and MET properties. The existence of CSCs
that are simultaneously invasive and proliferate might contribute to the very aggressive
nature of this breast cancer subtype.

Recent studies suggest a relationship between CSCs and the acquisition of an EMT state [71,
96]. However, other studies have suggested that induction of constitutive EMT in
subpopulations of tumor cells displaying CSC/TIC properties suppressed major attributes of
CSCs/TICs, including anchorage-independent growth and metastatic potential [97]. These
seemingly contradictory results could be reconciled by the model that BCSCs exist in a
dynamic equilibrium of MET- and EMT-like states (Fig. 1). Based on this model, induction
of a metastable EMT program in proliferating ALDH* MET-like BCSCs will promote an
imbalanced equilibrium from the MET toward the EMT state, leading to amplification of
EMT BCSCs through epithelial-mesenchymal transition (EMT BCSCs themselves are non-
cycling cells due to their relative quiescent nature). However, induction of a permanent
EMT program in ALDH* MET BCSCs by constitutive expression of EMT transcription
factors such as Snail or Twist will break the epithelial-mesenchymal plasticity of BCSCs,
leading to the formation of cells permanently locked into the mesenchymal state. In such a
case as reported by Celia-Terrassa and colleagues [97], the properties of CSCs including
anchorage-independent growth and metastatic potential will be lost. In this regard, the
studies of Celia-Terrassa et al. also highlight the critical role of epithelial-mesenchymal
plasticity in maintaining CSC characteristics.
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6.2. BCSC Plasticity, Treatment Resistance and Therapeutic Interventions

The CSC model suggests that tumor re-growth following traditional resection and/or chemo/
radio approaches can be arrested if the re-populating cells are destroyed with a selective
CSC targeting agent. As CSCs are more aggressive, invasive and prone to promote
metastasis than the bulk tumorigenic cells [98], targeting the CSC pool, which remains a
most challenging task, could lead to a better clinical outcome especially in the reduction of
treatment resistance, metastasis and tumor recurrence. The identification of epithelial-
mesenchymal plasticity of BCSCs provides another level of complexity regarding
development of strategies to eliminate these lethal seeds of breast cancer. As BCSCs
frequently transition between their MET and EMT states, future treatment strategies
designed to target BCSCs have to consider this epithelial-mesenchymal plasticity and target
both states of BCSCs in order to eliminate them more thoroughly.

6.2.1. Epithelial-mesenchymal Plasticity of BCSC as the Origin of Therapeutic
Resistance—A plethora of experimental and clinical studies have implicated that the
accumulation of CD24~CD44" EMT BCSCs in the residual tumor of breast cancer is
associated with treatment resistance. For example, previous studies have suggested that the
relatively quiescent EMT BCSCs are particularly resistant to cytotoxic chemotherapy and
radiation therapy [49]. This therapeutic resistance of CD24~ CD44" EMT BCSCs is further
supported by a neo-adjuvant clinical trial which demonstrated that residual tumor cells in
triple-negative breast cancer following chemotherapy or in luminal breast cancer following
hormonal therapy express an EMT-like CSC profile [99], suggesting that these divergent
molecular subtypes of breast cancer contain similar therapy resistant CSC populations.
Previous studies suggested a potential common cell origin for breast cancer cells that are
resistant to chemotherapy [100]. In agreement with this notion, recent gene expression
profiling of CD24~CD44* (and ALDH™) BCSC subsets isolated from different subtypes of
primary breast cancers exhibited a remarkable similarity in their patterns of gene expression,
although whole-tumor gene expression profiles are distinct across different subtypes [7].
These studies, together with the fact that BCSCs transit between the EMT and MET states,
suggest a potential common cell of origin for BCSCs across different breast cancer subtypes.

The cell origin of EMT BCSCs (CD24~CD44") in different subtypes of breast cancer is
currently a hot area of breast cancer research and remains to be fully characterized. In
women carrying germ line BRCA1 mutations, aberrant luminal progenitor cell population
(EpCAM*CDA49f*) are proposed as the cell origin of BRCAL1 associated basal breast cancer
[101]. Genome-wide transcriptome analyses of different subtypes of breast cancers and
different mammary epithelial subpopulations in human BRCA1 mutation carriers revealed
that the luminal progenitor cell gene signature is associated with the basal subtype of breast
cancer while the basal/mammary stem cell signature is correlated to tumors of normal-like
and claudin-low subtypes [101]. Using a mouse model carrying conditional BRCAL alleles,
Molyneux et al. have further demonstrated that BRCAL basal-like breast cancer originates
from luminal epithelial progenitors, but not from basal mammary stem cells [102]. Several
other studies using mouse models and isolated mammary epithelial cell populations also
indicated that basal stem cells and mature luminal epithelial cells are not important targets
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for tumor initiation, rather, luminal progenitor cells are emerging as key players in breast
tumorigenesis [103, 104].

Recent lineage tracing studies of the mouse mammary gland suggested that distinct basal
and luminal stem cells give rise to cells restricted to the basal and luminal lineage
respectively under normal developmental conditions [105]. Studies by Liu et al. further
demonstrated that human mammary epithelial cells display a similar hierarchy organization,
containing functional luminal stem cells located in the terminal lobules that are
EpCAM*CD49f*ALDH", and basal stem cells located in the mammary ducts that are
CD24~CD44*EpCAM~CD49f* [7]. Interestingly, in the luminal compartment, only
EpCAM*CD49f*ALDH™ luminal stem cells, which constitute 6% of total EpCAM*CD49f*
population, have high colony-forming activity and generate ductal/alveolar structures in 3D
Matrigel [7]. These studies suggest that ALDH serves as a functional marker of the luminal
stem cells and the self-renewing/proliferative state of ALDH* luminal stem cells may
increase their susceptibility to carcinogenic mutations, making them a logical cell of origin
for breast cancer, especially basal subtype of breast cancer (Fig. 2). This notion was
supported by studies showing that expansion of lobules containing ALDH1-expressing cells
is associated with loss of heterozygosity in BRCA1 mutation carriers [106]. Therefore, it
may be the case that luminal stem cells rather than luminal progenitors are involved in the
tumorigenesis of BRCAL basal breast cancer and this ALDH™* luminal stem cell population
may serve as a common cell origin of MET-like BCSCs. The cell origin of EMT-like
BCSCs is more elusive. Recent gene profiling studies have indicated the similarity between
the claudin-low subtype of breast cancer, EMT BCSCs and the bipotent mammary stem
cells (EpCAM-1°CD49fNiCD29NER™PR™) [75, 95], suggesting that EMT-like BCSCs may
directly originate from their normal counterpart in the mammary epithelial hierarchy (Fig.
2). Despite such gene expression similarity, oncogenic mutation(s) in claudin-low breast
cancer may still hit the more abundant luminal stem/progenitor cells, leading them
permanently locked into a proliferating EMT-like state. Such alternative routes of
tumorigenesis for claudin-low breast cancer need to be further investigated.

Several lines of evidence suggest that both normal and non-stem tumor cells can
spontaneously dedifferentiate into a stem-like state [107]. A recent study demonstrated that
non-CSCs of human basal breast cancers are plastic cell populations readily switching from
a non-CSC to CSC state [108]. In non-CSCs, the ZEB1 promoter is maintained in a poised
chromatin configuration, which allows the tumor cells to respond rapidly to
microenvironment signals (e.g., TGFp) that triggers the conversion of ZEB1 promoter from
a bivalent to active chromatin configuration, leading to formation of CD44" EMT-like
BCSCs [108]. It is worthy to note that the non-CSC population defined by the study of
chaffer et at [108] was CD44/°W cells that may contain a population of ALDH* MET-like
BCSCs. Therefore, the observed de novo formation of CD44" BCSCs from CD44!°W non-
CSCs may originate from the well differentiated ALDH™CD44!°W cells or ALDH* MET-
like BCSCs. In the latter case, the formation of CD44" BCSCs may again reflect state
transition of BCSCs from a MET to EMT state. Future studies will need to evaluate the
frequency of de novo CD44M BCSC formation from well-differentiated cells and ALDH*
MET-like cancer cell population. We predict that the frequency of CD44M BCSC formation
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from well-differentiated cancer cells will be much lower than that of ALDH* MET-like
cancer cell population.

6.2.2. Implications of BCSC Plasticity in Therapeutic Interventions—As
discussed above, a reversible, metastable EMT induced by the tumor microenvironment
plays a critical role in the formation of quiescent and therapeutic-resistant BCSCs
(CD24-CD44%) that are responsible for metastatic diseases and tumor recurrence. Targeting
this EMT process is therefore a promising approach to treat breast cancers, especially those
with high metastatic potential. Since targeting EMT core transcription factors remains
technically challenging, current treatment strategies and compounds targeting EMT are
mainly aimed at various EMT-inducing signals [109]. In this regard, rapamycin and 17-
AGG have been used as inhibitors of TGFS-induced EMT [110], while inhibitors of ALKS,
MEK, and SRC have potential roles to prevent EMT in response to EGF, HGF, and IGF-1
[110, 111]. Notably, although chronic activation of EGFR [112, 113] and IGF1R [114] has
been reported to promote EMT-like transitions, cells that have undergone EMT show
relative resistance to selective EGFR [115-117] and IGF1R/insulin receptor [118]
inhibition. These studies suggest that alternate pathways other than EMT inducing signals
are engaged in the maintenance of EMT-derived cells. Therefore, targeting these alternative
pathways holds the potential to eliminate EMT-like BCSCs.

A recent proteomics-based study using distinct epithelial, metastable EMT and
“epigenetically-fixed” mesenchymal tumor cells in an isogenic background provided a
system view of EMT signaling states [119]. Associated with EMT, EGFR, IGF1R, and MET
signaling was decreased, while the pro-survival 1L11/IL6-JAK2-STAT and Ax1/Tyro3/
PDGER/FGER RTK signaling were increased. This study also revealed a coordinated
metabolic reduction in seventeen free-radical stress pathway related components, together
with reduced glycolytic and increased oxidative phosphorylation enzyme capacity [119].
These newly emerged signaling states associated with metastable EMT provide novel
venues for future targeting strategies against EMT-derived cancer cells such as EMT
BCSCs.

One potential therapeutic target of EMT BCSCs is the inflammatory cytokines including IL6
and IL8. High levels of IL-6, by promoting tumorigenesis, angiogenesis and metastasis, are
associated with poor clinical outcome in cancer patients [120]. IL-6 has been shown to act as
a direct regulator of the self-renewal of BCSCs through IL-6R/GP130 mediated Stat3
activation [121]. The activation of Stat3 in turn results in transcriptional activation of NF-kB
in inflammatory cells, which promotes additional release of IL-6 (and IL-8). Thus, a positive
feedback loop between immune cells and tumor cells through IL-6 signaling is generated
that further stimulates CSC self-renewal, metastasis and therapeutic resistance. Indeed,
recent studies in our laboratory have shown that activation of an IL6 inflammatory loop
plays an important role for trastuzumab resistance of HER2+ breast cancer by expanding
EMT BCSCs [122]. Conversely, through blockade of the IL-8 receptor CXCR1, we have
successfully depleted BCSCs in vitro and in NOD/SCID xenograft models which is
mediated by the FAK/AKT/FOXO03A pathway [123]. This strategy is currently being
evaluated in an early phase clinical trial utilizing the CXCR1 inhibitor, reparaxin, in
combination with the chemotherapeutic agent taxol.
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Notably, although approaches targeting EMT in breast cancer and other tissue malignancies
may prove to be effective by reducing EMT-like CSC component, this strategy may be
counterproductive once tumor cells have disseminated from the primary site. As formation
of macrometastases from disseminated tumor cells in distant organs need the tumor cells
revert to a MET state, inhibition of EMT at this late stage may actually stimulate metastasis
by promoting MET. Thus, for breast cancers with existing metastasis, specific strategies
designed to target the metastatic niche that allows dormant disseminated tumor cells to
revive into a self-renewal MET state may prevent new metastasis formation. In this regard,
the BMP inhibitor, Coco, a secreted antagonist of TGF-B ligands, has been found to mediate
breast cancer colonization in the lungs [124]. Future therapeutics that selectively activates
BMP signaling will have the potential to inhibit cancer stem cell traits and lung colonization.

7. FUTURE PERSPECTIVES

The critical roles of BCSCs in breast cancer initiation, progression and recurrence highlight
the pressing need for developing novel therapeutic strategies to eradicate these cells in order
to cure this deadly disease. As BCSCs mediate tumor metastasis and relapse by nature of
their therapeutic resistance [41, 49, 51], targeting essential mechanisms underlying BCSC
therapeutic resistance is urgently needed in the combat of breast cancer. The demonstration
that BCSCs exist in inter-convertible EMT and MET states that can be readily identified by
expression of distinct CSC markers [7] provides a novel model to understand how BCSCs
contribute to breast cancer metastasis and therapeutic resistance. We believe that the
plasticity of BCSCs to transition between an EMT and MET state endows them with the
capacity for tissue invasion, dissemination and metastatic growth at distal organs. This
plasticity of BCSCs also suggest that targeting either state alone may not be sufficient since
the targeted cell populations would be rapidly regenerated by BCSCs in the alternative state.
If this is the case, future studies will be necessary to simultaneously target both BCSC states
to achieve maximum efficacy. In HER2+ breast cancer, experimental evidence in our
laboratory indeed suggested that simultaneously targeting MET-like BCSCs by trastuzumab,
a HER2 blocking antibody and EMT-like BCSCs by tociluzumab, an IL-6R inhibitor,
resulted in maximum reduction of the BCSC population [122]. Future studies will be
required to investigate other combinatory strategies to target both EMT- and MET-like
BCSCs in other subtypes of breast cancer.
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Fig. (1). Model of EMT and MET in driving the plasticity of breast cancer stem cells (BCSCs)
BCSCs can exist in two inter-convertible states: MET-like (ESA+CD49f+ALDH+) and

EMT-like (ESA+CD24-CD44+). The reversible, metastable state change between BCSCs is
induced by the tumor microenvironment. Permanent EMT processes induced by constitutive
EMT inducing signals will promote differentiated mesenchymal-like tumor cells, leading to
loss of BCSC properties. Similarly, permanent MET induced by constitutive MET inducing
signals will promote luminal differentiation, leading to loss of BCSC properties. On the
other hand, differentiated bulk epithelial tumor cells may undergo dedifferentiation (dashed
arrow) and enter into the MET BCSC state. CSCs may be permanently locked into a

proliferating mesenchymal state in claudin-low tumors.
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Fig. (2). Cell originsof EMT and MET BCSCs
The EMT BCSCs may directly originate from their normal counterpart, bipotent stem cells

(EpCAM-°CD49fNiCD29NER™PR™) in the mammary epithelial hierarchy, which generate
claudin-low subtype of breast cancer. The MET BCSCs are likely derived from the
EpCAM*CD49f* ALDH*ER™PRunipotent luminal stem cells, which drive tumor initiation
and growth of basal subtype of breast cancer. As tumor grows, EMT signals produced in the
tumor microenvironment will promote an EMT-like state transition in MET BCSCs,
facilitating tumor invasion, dissemination and metastasis.
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