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Abstract

Breast cancer stem cells (BCSCs) are a small subpopulation of cancer cells
having the ability of self-renewing and multi-lineage differentiation, which
have also been termed as “tumor-initiating cells”. And in recent years, the
role of epithelial mesenchymal transition (EMT) in malignant tumors has
been valued. This paper will briefly review and discuss the relationship be-
tween BCSCs and EMT.
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1. Introduction

Breast cancer stem cells (BCSCs) are one of the important factors for recurrence,
metastasis and drug resistance of breast cancer. Epithelial-mesenchymal transition
(EMT) not only enables cancer cells to gain stem cell properties, but also allows
cells to acquire metastatic and migratory abilities, thus promoting tumor metasta-
sis. In this review, we describe the biological characteristics, surface markers and
signaling pathways of BCSCs and EMT, as well as the relationship between BCSCs
and EMT in order to bring new ideas for the treatment of breast cancer.

2. Epithelial-Mesenchymal Transition

EMT usually occurs in epithelial cells which are characterized by loss of cell con-
nectivity and polarity and the acquisition of mesenchymal phenotypic characteris-
tics. Epithelial cells that undergo EMT promote tumor cell invasion and motility

by altering cell-cell interaction and cell-stromal interaction. About 90% of tumor
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patients died due to tumor invasion and metastasis, indicating that regulation of

EMT process is of great significance for tumor prevention and treatment.

2.1. Biological Characteristics of EMT

EMT is involved in the development of tissues and organs together with disease
progression. EMT is divided into three types (Figure 1): Type I: intervened in
embryo implantation and organ formation; Type II: intervened in regeneration,
repair and fibrosis after tissue injury; Type III: intervened in cancer progression
and metastasis. Breast cancer cells with EMT have the ability of metastasis and
migration to form metastatic tumor at a distant [1]. Reversing EMT likely sup-

press the invasion and migration of breast cancer cell [2].

2.2. EMT Markers

EMT can confer cells with migratory ability, enable cells to fuse, or generate
secondary epithelia, which is essential for morphogenesis and organogenesis [3].
EMT is characterized by down-regulation of epithelial markers, including
E-cadherin, S-catenin, Claudin-1, and up-regulation of the mesenchymal markers,
including vimentin, N-cadherin and a-smooth muscle actin. Down-regulation of
E-cadherin and up-regulation of vimentin are important indicators of EMT [4].
E-cadherin knockout contributes to the migratory capacity of cells, while ex-
ogenous E-cadherin inhibits the formation of metastatic tumors [5]. Vimentin
can induce the change from an epithelial cell morphology to a spindle-shaped
morphology [6], which decreases the adhesion between cancer cells, promoting

the migration to the surrounding area.

Type 1 EMT Type 2 EMT Type 3 EMT
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involved in implantation, involved in regeneration, involved in cancer progression
embryo formation, repair and fbrosis and metastasis
organ development after tissue injury

Figure 1. Three types of EMT.
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2.3. EMT-Related Signaling Pathways and Transcription Factors

EMT is related to many signaling pathways, such as transformation growth fac-
tor-f (TGF-p), Wnt/S-catenin, Notch pathways [7] [8] [9], as well as NF-kB,
PI3K/AKT and MAPK pathways (Figure 2). On the one hand, TGF- pathway
can suppress E-cadherin expression and enhance vimentin expression via classic
Smad pathway and non-Smad pathway to promote EMT [10]. On the other
hand, TGF-p can cause cytoskeletal changes through degradation of glycosyl
triphosphatase to reduce the tight junctions between cells [11]. Wnt pathway can
inhibit S-catenin degradation, activate downstream target genes (such as cyc-
linD1, c-myc, WISP), and initiate EMT to promote tumor growth and metasta-
sis. Li et al. [12] confirmed that activation of Notch-1 signaling pathway could
initiate NF-kB pathway, down-regulate E-cadherin to promote EMT. PI3K,
MAPK and Wnt signaling pathways act synergistically to reduce E-cadherin,
thereby promoting EM [13].

EMT-related transcription factors mainly include ZEB, Snail and TWIST [14]
which are absent in differentiated adult cells, but are reactivated in cancers.
These transcription factors bind directly to a core 5-CACCTG-3' present in the
promoter sequence of E-cadherin to induce epigenetic silencing, which marks
the beginning of EMT [15]. ZEB family has two members, ZEB1 and ZEB2. ZEB
can inhibit the transcription and expression of E-cadherin. ZEB2 can promote
EMT by inhibiting the expression of claudin-4 and ZO-3, and inducing the ex-
pression of vimentin and N-cadherin [16]. The Snail family has three members,
Snaill and Snail2 can suppress E-cadherin expression, Snail2 has a low binding
affinity for the E-cadherin promoter. High expression of Snaill activates intra-
nuclear ERK2, down-regulates E-cadherin and up-regulates vimentin, thereby
inducing EMT. TWIST includes TWIST1 and TWIST2, TWIST can directly in-
hibit expression of E-cadherin via combining with E-box or up-regulating the
transcription of Slug [17]. TWIST can also promote the methylation of H4K20, a
histone that is related to E-cadherin inhibition and N-cadherin promoter activa-
tion. Functionally, these transcription factors can act synergistically to repress
epithelial features, for example, ZEB1 expression activates Snail, E-cadherin
down-regulation up-regulates TWIST, activates Snaill, and together trigger
ZEBI1 expression to maintain EMT [18]. EMT develops under the combined ac-
tion of transcription factors and related signaling pathways. The Wnt and Notch
pathways can activate the transcription factor Snail, and directly activate

ZEBlexpression, while Six1 can activate the Wnt signaling pathway.

3. Breast Cancer Stem Cells

Stem cells can proliferate and differentiate into cells with various functions.
Cancer stem cells (CSCs) are derived from malignant transformation of stem
cells in adult tissues, and the dedifferentiation of lineage-committed cells that
acquire stem cell-like properties after mutation [19]. CSCs have following prop-
erties such as self-renewal, generation of more stem cells and more differentiated
cells that form large primary tumors. BCSCs are the first solid tumor cancer
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Figure 2. The signal regulation network diagram of EMT BCSCs.

stem cells to be isolated [20]. BCSCs are derived from the deregulation in
self-renewal and differentiation of normal stem cell, many characteristics of
BCSCs are similar to breast stem cells. In addition, BCSCs can also be derived
from differentiated mature breast cells or newly differentiated breast progenitor
cells through EMT [21].

3.1. Surface Markers of BCSCs

CD44*CD24™% is a common marker of BCSCs. 100 CD44*CD247°v cells can
trigger xenograft tumors in mice [20]. Study has shown that CD44 was positively
correlated with stem cell-like features, and CD24 was positively correlated with
epithelioid features [22]. BCSCs with high CD44 expression are abundant in
triple-negative breast cancer (TNBC) patients, especially in those with lymph
node metastasis. Elevated CD44 expression can reduce overall survival and dis-
ease-free survival of TNBC patients, and low/negative CD24 TNBC patients have
poor prognosis [23]. The ratio of CD44/CD24 is the highest in basal mesen-
chymal cell line MDA-MB-231, the reason is that basal cell lines are generally
considered more malignant than luminal A cell lines, suggesting that the ratio of
CD44/CD24 may be a semiquantitative indicator assessing stemness [24].

Another marker of BCSCs is ALDHI1. Ginestier et al [25] demonstrated that 500
ALDHI1* cells could form stable tumors. 20 cells with ALDH1*, CD44*CD24 "
phenotypes are sufficient to generate tumors. High ratio of CD44/CD24 is prone
to cell proliferation and tumorigenesis. ALDH1"* is a stronger marker for cell
migration and tumor metastasis [24], and ALDH1" cells are more prone to form
tumor and develop drug resistance than CD44*CD247v cells. There are many
undifferentiated or poorly differentiated cancer cells in ALDH1-high expression
tissues, and these cells have strong invasiveness [26].

3.2. BCSCs-Related Signaling Pathways

When pathways related to the generation of BCSCs are mutated and abnormally
activated, BCSCs in a quiescent state will directly enter the proliferation cycles
and self-renewal inducing breast cancer development [27]. Notch, Hedgehot and
Wnt pathways are important pathways for differentiation and proliferation of
BCSCs (Figure 3). JAK2-STAT3 and Hippo signaling pathways are also active in
breast cancer cells (Figure 3).
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Figure 3. The signal regulation network diagram of BCSCs.

Notch pathway contains four trans-membrane receptors (Notch-1, -2, -3, -4),
CSL DNA binding proteins and downstream target genes (Hes and Hey) to
maintain the balance among cell proliferation, differentiation and apoptosis.
Abnormal high expression of Notch-4 is observed in TNBC, using Notch-4 as a
marker for mesenchymal-like BCSCs is more suitable than CD44'CD24".
Notch-4 upregulates Slug expression. Breast cancer cells with high Notch-4 ex-
pression exhibit enhanced sphere-forming abilities, elevated expression of BCSC
markers, stronger tumorigenic capacity in tumor xenograft mice, and poor
prognosis [28].

Hedgehog signaling pathway is another important pathway associated with
BCSCs. A previous study showed that after treatment with paclitaxel, Hedgehot
signaling pathway in breast cancer cells was activated accompanied by increase
of BCSCs [29]. The expression of Smoothened is obviously increased in
CD44*CD24 " cells. Cyclopamine can inhibit the expression of downstream
targets Gli-1 by suppressing Smoothened protein activity in the Hedgehog sig-
naling pathway [30], inhibit MDA-MB-231 cell proliferation and migration, and
reduce sphere-forming ability of cells [31].

Wnt signaling pathway is composed of Wnt protein, Frizzled, S-catenin,
GSK-3p, antigen presenting cells (APC), and Axin. Binding of Wnt ligands to
Frizzled activates the APC-GSK-3f complex, inducing the translocation of
[-catenin binding to the TCF/LEF, resulting in indefinite proliferation of normal
breast tissues [32]. Compared with differentiated breast cancer cells, BCSCs ex-
hibited relatively enhanced Wnt signaling and higher drug resistance. It has been
shown that inhibition of WNT1 could suppress the transformation of tumor
cells to cells with CD44*CD24 ALDH" phenotype, thereby inhibiting the occur-
rence and progression of breast cancer [33].

Signal transducer and activator of transcription 3 (STAT 3) is closely related
to breast cancer. It has been found that STAT3 was usually not expressed in
normal breast tissue, while the positive rate of STAT3 in tumor samples from

breast cancer patients exceeded 50% [34]. Studies showed that IL-6 could acti-
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vate STAT3, amplify CD44"8"CD24"" stem cell-like subset by inducing tran-
scription of target genes (cyclind, c-myc, Bcl-2, IL-6, IL-10, TNF), suggesting
that JAK-STAT pathway plays a key role in generation of BCSCs [35]. Addition-
ally, IL-6 can also activate PIM1, a proto-oncogene, to initiate the generation of
BCSCs through STAT3 activation [36].

Hippo signaling pathway activates its downstream effector, YAP/TAZ, which
then binds to the transcription factor TEAD, thereby regulating the proliferation
of BCSCs [37]. YAP/TAZ may maintain the stem cell properties of BCSCs
through interacting with transcription factor KLF5 [38]. SMARCA4 knockout
cells exhibit cisplatin-resistance and Hippo-YAP/TAZ target gene activation,
YAPI inhibitor can reduce viability and invasive ability of BCSCs [39].

4. Relationship between BCSCs and EMT
4.1. EMT Promotes the Generation of BCSCs

Primary cancer stem cells are generated by the fusion of cancer cells with bone
marrow mesenchymal stem cells (BMSCs) generates [40]. Parent cancer cells can
endow their progenies with tumorigenic properties, while BMSCs endow cancers
cells with stemness characteristics, and mesenchymal phenotype (acquisition of
high migratory and invasive properties after EMT). EMT promotes the genera-
tion of CD44"¢"CD24"" mesenchymal cell population (considered as BCSCs),
which have high mammosphere-forming ability under low attachment condi-
tions [41]. There are two types of BCSCs with distinct properties: EMT-BCSCs
are characterized by a more dormant/quiescent mesenchymal-like state, and
CD44*CD247¥ expression. These cells are located at the tumor edge and are
prone to form micrometastases at distant sites. EMT-BCSCs could maintain the
stem-like characters of BCSCs. MET-BCSCs are characterized by a prolifera-
tive/epithelial-like state, and ALDH expression, these cells are located at tumor

center and are prone to restore epithelial-like state [42].

4.2. BCSCs Promote EMT Occurrence

BCSCs can induce EMT in human mammary epithelial cells [43]. Mesen-
chymal cell markers are highly expressed in BCSCs with CD44*CD24 ¥
phenotype, multiple EMT-related signaling pathways are abnormally acti-
vated in BCSCs [34]. It was demonstrated that EMT was related to histologi-
cal differentiation and histological types of tumor. Among different histolog-
ical types of breast cancer, basal-like breast cancer is more prone to undergo
EMT and has enhanced invasive and metastatic ability [4]. Studies showed that
basal B/claudin-low breast cancer cells expressed both EMT and stem cell sur-
face markers [44]. CD44 upregulates ZEBI1 expression to maintain the mesen-
chymal properties of breast cancer cells, ZEB1 overexpression can also promote
CD44 expression which enables cancer cells to gain stem cell properties [45].
Xue et al found that PIM1 overexpression induced EMT and BCSC properties,
while knockdown of Pim1 decreased the expression of EMT-related transcrip-
tion factors (Snail, TWIST), mesenchymal marker (N-cadherin), and BCSC
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marker (ALDH-1) [36]. EMT and BCSCs act synergistically to promote breast

cancer progression.

4.3. Core Signaling Pathways in BCSCs and EMT

Inhibiting the Wnt//-catenin signaling pathway can markedly affect EMT-mediated
tumor cell metastasis [46]. Targeting the Wnt signaling pathway in breast cancer
can regulate tumor stem cells, inhibit or even reverse EMT [47], suggesting that
Wnt/f-catenin signaling pathway plays an essential role in regulating BCSCs and
EMT.

The Notch signaling pathway is involved in EMT, breast cancer metastasis,
maintaining BCSC phenotype, and increasing their tolerance to apoptosis. A
previous study showed that after the Notch signaling pathway was activated by
Jagged-1, E-cadherin expression was significantly decreased, while mesenchymal
markers N-cadherin and vimentin expression were elevated, thus activating
EMT [48]. Another study [49] showed that 3,6-DHF could inhibit the Notch
signaling pathway by suppressing Notchl expression, thereby regulating the
proliferation of BCSCs, and inhibiting EMT.

5. Conclusion

We have summarized the markers and signaling pathways associated with
BCSCs and EMT, and discussed their relationship. BCSCs and EMT not only in-
teract with each other, but also are closely associated with breast cancer growth
and progression. It is suggested that accurate identification of BCSCs by using
markers and targeted inhibition of BCSCs- and EMT-related signaling pathways
may be possible to develop personalized therapeutic strategies for patients with

breast cancer in order to improve clinical outcomes of patients.
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