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ABSTRACT

Cancer stem cells (CSCs) constitute a small subpopulation of cancer cells with stem-like proper-
ties that are able to self-renew, generate differentiated daughter cells, and give rise to hetero-
geneous tumor tissue. Tumor heterogeneity is a hallmark of cancer and underlies resistance to
anticancer therapies and disease progression. The epithelial-mesenchymal transition (EMT) is a
reversible phenomenon that is mediated by EMT-inducing transcription factors (EMT-TFs) and
plays an important role in normal organ development, wound healing, and the invasiveness of
cancer cells. Recent evidence showing that overexpression of several EMT-TFs is associated with
stemness in cancer cells has suggested the existence of a link between EMT and CSCs. In this
review, we focus on the roles of CSCs and EMT signaling in driving tumor heterogeneity. A bet-
ter understanding of the dynamics of both CSCs and EMT-TFs in the generation of tumor hetero-
geneity may provide a basis for the development of new treatment options for cancer patients.
STEM CELLS 2016;34:1997–2007

SIGNIFICANCE STATEMENT

Both cancer stem cells (CSCs) and epithelial-mesenchymal transition (EMT) signaling are

involved in generation of tumor heterogeneity. Accumulating evidence suggests a strong link

between EMT and CSC formation, and EMT is relevant to the acquisition of stem cell-like char-

acteristics of cancer cells. However, in some settings, EMT appears to be irreconcilable with

CSC features, especially at the colonization step of cancer metastasis. This review article will

lead to a better understanding of relationship between CSCs and EMT in tumor initiation and

progression, providing a basis for the development of new treatment options for patients with

refractory cancer.

INTRODUCTION

Many types of tumor can be classified into sev-

eral subtypes on the basis of gene expression

patterns or various biomarkers. However, indi-

vidualized treatment based on such molecular

subtyping of tumors is not always effective

because tumor heterogeneity can give rise to

therapeutic resistance and disease progression.

Tumor heterogeneity is classified as intertu-

moral or intratumoral and reflects genetic and

phenotypic diversity [1]. Treatment of cancers

consisting of multiple cell clones results in elimi-

nation of the sensitive clones, whereas the

resistant clones remain and undergo expansion.

In addition, functional heterogeneity exists at

the cellular level. This intercellular heterogene-

ity is generated by a hierarchy of cellular differ-

entiation originating from cancer stem cells

(CSCs) and lineage conversion known as trans-

differentiation. Tumor heterogeneity is also

associated with plasticity that results from epi-

genetic regulation and is affected by the tumor

microenvironment and therapeutic stress [2].

The epithelial-mesenchymal transition

(EMT) plays a key role in the invasiveness of

cancer cells, and the phenotypic changes asso-

ciated with EMT also contribute to tumor het-

erogeneity and therapeutic resistance [3, 4].

We propose that heterogeneous cancer cells

including CSCs and cells with activated EMT

signaling function in a complementary manner

at the collective level to give rise to therapeu-

tic resistance and disease progression. A better

understanding of the contributions of both

CSCs and EMT signaling to tumor heterogene-

ity may therefore provide a basis for the

development of new treatment options for

cancer patients.
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STEM CELLS IN CANCER

Characteristics of CSCs

Most cancers manifest phenotypic and functional heterogene-

ity among patients, within individual tumors, and even at the

level of individual cells. The CSC model is based on the notion

that each tumor contains a small subpopulation of cells that

are able both to self-renew and to generate differentiated,

nontumorigenic daughter cells [5]. Tumor heterogeneity con-

sisting of genetic and phenotypic diversity is thus attributable

to a hierarchy of differentiation that includes CSCs (Fig. 1A).

This model actually dates back to the 19th century [6], but it

was not until 1997 that CSCs were identified as a result of

fractionation of human acute myeloid leukemia cells on the

basis of cell surface markers and transplantation of the cell

fractions into severe combined immune-deficient mice [7].

Evidence for the existence of CSCs has been accumulating

since then, not only for hematopoietic malignancies but for

various solid tumors including those of the breast [8], brain

[9], colon [10], lung [11], prostate [12], and pancreas [13].

Advances in knowledge of normal stem cells and multipotent

stem cells have increased interest in CSCs as a therapeutic

target for various cancers [14].

Prospective isolation of CSCs from tumors on the basis of

cell surface marker expression is key to progress in CSC

research. Although CD133-positive glioma cells were initially

considered to be CSCs on the basis of their ability to initiate

tumor formation [9], it was subsequently revealed that

CD133-negative cells can also initiate tumors as well as give

rise to CD133-positive cells [15]. Similarly, whereas CD441

CD1171 cells were identified as CSCs of ovarian cancer [16],

these cells were subsequently found to be exceedingly rare in

Figure 1. Cancer stem cell (CSC) models. (A): The traditional CSC model. There is only one hierarchy in a tumor, with CSCs differentiat-
ing into non-CSCs unidirectionally. (B): CSC model with plasticity. CSCs differentiate into non-CSCs, but non-CSCs can dedifferentiate into
CSCs. This plasticity of CSCs and non-CSCs confers robustness on the tumor. (C): CSC model integrated with the clonal evolution model.
The tumor is organized into several hierarchies of cancer cells, with the CSCs atop each hierarchy being distinct from each other as a
result of the operation of cell-intrinsic and extrinsic mechanisms.
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serous ovarian cancer, and the few such cells detected did

not show the ability to initiate tumors [17]. It has, therefore,

been proposed that characterization of CSCs be based not

only on cell surface markers but also on other robust proper-

ties such as signaling pathway activation. The CSC state is

thought to be regulated by signaling pathways such as those

activated by Hedgehog [18], Notch [19, 20], Wnt [21–23], and

transforming growth factor–b (TGF-b) [24].

CSCs and Plasticity

A recent study revealed that normal differentiated epithelial

cells have the ability to undergo dedifferentiation into func-

tional stem cells [25]. This plasticity of normal committed cells

also appears to be reflected in cancer cells. Although the ini-

tial CSC model assumed a simple and irreversible hierarchy of

cancer cells, recent studies have indicated that, in some

tumors and under certain conditions, interconversion of CSCs

and non-CSCs can occur (Fig. 1B). In melanoma, a cell subpo-

pulation positive for the histone H3 lysine-4 (H3K4) demethyl-

ase JARID1B is slow-cycling and can give rise to highly

propagative cells, and is therefore thought to correspond to

CSCs. However, JARID1B-negative cells can generate both

JARID1B-positive and -negative cells, suggestive of a bidirec-

tional hierarchy between cells positive or negative for JAR-

ID1B [26]. Furthermore, induction of a defined set of

transcription factors (TFs) is able to reprogram differentiated

glioblastoma cells [27] or colon cancer cells [28] into stem-like

cancer cells. These findings suggest that CSCs do not exist in a

static state but instead are dynamic.

Maintenance of CSCs

The CSC state is regulated by various factors. As indicated

above, JARID1B maintains the CSC state through epigenetic

regulation in melanoma [26]. Up-regulation of EZH2, a key

component of Polycomb repressor complex 2 (PRC2) that pro-

motes methylation of H3K27 and thereby suppresses the

expression of diverse genes, was found to enhance the self-

renewal and expansion of breast CSCs [29]. Similarly, BMI1, a

component of PRC1 that represses expression of the cyclin-

dependent kinase (CDK) inhibitor p16INK4A gene (CDKN2A), is

highly expressed in glioblastoma CSCs, and knockdown of

BMI1 in these cells results in a reduction in clonogenic poten-

tial in vitro and in tumor initiation ability in vivo [30].

CSCs are also maintained by extrinsic factors. The special-

ized microenvironment, or niche, of CSCs may thus also con-

tribute to the maintenance of CSC stemness. For example, the

stemness of lung cancer cells is promoted by insulin-like

growth factor 1 derived from cancer-associated fibroblasts

[31]. Nitric oxide produced by tumor-associated vascular

endothelium activates Notch signaling in, and thereby enhan-

ces the stem-like properties of, platelet-derived growth factor

(PDGF)–induced glioma [32]. The hypoxic nature of the niche

also maintains the stemness of various tumor types by acti-

vating hypoxia-inducible factor [33]. Further research into

such determinants of the CSC state is warranted because they

may provide important therapeutic targets.

Integration of CSC and Clonal Evolution Models

Evidence of subclonal genetic diversity in leukemia-initiating

cells (CSCs of hematopoietic malignancy) [34] is suggestive of

cellular heterogeneity within the CSC compartment. Genomic

instability in CSCs of solid tumors has also been suggested

[35]. If CSCs are not genetically static but can acquire addi-

tional mutations, then integration of the CSC model with the

clonal evolution or stochastic model may be necessary [2].

The notion that there are multiple hierarchies headed by simi-

lar but not identical CSCs in a given tumor might help explain

the highly complex nature of intratumoral heterogeneity and

resistance to targeted therapies (Fig. 1C).

EMT SIGNALING IN CANCER

The Basis of EMT

The EMT is a reversible biological process by which polarized

epithelial cells lose their polarity and intercellular adhesion

and gain characteristics of mesenchymal cells such as migra-

tory activity and enhanced production of extracellular matrix

(ECM) components. EMT has been classified into three differ-

ent biological types [36]. Type 1 EMT is associated with

embryogenesis and gives rise to mesoderm, endoderm, and

mobile neural crest cells. EMT occurs not only in the physio-

logical setting but also in pathological conditions such as

wound healing [37, 38], and EMT associated with wound heal-

ing, tissue regeneration, and organ fibrosis is designated type

2. Finally, type 3 EMT occurs in cancer cells and is apparent at

the invasive front of human tumor tissue. Type 3 EMT is

thought to be associated with cancer progression and to be a

key event in cancer invasion and metastasis of epithelial can-

cer cells [39]. Indeed, in vivo cell tracing techniques have

recently provided evidence of EMT during cancer invasion and

metastasis [40–42].

TGF-b is a major inducer of EMT, but various additional

humoral factors including epidermal growth factor (EGF),

fibroblast growth factor (FGF), hepatocyte growth factor

(HGF), Wnt, and ECM components have also been shown to

induce this process [43]. EMT-associated changes in gene

expression are mediated by classic EMT-inducing TFs (EMT-

TFs) such as Snail, Slug, Twist, ZEB1, and ZEB2, all of which

suppress the expression of E-cadherin. Extracellular signals

thus activate one or more of these EMT-TFs to induce EMT

events. Slug was first described as a TF that induces EMT in

vivo [44]. In addition to that for E-cadherin, genes targeted by

EMT-TFs for down-regulation include those encoding claudin,

occludin, desmoplakin, and plakophilin proteins, which are

essential for the maintenance of tight junctions or desmo-

somes in epithelial cells. Conversely, EMT-TFs activate the

expression of mesenchyme-associated genes such as those for

N-cadherin, fibronectin, and vimentin. A phenomenon known

as “cadherin switch,” characterized by the down-regulation of

E-cadherin and the up-regulation of N-cadherin, is a hallmark

of EMT. Several additional TFs recently implicated as EMT-TFs

include HMGA2, Goosecoid, KLF8, FOXC2, Six1, Brachyury, Pit-

1, E47, E2-2, Zeppo, Gata3, and Prrx1 [43]. EMT-TFs can be

divided into two groups on the basis of the mechanism by

which they suppress the expression of E-cadherin. Snail, Slug,

ZEB1, ZEB2, E47, KLF8, and Brachyury directly interact with

the E-cadherin gene promoter to suppress gene expression,

whereas Twist1, FOXC2, Goosecoid, E2-2, Six1, and Prrx1 trig-

ger the EMT without direct binding to the E-cadherin gene

promoter [45]. Snail thus recruits histone-modifying

enzymes—including PRC2, histone deacetylase (HDAC1,

Sato, Semba, Saya et al. 1999
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HDAC2), lysine-specific demethylase 1 (LSD1), and G9a meth-

yltransferase—to the E-cadherin gene promoter and thereby

down-regulates its expression by epigenetic silencing [46–49].

Twist1 has been found to up-regulate the PRC1 component

BMI1, and then Twist1 and BMI1 act cooperatively to repress

E-cadherin expression [50].

In contrast, NKX6.1 functions as an EMT suppressor by

interacting with various epigenetic modifiers. It directly pro-

motes E-cadherin gene transcription by recruiting the coacti-

vator BAF155 and represses transcription of the vimentin and

N-cadherin genes by recruiting the corepressor RBBP7 (retino-

blastoma binding protein 7) [51].

EMT-TF Expression in Cancer

Overexpression of EMT-TFs has been detected in various

human carcinomas [45, 52, 53] and has been shown to con-

tribute to the malignant characteristics of these tumors, such

as invasiveness, metastasis, and stemness (Table 1). Cancer

cells are influenced by stromal cells such as fibroblasts, mac-

rophages, granulocytes, and lymphocytes, which release EMT-

inducing factors. In addition, unlike the physiological process,

EMT induction in cancer cells can be the result of autono-

mous mechanisms. Autocrine signaling pathways involving

TGF-b and either canonical or noncanonical Wnt signals have

thus been implicated in EMT induction in breast carcinoma

[93]. Furthermore, a lung adenocarcinoma was found to have

a copy number increase for a region of chromosome 7

(7p21.1-7p15.3) including both the Twist1 and EGF receptor

(EGFR) genes, resulting in activation of both Twist1 and EGFR

signaling pathways and consequent promotion of EMT [94]. In

colorectal carcinoma, adenomatous polyposis coli gene muta-

tion results in nuclear accumulation of b-catenin, and the b-

catenin–TCF4 complex binds directly to the ZEB1 promoter

and activates gene transcription [95]. We also showed that

the retinoblastoma tumor suppressor protein (Rb)—which is

frequently mutated or inactivated in various malignant

tumors—regulates E-cadherin expression, with inactivation of

Rb leading to EMT induction through the up-regulation of ZEB

[96]. Importantly, EMT is induced by genetic or epigenetic

changes in cancer cells, and overexpression of EMT-TFs is

associated with clinicopathologic features such as poor prog-

nosis and a high risk of metastasis [45, 53].

EMT-TFs in Oncogenesis and Drug Resistance

EMT-TFs have recently been found to play oncogenic roles in

addition to EMT induction [97], with such roles including pro-

motion of tumor initiation as well as suppression of

oncogene-induced senescence and apoptosis (Fig. 2). Twist1

and Twist2 abrogate Myc-induced apoptosis [98, 99] and

ErbB2-induced premature senescence by inhibiting p53- and

Rb-dependent signaling pathways [100]. Twist1 also coopera-

tes with the oncogenic mutant KRAS(G12D) to markedly accel-

erate lung tumorigenesis by inhibiting senescence programs

[101], whereas ZEB1 and ZEB2 suppress EGFR-induced senes-

cence through down-regulation of the CDK inhibitors p15INK4B

and p16INK4A in esophageal carcinoma [102]. However, in

TGFb-sensitive pancreatic ductal adenocarcinoma cell, Smad4-

dependent EMT becomes lethal EMT by inducing SOX4-

mediated apoptosis [103].

EMT-TFs endow cancer cells with the capacity to adapt to

environmental stress and resistance to apoptosis. Slug pro-

tects hematopoietic progenitors from radiation-induced apo-

ptosis [104], and aberrant expression of Snail and Slug alters

the response to DNA damage induced by adriamycin treat-

ment in cancer cells [105]. Snail also blocks cell cycle progres-

sion and confers resistance to cell death induced by the

withdrawal of survival factors or by pro-apoptotic signals

[106]. In melanoma, Snail-induced EMT has been associated

with the induction of regulatory T cells and impairment of

dendritic cell function, in part through the production of

thrombospondin 1. This immunosuppression mechanism dur-

ing EMT accelerates cancer growth and metastasis [107].

EMT-TFs also render cancer cells resistant to chemother-

apy and radiotherapy [108]. Gene expression analysis in

breast cancer revealed that the EMT gene signature is nega-

tively associated with a pathological complete response [109].

In ovarian cancer, Snail and Slug were found to contribute

directly to cisplatin resistance [110], whereas ZEB2 protects

bladder cancer cells from ultraviolet- or cisplatin-induced apo-

ptosis [111]. The sensitivity of lung cancer cells to the EGFR

tyrosine kinase inhibitor gefitinib was shown to correlate with

expression of E-cadherin [112], and knockdown of Snail

increased the sensitivity of the lung cancer cell line A549 to

cisplatin [113]. In addition, knockdown of ZEB1 in A549 cells

increased sensitivity to combined treatment with inhibitors of

the prosurvival protein Bcl-xL and the protein kinase MEK

[114], and such increased sensitivity correlated with an epi-

thelial gene signature [114, 115].

ZEB1 was recently shown to up-regulate the activity of

phosphatidylinositol 3-kinase (PI3K) in lung adenocarcinoma

cells from Kras-Tp53 mutant mice as well as in human lung

cancer cell lines. Moreover, it was found to sensitize lung

Table 1. Functions of EMT-TFs expressed in various tumor types

Cancer type

Functions regulated by EMT-TFs

Invasion/Metastasis Stemness

Breast cancer Snail [54, 55], Slug [55, 56], ZEB1 [57], ZEB2 [58],
Twist1 [59], Twist2 [60, 61]

Snail [62], Slug [63], ZEB1 [64, 65], Twist1 [66]

Colorectal cancer Snail [67], Slug [68], ZEB1 [69], ZEB2 [70], Twist1 [67] Snail [71]
Lung cancer Slug [72], ZEB1 [73], Twist1 [74] Snail [75]
Hepatocellular carcinoma Snail [76], ZEB1 [77], Twist1 [78] Slug [79], Twist2 [80]
Head and neck cancer Snail [81], Twist2 [82] Snail [83]
Esophageal cancer Snail [84], Slug [85], Twist1 [86]
Gastric cancer Snail [87], ZEB1 [88], Twist1 [89]
Ovarian cancer ZEB2 [90]
Prostate cancer ZEB1 [91], Twist1 [92]

Abbreviations: EMT-TFs, epithelial-mesenchymal transition-inducing transcription factors.
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adenocarcinoma cells to metastasis suppression by a PI3K

inhibitor [116]. Given that PI3K is a key mediator of oncogenic

RAS signaling and is activated in numerous cancers, these

observations suggest that expression of EMT-TFs warrants fur-

ther study as a potential biomarker for the identification of

patients whose tumors may prove to be sensitive to therapies

that target RAS, PI3K, or other mediators of this signaling

pathway.

Diversity of EMT-TF Function

Snail and Slug differ in their binding affinity for the E-cadherin

gene promoter and in their target genes [117], indicating that

individual EMT-TFs have specific properties. Differences in the

regulation and function of EMT-TFs are manifest in malignant

melanoma. Slug and ZEB2 are expressed in normal melano-

cytes and act as oncosuppressive proteins, whereas Twist1

and ZEB1 are expressed in malignant melanoma. Moreover,

RAS-BRAF signaling switches the pattern of EMT-TF expression

from Slug and ZEB2 dominance to Twist1 and ZEB1 domi-

nance, leading to promotion of neoplastic transformation

[118]. Expression of Slug, but not that of Snail, Twist, or ZEB1,

was found to be significantly increased in lung cancer cells resist-

ant to gefitinib compared with gefitinib-sensitive cells [119].

THE LINK BETWEEN EMT SIGNALING AND CSCS

EMT Signature and CSCs

Strong evidence of a relation between EMT and CSCs comes

from experimental observations in breast cancer. The EMT

process occurs preferentially in breast tumors with the basal-

like phenotype [120], in which CD441 CD24 2 CSCs have also

been found to be enriched [121]. Moreover, the core gene

expression signature of EMT is closely associated with the

claudin-low subtype of breast cancer, the expression signature

of which is itself similar to that of normal mammary epithelial

stem cells [109]. In addition, in head and neck squamous cell

carcinoma, the expression of EMT-TFs is increased in CSCs

enriched by spheroid culture compared with parental

monolayer-derived cells [83, 122].

Figure 2. EMT-inducing transcription factors (EMT-TFs) and multiple steps of cancer progression. EMT-TFs contribute not only to cell
motility, which underlies the invasiveness of cancer cells, but also to various other cellular functions important for tumor initiation and
progression. In the early phase of tumorigenesis, EMT-TFs abrogate oncogene-induced senescence and apoptosis. EMT-TFs also endow
cancer cells with stemness as well as promote cell survival and immunosuppression. On the other hand, clonal outgrowth at metastatic
sites (colonization) requires suppression of EMT through down-regulation of EMT-TFs such as Prrx1 and Twist1. EMT thus occurs during
the invasion step, whereas MET is associated with the colonization step. Abbreviations: EMT, epithelial-mesenchymal transition; MET,
mesenchymal-epithelial transition.
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Role of EMT-TFs in Maintenance of Cancer Cell
Stemness

EMT promotes invasiveness and stem cell-like features in can-

cer cells [123]. Some EMT-TFs have been found to regulate

cancer cell stemness. Forced expression of Snail or Twist thus

converted human mammary epithelial cells from a differenti-

ated phenotype (CD44lowCD24high) to a breast CSC phenotype

(CD44highCD24low) as well as increased the sphere-forming

and tumor-initiating abilities of these cells [62, 124]. Transient

coexpression of exogenous Slug and Sox9 also converts differ-

entiated mammary luminal cells into stem-like cells [63]. Fur-

thermore, a recent study revealed that Slug stabilizes Sox9

and thereby promotes the expansion of CSCs in lung cancer

[125]. Twist1 directly stimulates the expression of the Poly-

comb ring-finger protein BMI1 [50], which has been impli-

cated both in the maintenance of various normal stem cells

such as hematopoietic stem cells [126] and neural stem cells

[127] as well as in the regulation of self-renewal ability in

CSCs [30, 128–130].

TGF-b, a key inducer of EMT, was recently shown to play

an important role in acquisition of the CSC state. The ZEB1

gene promoter is maintained in a bivalent chromatin configu-

ration in non-CSC cancer cells, and TGF-b shifts this promoter

to an active chromatin configuration and thereby triggers the

conversion of non-CSCs to the CSC state [64]. TGF-b also indu-

ces the acquisition of both the CSC state and EMT features in

skin squamous cell carcinoma, with the resulting cells showing

increased resistance to anticancer drugs [131].

Wnt signaling is correlated with CSC activity [23] and con-

tributes to activation of the EMT program [93]. Insight into

the mechanistic relation between EMT and the Wnt pathway

in CSCs was recently provided by chromatin immunoprecipita-

tion and sequencing (ChIP-seq) analysis [132], which revealed

that EMT is associated with a switch from the formation of a

b-catenin–Sox15 complex that binds to the E-cadherin gene

promoter to that of a b-catenin–Twist1–TCF4 complex that

binds to CSC-related gene promoters.

MicroRNAs (miRNAs), which inhibit translation or reduce

the stability of their target mRNAs, are reported to regulate

the EMT process and cancer stemness [133]. Members of the

miRNA-200 family and their targets ZEB1 and ZEB2 form a

mutual negative-feedback loop that controls EMT [134]. ZEB1

promotes stemness by repressing the expression of miR-203

and miR-200 family members, which inhibit stemness and are

strong inducers of epithelial differentiation [65]. Expression of

miR-200c reduces the number of CD441 CD242 breast CSCs,

and it suppresses the stem-like characteristics and tumorigenic

activity of breast cancer cells by attenuating the expression of

BMI1 [135].

Intricate Relation between EMT And CSCs

Constitutive overexpression of Snail in the epithelial-type CSC

subpopulation of prostate cancer cells resulted in suppression

of stem cell properties, whereas knockdown of EMT-TFs such

as Snail, ZEB1, and Twist2 in the mesenchymal-type subpopu-

lation promoted anchorage-independent growth and expres-

sion of epithelial and self-renewal types of gene network

[136]. In skin papilloma, Twist1 was shown to be required for

cancer stemness properties such as the ability to initiate

tumors and to promote tumor progression; these effects of

Twist1 were concentration dependent but independent of its

EMT function [137]. These experimental data suggest that the

expression level of EMT-TFs and the molecular context of can-

cer cells might account for the intricate relation between

EMT-TFs and CSCs.

Induction of EMT generally suppresses cell proliferation

and might therefore not be sufficient for establishment of

metastatic colonization. The appearance of proliferating stem-

like cells may thus be necessary for formation of metastatic

lesions. In other words, in addition to stemness, the activation

of proliferation signals in tumor cells undergoing EMT might

be required for cancer progression.

It should be noted that the tumor microenvironment gen-

erated by EMT may promote the production or growth of

CSCs. EMT signaling is induced during wound healing, and the

microenvironment in which such healing takes place provides

an effective niche for CSCs [138].

EMT Signaling and Metastatic Colonization

CSCs are thought to constitute the origin of cancer and to

contribute to metastasis. As we have mentioned above, the

mesenchymal-like phenotype is associated with stem cell–like

properties of cancer cells. Although EMT contributes to key

steps in cancer invasion and metastasis, it seems that circulat-

ing tumor cells (CTCs) must undergo mesenchymal-epithelial

transition (MET) for clonal outgrowth at metastatic sites.

Whereas b-catenin was localized in the nucleus of

mesenchymal-like colon carcinoma cells at the invasive front

of colon tumors, it returned to the membrane and cytoplasm

of tumor cells in metastases [139]. Prrx1 was identified as a

novel EMT inducer, the loss of which was found to be

required for metastatic colonization by cancer cells [140].

Down-regulation of Twist1 expression was also shown to be

essential for CTCs to form macrometastases in squamous cell

carcinoma [141]. EMT in cancer cells is thus a crucial event

for initiation of metastasis, but subsequent colonization

appears to require that EMT signaling be suppressed (Fig. 2).

Epithelial structures morphologically similar to the primary

tumor site are frequently observed at metastatic sites of

many types of cancer. Indeed, the incidence of metastasis

after systemic injection of epithelial-like bladder cancer cells

was significantly increased compared with that after injection

of mesenchymal-like cells, suggesting that epithelial character-

istics confer an advantage during the establishment of metas-

tases [142]. As another example, orthotopic transplantation of

CD44 variant (CD44v)–positive 4T1 mouse breast cancer cells,

which have an epithelial phenotype, resulted in more efficient

lung metastasis and expansion of stem-like cancer cells com-

pared with such transplantation of CD44v-negative cells [143].

These observations suggest that, at least in relation to tumor

propagation at metastatic sites, EMT or a mesenchymal phe-

notype is incompatible with stemness.

Hamster cheek pouch carcinoma–1 cells showed an

enhanced capacity for local invasion but a reduced ability to

form lung metastases after EMT induction [144]. EMT cells

alone are unable to develop metastases, whereas EMT cells

and non-EMT cells cooperate to complete the invasion-

metastasis process [145]. Tumor heterogeneity as reflected by

the presence of both EMT and non-EMT cells might thus be

important for successful completion of the metastatic process

(Fig. 2).
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DYNAMIC FLUCTUATION OF THE CSC STATE OR EMT SIGNALING

AS A THERAPEUTIC TARGET

Clinical Relevance of CSCs

From the clinical viewpoint, CSCs are thought to be responsi-

ble for therapeutic resistance, disease recurrence, and metas-

tasis. Therapeutic resistance of CSCs is due to a combination

of factors including increased expression of drug efflux pumps

such as ABC transporters [146], cell cycle dormancy, high lev-

els of detoxifying enzymes such as aldehyde dehydrogenase 1

[147, 148], and enhanced mechanisms of protection from oxi-

dative stress [149]. Whereas non-CSC cancer cells are elimi-

nated by conventional chemotherapy or radiotherapy, CSCs

are able to survive such treatment and give rise to disease

recurrence as a result of these various factors. Furthermore,

CSCs can evade immune responses, with those of certain

types of solid tumor down-regulating the expression of

tumor-associated antigens or specific ligands and thereby

escaping attack by T cells or natural killer cells, respectively

[150, 151].

Despite the difficulties associated with the establishment

of reliable experimental assays to recapitulate cancer metasta-

sis or recurrence, a relation between CSCs and these proc-

esses has been demonstrated. CD1331 CXCR41 pancreatic

cancer cells, which constitute a distinct subpopulation of pan-

creatic CSCs, have thus been found to contribute to the meta-

static phenotype, with depletion of these cells resulting in

abrogation of metastatic potential without an effect on

tumorigenic potential [152]. Furthermore, as mentioned

above, orthotopic transplantation of CD44v-expressing breast

cancer cells in mice leads to lung metastasis accompanied by

expansion of stem-like cancer cells. Knockdown of epithelial

splicing regulatory protein 1 (ESRP1), which mediates splicing

of CD44 mRNA, resulted in an isoform switch from CD44v to

CD44 standard (CD44s) in these cells and suppression of lung

metastasis [143]. These observations thus suggest the poten-

tial of targeting CSCs for prevention of tumor metastasis or

recurrence.

Potential of EMT-Targeted Therapy

EMT is a dynamic phenomenon and gives rise to heterogene-

ity of tumor tissue. A relation between EMT and tumor recur-

rence has been demonstrated. Analysis of a conditional

transgenic mouse model for the recurrence of HER2/neu–

induced mammary tumors revealed that Snail is spontane-

ously up-regulated in recurrent tumors and that recurrence is

accompanied by EMT [153]. The contribution of EMT signaling

to tumor heterogeneity and therapeutic resistance renders it

an attractive target for the elimination of cancer cells that

remain after conventional therapy.

Several chemical inhibitors that target Snail-induced EMT

have been described [154]. The small-molecule drugs GN 25

and GN 29 inhibit the interaction of Snail with p53, and

Co(III)-Ebox inhibits the binding of Snail to the E-cadherin

gene promoter. Furthermore, small-molecule inhibitors of his-

tone deacetylases and of the histone demethylases LSD1 and

LSD2 including tranylcypromine, trichostatin A, pargyline,

LBH589, and entinostat were found to suppress Snail-induced

EMT. We previously showed that small-molecule CDK inhibi-

tors attenuated the expression of ZEB1 and thereby sup-

pressed EMT marker expression in breast cancer cells [155],

and we recently found that the CDK4/6 inhibitor PD0332991

(palbociclib) reduced the percentage of CD441 CD24– CSCs

among breast cancer cells (Fig. 3). These observations suggest

the potential of EMT-targeted therapy for cancer treatment.

5-Azacytidine (5-azaC), which has been included in combi-

nation therapy for myelodysplastic syndrome and leukemia,

not only induces cell differentiation by inhibiting DNA methyl-

transferase enzymes but also activates miR-200c expression in

several cancer cell lines [156, 157]. Given that the miR-200

family of miRNAs inhibits ZEB1 and ZEB2 expression, this drug

might target both the CSC to non-CSC transition and EMT-TFs.

Inhibition of protein kinase Ca (PKCa) has been shown to

specifically target EMT-positive CSCs in breast cancer as a

result of an EMT-induced switch from EGFR to PDGF receptor

signaling and consequent PKCa activation in these cells.

Moreover, FRA1 was shown to function as a key TF down-

stream of PKCa that drives CSC function, with depletion of

FRA1 triggering mesenchymal-epithelial transition. Inhibition

of PKCa is therefore also a potential treatment strategy for

targeting of breast CSCs and the EMT program [158].

In addition to inhibitors that target TFs directly or indi-

rectly, the EMT program can be modulated through inhibition

of metabolic enzymes. Analysis of gene expression profiles for

such enzymes in 978 human cancer cell lines uncovered a

mesenchymal metabolic signature shared by the mesenchymal

group of cell lines. Several of these signature genes are essen-

tial for EMT, one of which, that for the pyrimidine-degrading

enzyme dihydropyrimidine dehydrogenase, is necessary for

EMT in vitro and for extravasation of breast cancer cells into

the lung in vivo [159]. Inhibition of this metabolic enzyme by

small-molecule drugs thus warrants further investigation as a

possible therapeutic approach.

CONCLUSION

Both the EMT and the generation of the differentiation hierar-

chy originating from CSCs are dynamic and highly plastic proc-

esses. The accumulation of evidence indicating that CSCs or

other cancer cells with activated EMT signaling possess prop-

erties that promote cancer metastasis or recurrence or

Figure 3. The CDK4/6 inhibitor PD0332991 causes a reduction in
the CD44 1 CD24– breast CSC population. MDA-MB-231 human
breast cancer cells were treated with the CDK4/6 inhibitor
PD0332991 (10 mM) or with DMSO vehicle for 4 days, after which
cell surface expression of CD44 and CD24 was analyzed by flow
cytometry. The percentage of CD441 CD242 cells was 99.5% for
the DMSO-treated cells and 77.2% for the PD0332991-treated
cells. Abbreviations: DMSO, dimethyl sulfoxide.
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therapeutic resistance has been suggestive of a linkage

between EMT and CSCs. As we have described in this review,

expression of some EMT-TFs has been shown to promote self-

renewal ability and multipotency and thereby to trigger the

conversion of non-CSCs to CSCs (Fig. 4A). However, the exis-

tence of such a linkage has not been demonstrated defini-

tively. EMT-TFs such as Snail, Slug, Twist, ZEB1, and ZEB2 also

manifest specific and independent functions. In some settings,

EMT appears to be irreconcilable with CSC characteristics,

especially at the colonization step of cancer cell metastasis.

Further studies are thus necessary to determine whether EMT

signaling is activated in individual CSCs at the single-cell level

in different settings.

Plasticity of CSCs provides a key basis for cancer heteroge-

neity. Such CSC-based heterogeneity is affected by the micro-

environment. Tumor cells undergoing EMT are known to

increase their secretion of various cytokines, chemokines,

growth factors, and ECM components, leading to changes in

the microenvironment. EMT may, therefore, play a role in

intratumoral heterogeneity dependent on CSCs (Fig. 4B).

Comprehensive gene expression analysis of clinical tumor

specimens has revealed that mesenchymal type tumors that

express EMT-associated genes at a high level have a poorer

prognosis compared with other tumor types. Tumors com-

posed predominantly of mesenchymal-like cancer cells may

exist in a microenvironment that protects them from thera-

peutic agents. The dynamic interaction of CSCs with cell-

intrinsic and extrinsic conditions induced by EMT signaling

may, therefore, help to maintain tumor malignancy, and this

interaction might underlie the resistance of heterogeneous

cancers to treatment. We propose that development of inhibi-

tors of EMT signaling or CSC-targeted therapies may provide

new approaches to cancer treatment, and that, although such

agents have been pursued separately, they both suppress

tumor heterogeneity.
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