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a b s t r a c t

Intratumoral heterogeneity is tightly associated with the failure of anticancer treatment modalities
including conventional chemotherapy, radiation therapy, and molecularly targeted therapy. Such het-
erogeneity is generated in an evolutionary manner not only as a result of genetic alterations but also by
the presence of cancer stem cells (CSCs). CSCs are proposed to exist at the top of a tumor cell hierarchy
and are undifferentiated tumor cells that manifest enhanced tumorigenic and metastatic potential, self-
renewal capacity, and therapeutic resistance. Properties that contribute to the robustness of CSCs include
the abilities to withstand redox stress, to rapidly repair damaged DNA, to adapt to a hyperinflammatory
or hyponutritious tumor microenvironment, and to expel anticancer drugs by the action of ATP-binding
cassette transporters as well as plasticity with regard to the transition between dormant CSC and transit-
amplifying progenitor cell phenotypes. In addition, CSCs manifest the phenomenon of metabolic
reprogramming, which is essential for maintenance of their self-renewal potential and their ability to
adapt to changes in the tumor microenvironment. Elucidation of the molecular underpinnings of these
biological features of CSCs is key to the development of novel anticancer therapies. In this review, we
highlight the pathological relevance of CSCs in terms of their hallmarks and identification, the properties
of their nichedboth in primary tumors and at potential sites of metastasisdand their resistance to
oxidative stress dependent on system xc (�).
© 2021, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
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1. Emerging concept and molecular hallmarks of cancer stem
cells

1.1. Hallmarks of cancer stem cells

Cancer stem cells (CSCs) have been defined as a “cellular pop-
ulation within a tumor which exhibits the capacity to self-renew
and to cause the heterogeneous lineages of cancer cells that
comprise the tumor tissue” [1e3]. Accumulating evidence suggests
that CSCs also constitute a small subpopulation of tumor cells that
show an enhanced potential for metastatic dissemination and
enhanced resistance to anticancer therapies. CSCs possess the
property of “robustness,” which refers to several biological char-
acteristics including metabolic reprogramming [4,5], resistance to
oxidative stress [4,6], an immunosuppressive phenotype [7,8], the
ability to rapidly repair damaged DNA [9,10], plasticity in the
transition between dormant and transit-amplifying progenitor
cells [11,12], an enhanced ability to expel anticancer agents via ATP-
binding cassette (ABC) transporters [13,14], and the capacity to
adapt to a hyperinflammatory or hyponutritious microenviron-
ment [15,16]. In particular, metabolic reprogramming is thought to
be crucial for CSCs to maintain their self-renewal potential and
their ability to adapt to marked changes in the tumor microenvi-
ronment [5,17].

For a typical instance, metabolic plasticity has been character-
ized in glioma stem cells (GSCs) [18]. Examination of the metabolic
requirements of GSCs during tumor initiation revealed that both
glycolysis and oxidative phosphorylation (OXPHOS) are able to
independently sustain the emergence of primary disease [19]. Both
aerobic glycolysis and OXPHOS can also maintain tumor propaga-
tion by isogenic GSCs, and GSCs that are dependent on OXPHOS are
able to switch to a glycolytic phenotype in response to metabolic
stress, indicative of the plasticity of GSC metabolism [18]. A
promising strategy to overcome this metabolic heterogeneity and
plasticity of GSCsmight therefore be dual blockade of glycolysis and
OXPHOS. Indeed, treatment with both glycolysis inhibitor 2-
deoxyglucose (2DG) and anti-diabetic drug metformin has been
shown to be effective for suppression of tumor growth and
metastasis in various preclinical cancer models [20]. Heterogeneity
and plasticity of cancer metabolism thus contribute to therapeutic
resistance [5,21]. Another example of this phenomenon is provided
by malignant melanoma [22,23]. The oncogenic protein
BRAF(V600E) induces down-regulation of oxidative enzymes and
mitochondrial number and function and thereby enhances pro-
duction of lactate in melanoma cells [22]. This metabolic reprog-
ramming triggered by activated BRAF is mediated by suppression of
the transcriptional factorsMITF and PGC1a, both of which aremajor
regulators of mitochondrial biogenesis and function [22]. However,
melanoma cells that express the histone H3 lysine-4 (H3K4)
demethylase JARID1B at a high level proliferate slowly and are
highly dependent on mitochondrial metabolism, and they become
enriched in residual disease after chemotherapy [23]. Combination
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therapy that targets both the bulk and JARID1Bhigh tumor cells is
therefore a potential new treatment approach for melanoma.

The clinical relevance of CSCs is highlighted by demonstrations
of their intrinsic resistance to chemotherapy and radiation, with
such resistance being largely attributable to their quiescence
[24,25]. In addition, the discovery of treatment- or
microenvironment-induced phenotypic conversion of differenti-
ated cancer cells into CSCs has revealed such plasticity to be a key
challenge to the eradication of malignancy [12,26]. For example,
in vitro studies have provided evidence that ovarian tumor cells can
acquire CSC characteristics after their exposure to cisplatin [27].
Mechanisms underlying the therapeutic resistance of CSCs include
the up-regulation of drug-efflux pumps and antiapoptotic proteins
as well as interactions of these cells with the protective niche that
they foster and inhabit [13,28]. ABC subfamily B member 5 (ABCB5)
is highly expressed in primary glioblastoma multiforme, with its
expression level being correlated with that of the CSC marker
protein CD133 and with poor patient survival [29]. Blockade of
ABCB5 was found to attenuate G2-M cell cycle arrest and to pro-
mote cell death induced by temozolomide in glioblastoma cells,
suggesting that ABCB5 is a marker and mediator of chemo-
resistance. Another example has been provided by the study of
induced CSCs, which can be established by the introduction of
oncogenes such as those for MYC or RAS into somatic stem cells
[30]. A syngeneic mouse model of mature B cell lymphoma based
on the induced CSC model has been established [30,31], and it was
recently shown that malignant lymphoma cells in this model are
resistant to Fas-mediated apoptosis as a result of up-regulation of
the antiapoptotic protein Livin [32]. The bromodomain proteins
BRD2 and BRD4were found to be responsible for this up-regulation
of Livin by binding to upstream regions of the Livin gene that
overlap with regions enriched for histone H3 lysine-27 acetylation
(H3K27ac).

1.2. CSC marker molecules that determine stemness

Surrogate assays for CSCs include tumorsphere formation
in vitro and limiting-dilution tumorigenicity analysis in immuno-
compromised mice, the latter of which is the gold standard method
[2,30]. Cell surface markersdincluding CD44, CD133, and epithelial
cell adhesion molecule (EpCAM)das well as aldehyde dehydroge-
nase (ALDH) enzymatic activity can also contribute to the identi-
fication of CSCs. CD44 is an integral membrane glycoprotein that
serves as a cell surface receptor for extracellular matrix (ECM)
components such as hyaluronate and osteopontin [33]. As
described in detail below (Section 4), CD44 is overexpressed in
CSCs, and alternatively spliced variants of the protein are thought to
play a key role in cancer development and progression [34]. EpCAM
is a type 1 transmembrane glycoprotein that contributes to the
acquisition and maintenance of stemness by coupling with b-cat-
enin and thereby activating the canonical Wnt signaling pathway
and up-regulating the expression of stem cell genes such as those
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for SOX2, MYC, and KLF4 [35,36]. In addition, EpCAM forms a
complex with the amino acid transporter LAT1, which mediates the
uptake of leucine and thereby activates mammalian target of
rapamycin (mTOR) signaling in CSCs [37e39]. Members of the
ALDH family of enzymes catalyze the oxidation of endogenous and
exogenous aldehyde substrates to their corresponding carboxylic
acids [40], and ALDH enzymatic activity is a major functional
marker for the identification of both normal and cancer stem cells
[41]. ALDH activation has been found to be positively correlated
with radiation resistance and tumor recurrence [40].

CSCs were initially identified in acute myeloid leukemia [42,43].
Since this initial discovery, CSCs have been identified by flow
cytometryebased prospective analyses in a wide variety of human
malignancies including those of the breast (CD44þ/CD24e/low/
ALDH1high cells), brain (CD15þ/CD133þ cells), prostate (CD44þ/
CD24e/low cells), liver (AFPþ/EpCAMþ/N-MYChigh cells), where AFP is
a-fetoprotein, colon (CD133þ/EpCAMhigh/CD44þ cells), ovary
(CD44þ/CD117þ/EpCAMþ cells), and pancreas (CD44þ/CD24þ/ESAþ

cells), where ESA is epithelial specific antigen [44e50]. These cell
subpopulations are relatively rare and form secondary tumors that
recapitulate the pathology and intratumoral heterogeneity of the
original malignancy on transplantation into experimental immune-
deficient mice [2,30]. Intratumoral heterogeneity driven by the
presence of CSCs is primarily responsible for the failure to achieve a
uniformtherapeuticeffect amongcancercells asawhole [2].Whereas
CD133, also known as prominin 1, has long served as a marker to
identify CSCs [51], tumor cells negative for this glycoprotein have also
been found to manifest tumorigenic potential, which questions the
legitimacy of CD133 as a bona fide CSC marker [52,53]. Although
markers such as CD44 and CD133 have been detected in CSCs for a
wide rangeof tumor types, the accurate isolation and identificationof
CSCs remains a challenge [2,53,54]. The functional characterization of
cancer cell subpopulations defined by putative CSC markers is thus
crucial for further CSC research.

Increasing evidence suggests that lineage tracing and single-cell
analysis are useful for the identification of CSCs [55e59]. Analysis of
Lgr5-positive intestinal crypt stem cells in APCmutant mice, which
develop intestinal adenoma, revealed that these cells constituted
~5%e10% of the total tumor cell population, a proportion similar to
that for such cells in normal crypts [55]. Furthermore, lineage
tracing revealed that these Lgr5-positive tumor cells were able to
generate all of the other cell types present in the adenoma, indi-
cating that they are multipotent stem cells of the adenoma [55].
Stromal cues derived from the osteopontin-rich CSC niche have also
been found to influence cancer cell hierarchy in established colon
adenocarcinoma and to havemarked effects on the tumormass as a
whole [58]. This finding regarding the molecular determinants of
stemness has the potential to shift the focus from targeting of tu-
mor cell subpopulations that express conventional CSC markers
toward targeting of the niche. Studies of organoid xenografts and
other mouse models have revealed that targeted ablation of Lgr5-
positive cancer cells in colorectal adenocarcinoma is sufficient to
disrupt tumor growth [60,61]. However, tumor expansion was
found to immediately resume after cessation of Lgr5-positive CSC
depletion, revealing Lgr5-positive cancer cells to be a major
contributor to tumor growth as well as pronounced plasticity
within the tumor tissue.

2. EMT and plasticity contribute to the expansion of CSCs

2.1. Orchestration between EMT and MET in the development of
metastatic disease

Cancer cells that have undergone epithelial-to-mesenchymal
transition (EMT) are highly likely to invade surrounding tissue
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and to metastasize, and thereby to give rise to the life-threatening
manifestations of disease progression [62e64]. The central role
played by loss of the adhesion molecule E-cadherin in the EMT
program is revealed by the actions of several EMT-inducing tran-
scription factors that facilitate acquisition of a mesenchymal
phenotype characterized by the induction of vimentin and N-cad-
herin [65]. Loss of E-cadherin promotes Wnt signaling and is
associated with an increased abundance of the transcription factor
Snail in the nucleus [66]. EMT has long been thought to result in an
increase in the number of CSCs at the invasive front of tumors and
in metastatic foci [67e69]. The EMT program that allows breast
cancer cells to disseminate from a primary lesion promotes their
self-renewal capacity. Indeed, breast cancer cells that have under-
gone EMT acquire CSC properties, including the ability to self-
renew and tumorigenicity in association with a CD44þ/CD24�/low/
ALDHhigh phenotype [70]. Several transcription factors that induce
EMT in cancer cells have been identified, including FOXC2 in basal-
like breast cancer [71,72]; SIP1 (also known as ZEB2) in ovarian,
breast, hepatic, and colorectal tumors [73e75]; and Snail, Slug, and
Twist in various types of solid tumor [63,76]. For instance, FOXC2
expression is sufficient to promote EMT and the acquisition of CSC
propertiesdincluding chemoresistance, the capacity for tumor
initiation, and metastatic competencedin transformed human
mammary epithelial cells [72].

In contrast, mesenchymal-to-epithelial transition (MET) is a key
step in the colonization and proliferation of cancer cells at the
premetastatic niche [77,78]. MET is thought to result from the in-
teractions of metastatic cancer cells with the premetastatic niche
and to promote cell survival and growth coincident with reversion
from the mesenchymal phenotype to the parental cancer pheno-
type [64,79]. This scenario is consistent with Paget's theory that
circulating tumor cells (CTCs) (the “seeds”) of certain cancers can
survive in the “soil” of distant organs and thereby achieve coloni-
zation and give rise to metastatic disease [78e81]. Knockdown of
paired-related homeodomain transcription factor 1 (Prrx1) induces
MET in and promotes metastatic colonization of the lungs by breast
cancer cells [82]. Unlike classical EMT transcription factors such as
Snail, Slug, and ZEB1, the loss of Prrx1 is required for metastatic
colonization by cancer cells in vivo, with the cells reverting to the
epithelial phenotype concomitant with the acquisition of stem cell
properties [82,83]. Breast cancer cells overexpressing Prrx1 thus
fail to give rise to lung metastases, whereas silencing of Prrx1
promotes efficient lung colonization, suggesting that MET is crucial
for pulmonary metastasis [82,84]. These various observations thus
suggest that the development of metastatic disease requires
orchestration of both EMT and MET.

2.2. Partial EMT and induction of E/M hybrid CTCs

Cancer cells have also been found to undergo partial or incom-
plete EMT, which is thought to increase their invasive potential, to
generate both CSCs and CTCs, and to promote resistance to anti-
cancer drugs [84,85]. Cancer cells thus often manifest an epithelial/
mesenchymal (E/M) hybrid phenotype characterized by the
simultaneous expression of both epithelial and mesenchymal
markers during the processes of invasion and distant metastasis
[84e86]. In addition, the coexpression of both epithelial and
mesenchymal markers is associated with resistance to chemo-
therapy and a poor clinical outcome in several tumor types
[84,87e89]. Single-cell transcriptomics analysis applied to evaluate
the heterogeneity of head and neck squamous cell cancer (HNSCC)
cells identified a partial EMT program defined by incomplete acti-
vation of EMT transcription factors such as Grhl2 and Ovol2 [90,91].
Knockdown of Grhl2 and Ovol2 in these HNSCC cells impaired
collective cell migration, which is a hallmark of partial EMT [91].
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The E/M hybrid phenotype is associated with increased cancer
stemness, whereas the fully epithelial or mesenchymal phenotypes
are associated with loss of both stem cell markers and tumorige-
nicity [92]. Cancer cells that have undergone partial EMT have been
found to be localized at the leading edge of tumors and to show the
highest metastatic potential in cooperation with cancer-associated
fibroblasts (CAFs) [84,90,93]. CAFs have thus been shown to
enhance the invasive potential of E/M hybrid-type tumor cells,
which are associated with epithelial-type cancer cell clusters,
leading to collective invasion of both epithelial and E/M hybrid
tumor cell clusters [93e95]. In the clinical setting, individuals with
advanced-stage breast cancer in whom CTCs manifested the E/M
hybrid phenotype (defined by expression of cytokeratin and ALDH1
as well as nuclear localization of Twist 1) after chemotherapy had a
shorter progression-free survival compared with those whose CTCs
did not have this phenotype, and this association was especially
prominent in patients with HER2-negative breast cancer [96].

2.3. Plasticity between CSCs and other tumor cells regulated by
epigenetic modification

According to the “dynamic stemness model,” CSCs are not static
entities but rather undergo dynamic and reversible changes
depending on the tumor microenvironment [97e99] (Fig. 1).
Although it may seem paradoxical that CSCs, which are located at
the top of a hierarchical tumor cell population, undergo reversible
phenotypic alterations, epigenetic changes induced by various
factors including chronic inflammation, excessive oxidative stress,
and hypoxic stimuli enhance the plasticity of the transition be-
tween mostly quiescent, symmetrically dividing CSCs and prolif-
erative, asymmetrically dividing cells and can thereby increase the
number of non-CSC tumor cells [67,99,100]. Indeed, the dual nature
of CSCs allows them to adapt to changes in the tumor microenvi-
ronment. However, this plasticity of CSCs hinders their clinical
identification in vivo [101,102]. Certain tumor cells follow a
phenotypic plasticity model in which phenotypic heterogeneity is
driven largely by reversible changes in the tumorigenic cell sub-
population rather than a hierarchical model supported by irre-
versible epigenetic changes. Tumorigenic malignant melanoma
cells show unlimited tumorigenicity in serial transplantation ex-
periments regardless of the expression status of potential CSC
markers including ABCB5, CD133, and CD271 [103,104]. In addition,
the reversible acquisition of stemlike phenotypes has been
observed in glioblastoma in response to transient exposure to nitric
oxide (NO) produced by endothelial NO synthase (eNOS) expressed
in the tumor vascular endothelium, a perivascular niche [105]. NO
thus activates the Notch signaling pathway in malignant glioma
cells exposed to platelet-derived growth factor and thereby induces
the acquisition of CSC-like characteristics [105,106]. GSCs are
therefore unlikely to conform to the hierarchical model based on
CSCs as a minor undifferentiated subpopulation with marked
tumorigenic potential. The transition between CSCs and non-CSC
tumor cells appears to be dependent on both tumor type and the
tumor microenvironment. A treatment-induced transient decrease
in the extent of cancer heterogeneity is thought to reflect enrich-
ment of CSCs in minimal residual disease [2,5,107]. Long-term
treatment of melanoma with vemurafenib, which targets consti-
tutively active mutant BRAF, increases expression of the histone
demethylase JARID1B, which was found to be highly expressed in
slow-cycling cells with a stemlike phenotype, leading to the
development of adaptive resistance [23]. Regulation of the abun-
dance of trimethylated H3K4 by JARID1B constitutes an epigenetic
switch at several proto-oncogenes and tumor suppressor genes
whose expression is related to the plasticity between CSCs and
other tumor cells [23,108] (Fig. 1). Crosstalk between oncogenic
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signaling pathways and reversible epigenetic alterations may thus
give rise to adaptive resistance to anticancer treatment and other
types of exogenous stress in the tumor microenvironment.

3. Role of the CSC niche in maintenance of stemness and the
potential for distant metastasis

3.1. Components of the tumor microenvironment that maintain
stemness

The niche is a specialized local site in the stromal microenvi-
ronment of stem cells that integrates signals reflecting tissue and
organismal state and regulates stem cell fate commitment and
epithelial cell plasticity during tissue homeostasis and regeneration
[109,110]. The niche may be cellular in nature, as appears to be the
case for melanocyte stem cells located in the bulge area of hair
follicles and Paneth cells located in intestinal crypts, which are
thought to form niches for normal hair follicle stem cells and in-
testinal stem cells, respectively [111,112]. Stemness of CSCs has also
been found to be supported by niches whose components include
endothelial cells, osteoblasts, and ECM molecules such as hyal-
uronic acid and osteopontin [113,114]. In addition, CAFs, tumor-
associated macrophages, undifferentiated mesenchymal stem
cells, and immune cells in the tumor stroma serve as cellular
components of niches [115,116]. Such stromal cells contribute to
formation and maintenance of the niche by providing growth fac-
tors such as epidermal growth factor (EGF), hepatocyte growth
factor (HGF), and transforming growth factor-b (TGF-b) as well as
proinflammatory cytokines such as tumor necrosis factor-a (TNF-a)
and various interleukins including IL-1b and IL-6 [117e119]. An
inflammatory microenvironment is beneficial for cancer cells in
that it results in activation of the nuclear factor-kB (NF-kB)
signaling pathway [120e122]. The cytokine network not only
promotes tumor development but also maintains stemness that
underlies tumor metastasis and recurrence. Furthermore, both
CAFs and tumor-associated macrophages drive stemness of cancer
cells as well as neoangiogenesis, remodeling of ECM, and attenua-
tion of the host immune response [123,124]. Evidence suggests that
resistance to cisplatin can be triggered by IL-6 and interferon
released by stromal cells [125,126]. The CSC niche is thus an
essential regulator of stemness not only in primary tumors but also
in metastasized disease [110,127].

3.2. Harmonious interplay between CSCs and their niche

The relevance of the interaction between CSCs and their niche is
supported by the fact that the loss of the niche microenvironment
results in depletion of the CSC population [128,129]. The reliance of
CSCs on niche signals appears to be a general phenomenon, having
been demonstrated in a wide variety of tumor types. In addition to
maintaining the CSC pool and promoting the proliferation of pri-
mary cancer cells, the CSC niche plays a role in the reversion of non-
CSC tumor cells to CSCs by a process related to EMT and thereby
promotes tumor invasion and dissemination (Fig. 1) [130,131].
Studies of breast cancer cells have identified a subpopulation of
non-CSCs that are highly plastic and can adopt the CSC state
[132e134]. This transition may be the result of a stochastic event or
can be driven by the niche [134,135]. Molecular components and
stiffness of the tumor stroma associated with the premetastatic
niche can induce the stemness phenotype and plasticity in pre-
metastatic lesions by eliciting EMT-related signaling pathways
[136,137]. In turn, cells that have undergone EMT secrete ECM
proteins to help construct a permissive niche for themselves at
potential metastatic sites [138]. Whereas most disseminated tumor
cells (DTCs) arriving at new organs manifest EMT-like features



Fig. 1. The hierarchical and dynamic stemness models. In the hierarchical model, cancer stem cells (CSCs) give rise to differentiated non-CSCs and thereby contribute to the
maintenance and growth of tumor tissue. The coexistence of both CSCs and non-CSC tumor cells is responsible for intratumoral heterogeneity. In contrast, the dynamic stemness
model emphasizes the plasticity between CSCs and non-CSCs. According to this model, the transition between undifferentiated CSCs and differentiated non-CSCs is reversible.
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associated with a stem cell gene signature andmaintain a quiescent
state [139], the formation of metastases requires that they adopt a
more epithelial phenotype, down-regulate the stem cell gene
program related to quiescence, and up-regulate the expression of
proliferative genes related to stemness, such as that for c-MYC.

Driver gene mutations allow gastric CSCs to survive and prolif-
erate independently of their native niche constraint [140]. The
amplification of genes encoding receptor tyrosine kinases has also
been found to render cancer cells independent of niche factors such
as EGF, fibroblast growth factor 10 (FGF10), and HGF [141]. In
addition, the independence of pancreatic ductal adenocarcinoma
with regard to niche factors is mainly acquired as a result of driver
mutations, although loss of dependence on Wnt ligands was found
to be mediated by epigenetic changes, suggestive of a complex
niche-adaptation process during the development of such tumors
[142]. Given the loss of dependence of advanced neoplasms on
niche factors, it remains to be determined whether therapeutic
strategies that target only the niche could provide the “silver bullet’
to eliminate CSCs.

3.3. Self-seeding model and metastatic niche model

CTCs are described as tumor cells that are shed by primary
disease into the vasculature and which then circulate in the
bloodstream of cancer patients [143e145]. It has been thought that
EpCAM-positive tumor cells circulate in the body even in the pri-
mary stages of disease, long before they metastasize to various
organs [145]. CTCs that survive in the bloodstream have been found
tomanifest an E/M hybrid phenotype, to be resistant to anoikis, and
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to be able to exit the bloodstream efficiently [85,146]. CTCs derived
from squamous cell cancer, however, have been found to be EpCAM
negative and to be enriched in cells in early E/M hybrid states.
Tumor cells with an E/M hybrid phenotype not only exhibited
increased lung colonization ability in vivo, but also underwent
intravasation into the blood circulation more efficiently [147]. CTCs
also have the potential to return to and grow in their tumor of
origin, in a process referred to as “tumor self-seeding” [148]. Self-
seeding of cancers in mouse models is preferentially mediated by
aggressive CTCs including those with a bone, brain, or lung meta-
static tropism [148,149] (Fig. 2). Unlike the colonization of distant
organs, self-seeding requires little, if any, additional adaptation of
CTCs to the recipient tumor microenvironment [81,148]. Self-
seeding tends to enrich metastatic cancer cell subpopulations
that are more aggressive compared with the bulk cell population of
the primary disease. Tumor-derived cytokines such as IL-6 and IL-8
act as CTC attractants, whereas matrix metalloproteinase 1 and
fascin-1, a component of the actin cytoskeleton, are implicated as
major mediators of CTC infiltration into the primary disease [150].

Clusters of CTCs detected in the bloodstream have been shown
to comprise oligoclonal cancer cell aggregates rather than to arise
from intravascular aggregation of tumor cells, and they are asso-
ciated with increased metastatic capacity and poorer patient
outcome compared with single CTCs [151e153]. CTC clusters pre-
sent in the blood of patients with breast cancer are strongly positive
for mesenchymal markers and weakly positive for epithelial
markers, indicative of the role of partial EMT in metastatic
dissemination of tumor cells [146].
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A subpopulation of CTCs is able to colonize distant organs and to
persist as DTCs. In turn, an even smaller fraction of DTCs is able to
progress to give rise to distant metastases. The metastatic niche
model proposes that DTCs seek out compatible niches able to
promote their survival and proliferation, and that the metastatic
niche evolves in association with disease progression [131]. The
“seed and soil” hypothesis first proposed the necessity of a specific
compatible “soil” for the growth of metastases, forming the basis
for the concept of the metastatic niche that is now supported by
recent experimental studies [79,80,154,155]. Metastatic niches can
be formed either on arrival of DTCs in the recipient tissue, or under
the influence of secreted factors or exosomes released by the pri-
mary tumor prior to the seeding of DTCs [156]. Many DTCs in bone
marrow of cancer patients have been found to have undergone EMT
[144,157]. Although this is an important finding, given that a sub-
population of DTCs are the precursors of macrometastases, it is not
yet possible to predict which specific DTCs will survive and escape
dormancy to give rise to such lesions. Bone marrow is a relatively
hypoxic environment, raising the possibility that hypoxia-induced
EMT processes in local stromal cells and arriving cancer cells pro-
mote colonization of the niche followed by a period of dormancy
[81,158,159]. Mounting evidence suggests the existence of pre-
metastatic niches in various organs including lymph nodes, lung,
liver, bone, and, to a lesser extent, the brain [155]. Metastatic niche
formation also occurs through occupancy of preexisting resident
stem cell niches by DTCs. For instance, DTCs derived from advanced
prostate carcinoma frequently metastasize to bone marrow in as-
sociation with the production and secretion of parathyroid
hormone-related protein (PTHrP) [160,161]. This protein promotes
bone remodeling, which likely facilitates the homing of DTCs to
bone marrow and their occupation of the osteoblastic niche for
normal hematopoietic stem cells [162,163]. In addition, interaction
of the osteoblast-derived chemokine CXCL12 (also known as SDF1)
with its receptor CXCR4 expressed on the surface of prostate cancer
Fig. 2. Tumor self-seeding by circulating tumor cells (CTCs). CTCs tend to reinfiltrate an e
dissemination. This process, known as “tumor self-seeding,” may have consequences for tu
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cells drives the homing of the cancer cells to bone marrow [162],
suggesting that the CXCL12-CXCR4 axis promotes the survival and
proliferation of DTCs. Neutralizing antibodies to CXCR4 have been
found to be effective for prevention of prostate carcinoma metas-
tasis in a preclinical model [164,165].

3.4. Dormancy of DTCs which potentially promotes metastasis and
chemoresistance

Metastasis development can occur after removal of the primary
disease and a long period of time without clinical symptoms.
Quiescent DTCs may thus exist undetected for long periodsdyears
or even decadesdand may account for prolonged asymptomatic
minimal residual disease and therapeutic resistance [158,166e168].
The bone morphogenetic protein (BMP) 4 inhibitor COCO (also
known as DAND5) was found to prevent the onset of dormancy in
solitary breast cancer cells by activating a self-renewal program and
restricting quiescence [169], suggesting that dormant DTCs may
need to inhibit BMP signaling in order to escape the quiescent state
and become proliferative. TGF-b2 and BMP4 or BMP7 signaling in
dormant DTCs derived fromHNSCC activates the mitogen-activated
protein kinase (MAPK) p38, inhibits the MAPK ERK, and induces
expression of the cyclin-dependent kinase inhibitors such as p21
and p27 [170]. Canonical (mediated by SMAD1 or SMAD5) and
noncanonical signaling by TGF-b2 results in up-regulation of the
transcriptional regulator DEC2 and BMP7 signaling and induces the
expression of NDRG1 in prostate cancer cells, which in turn leads to
induction of cell cycle inhibitors and cancer cell dormancy [171].
Importantly, systemic inhibition of the TGF-b2 receptor TGF-b-R1
or of p38 MAPK activity was found to awaken dormant DTCs and to
drive metastasis at multiple organs including liver, spleen, lung,
and bone marrow [170]. These findings thus suggest the impor-
tance of inhibition of TGF-b signaling for the activation of quiescent
DTCs.
stablished tumor, enriching it with aggressive cells that have withstood a period of
mor growth and the generation of metastatic cell progeny.
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Autophagy is an evolutionarily conserved process for the
degradation of cellular macromolecules and organelles [172,173].
Autophagy allows dormant DTCs to maintain metabolic robustness
while inhibiting signaling by the PI3K (phosphatidylinositol 3-
kinase)eAkt pathway [174]. For instance, ARHI, a RAS homolog
and promoter of autophagy that is down-regulated in ~60%e70% of
ovarian cancers, was actually found to be up-regulated together
with p21 in dormant ovarian cancer cells in vivo [175]. Inhibition of
autophagy with chloroquine in ovarian tumor cells that had been
rendered dormant by AHRI expression in vivo resulted in attenu-
ation of tumor regrowth. Autophagy is thus thought to promote the
survival of cancer cells during dormancy and to support their
resistance to therapy.

4. CD44 and system xc(¡) promote resistance to redox stress
in CSCs

4.1. The CD44v-xCT-GSH axis confers resistance to oxidative stress

The adhesion molecule CD44, which binds to ECM components
such as hyaluronic acid and osteopontin, has been identified as a
CSC marker [176e178]. Alternative splicing of the primary tran-
script of the CD44 gene results in the generation of various CD44
isoforms, which are classified as CD44 standard (CD44s) or CD44
variant (CD44v) depending on the absence or presence of se-
quences encoded by variant exons [179]. The isoforms CD44v3 and
CD44v6 enhance the metastatic potential and drug resistance of
breast cancer and malignant melanoma cells, respectively
[180e182]. CD44v3 interacts with monocarboxylate transporters 1
and 4, both of which are responsible for the transport of lactate in
breast cancer cells [182]. CD44v6 interacts with c-Met, a receptor
tyrosine kinase that binds HGF [183], and thereby increases the
potential of melanoma cells to migrate to distant organs such as the
brain [180]. Furthermore, CSCs that express CD44v8-10 are
enriched at the invasive front of gastric and breast carcinoma
[67,68]. The expression of CD44v8-10 was found to be inversely
correlated with that of c-MYC in a manner dependent on the tumor
microenvironment [68]. The RNA binding protein ESRP1 (epithelial
splicing regulatory protein 1) and the epigenetic modulator HP1g
(heterochromatin protein 1g) contribute to the alternative splicing
of CD44 pre-mRNA [184e187]. In addition, both normal and cancer
cells have been shown to change the splicing pattern of CD44 so as
to increase the expression of CD44v during the formation and
maintenance of organoids or spheroids in three-dimensional cul-
ture with ECM components, suggesting that expression of variant
isoforms of CD44 is associated with epithelial organization
[188,189]. Of note, gene set enrichment analysis (GSEA) showed
that the relation between CD44v-positive and -negative cells is
similar to that between induced pluripotent stem cells and mouse
embryonic fibroblasts [190], suggesting that CD44v might
contribute to maintenance of the undifferentiated stemlike
phenotype [191,192].

CD44v has also been implicated in resistance to oxidative stress,
with CD44v8-10 having been found to interact with and to stabilize
xCT (SLC7A11) at the cell surface [6] (Fig. 3a). xCT and CD98 heavy
chain (4F2) constitute an antiporter complex known as system xc
(�), which mediates the exchange of extracellular cystine for
intracellular glutamate [6,39,193]. Cysteine as well as glycine and
glutamate are essential substrates for the synthesis of the reduced
form of glutathione (GSH). The availability of cysteine is rate
limiting for GSH synthesis, however, with the result that the ESRP1-
CD44v-xCT-GSH axis is essential for the antioxidant system specific
to CSCs [2,6,190]. CD44v8-10 promotes GSH synthesis by facili-
tating the import of cystine, thereby increasing the intracellular
concentration of cysteine. The elimination of reactive oxygen
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species (ROS) by GSH inhibits the activation of p38 MAPK signaling
[6,194] and thereby prevents ROS-induced programmed cell death,
senescence, or differentiation of epithelial cancer cells. Further-
more, ferroptosis, an iron-dependent type of regulated necrotic cell
death, is related to excessive ROS-induced lipid peroxidation
[195e197]. Activation of system xc (�) prevents ferroptosis medi-
ated by glutathione peroxidase 4 (GPX4) [198,199]. The ESRP1-
CD44v-xCT-GSH axis in CSCs thus prevents oxidative stress-
induced cell death.

4.2. CD44v-xCT interaction plays an important role in both
carcinogenesis and metastasis

Infection with Helicobacter pylori is responsible for the devel-
opment of gastric adenocarcinoma [200]. The intracellular accu-
mulation of the protein encoded by cytotoxin-associated gene A
(CagA) of the bacterium as a result of impaired autophagy has been
observed in CSCs of gastric carcinoma [172,201,202]. Autophagy-
dependent degradation of CagA, which is a type IV secretion
effector of H. pylori, is activated by depletion of GSH and the
consequent increase in oxidative stress and activation of Akt
signaling [202]. Activated Akt in CD44v8-10enegative cells induces
degradation of the tumor suppressor p53 by the ubiquitin-
proteasome system, which in turn results in the degradation of
CagA. In contrast, given the resistance to ROS conferred by the
CD44v-xCT-GSH axis, gastric CSCs highly expressing CD44v8-10 do
not manifest the autophagy-dependent degradation of CagA and
contribute to carcinogenesis [202]. These findings thus indicate
that redox balance regulated by the CD44v-xCT-GSH axis de-
termines cell fate during the development of gastric cancer in a
manner dependent on the extent of CagA accumulation.

Regulation of redox stress is important not only for therapeutic
resistance but also for the metastatic potential of cancer cells [190]
(Fig. 3b). Highly metastatic murine 4T1 breast cancer cells include a
subpopulation positive for CD44v8-10, and 4T1 cells depleted of
ESRP1 form significantly fewer nodules and smaller metastatic foci
in the lungs after their injection into mammary fat pads than do
control 4T1 cells. Although loss of ESRP1 did not affect the
expression levels of E-cadherin, ZO-1, N-cadherin, vimentin, or key
EMT-related transcriptional factors, it shifted CD44 expression from
variant (epithelial) to standard (mesenchymal) isoforms [184,190].
Furthermore, microarray analysis showed that ESRP1-positive
cancer cells are undifferentiated relative to ESRP1-negative cells.
This finding is consistent with the notion that CD44v8-10epositive
tumor cells have a CSC-like phenotype, serving as the cell of origin
for metastatic lesions in the experimental model of aggressive
breast cancer [190]. ESRP1 likely serves as a determinant of CSC
robustness by promoting resistance to oxidative stress. Indeed,
tumor-entrained neutrophils were shown to accumulate in the
lungs before the arrival of metastatic cells as well as to inhibit lung
metastasis in a different murine model of metastatic breast cancer,
with this latter effect being mediated by the NADPH-dependent
generation of ROS [203,204]. Such an exogenous insult associated
with the premetastatic niche may contribute to selective evolu-
tionary pressure to enrich the CSC population.

4.3. Therapeutic targeting of system xc(�) with sulfasalazine

Sulfasalazine, a conventional agent used for the treatment of
inflammatory bowel disease and rheumatoid arthritis [205], in-
hibits the cystine transport activity of xCT. Given that targeting of
xCT with sulfasalazine increases the sensitivity of CD44v8-
10epositive cancer cells to oxidative stress [6], this drug has been
examined in clinical trials for patients with advanced gastric
adenocarcinoma or nonesmall cell lung cancer (NSCLC), both of
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Fig. 3. Regulation of redox stress by the ESRP1-CD44v-xCT-GSH axis. (a) Epithelial splicing regulatory protein 1 (ESRP1) contributes to alternative splicing of CD44 pre-mRNA that
generates CD44v8-10 (CD44v). CD44v stabilizes the xCT (SLC7A11) subunit of system xc (�) at the plasma membrane and thereby promotes the intracellular uptake of cystine.
Given that cysteine is an essential and rate-limiting factor for synthesis of the reduced form of glutathione (GSH), the interaction between CD44v and xCT protects cells from
oxidative stress and the induction of ferroptosis. (b) CD44v-positive cancer stem cells (CSCs) with high levels of GSH are predominantly responsible for colonization of the pre-
metastatic niche for breast cancer cells in the lungs. In contrast to CD44v-negative differentiated tumor cells, CD44v-positive cancer cells are sensitive to sulfasalazine (SSZ).
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which express CD44v8-10 [206e208]. This is a typical example of
drug repositioning [209,210]. Furthermore, CD44v8-10epositive
HNSCC cells have been shown to be susceptible to sulfasalazine,
whereas CD44v8-10enegative HNSCC cells are instead sensitive to
cetuximab, an antibody to the EGF receptor [211]. The survival and
proliferation of CD44v8-10epositive HNSCC cells thus depend on
xCT-mediated cystine transport, and inhibition of system xc (�) by
sulfasalazine selectively triggers ferroptotic death in these undif-
ferentiated cancer cells. Given the heterogeneity of CD44v
expression level among cancer cells in HNSCC, combination ther-
apy with both sulfasalazine and cetuximab may prove effective for
tumor eradication [211].

Transcription of the xCT gene is induced by redox stress due to
the depletion of cystine or exposure to electrophilic agents, with
this effect being mediated through binding of the transcription
factor Nrf 2 (nuclear factor erythroid 2erelated factor 2) to its
response element in the promoter region of the gene [39,212]. The
combination of sulfasalazine and auranofin, both of which are
disease-modifying antirheumatic drugs (DMARDs), simultaneously
inhibits cystine uptake by xCT as well as Nrf2-mediated transcrip-
tion of the xCT gene [213]. Indeed, translocation of Nrf2 into the
nucleus has been shown to increase not only xCT expression but
also cystine uptake, indicative of functional activation of system xc
(�) [39,214]. Exposure of normal airway epithelial cells to cigarette
smoke was recently shown to result in up-regulation of xCT [215],
likely as a consequence of transient activation of the Nrf2 signaling
pathway [214]. In many cases of NSCLC, the nuclear localization of
constitutively active Nrf2 as a result of loss-of-function mutations
of the gene encoding the ubiquitin ligase substrate-adapter protein
KEAP1 has been shown to prevent the chemotherapy-induced
accumulation of ROS [216], consistent with the poor 5-year over-
all survival rate of patients with NSCLC overexpressing xCT [215].
Also of note, system xc (�) is a key regulator of metabolic reprog-
ramming with overarching effects on glucose metabolism, gluta-
mine dependency, and the balance between reduced and oxidized
forms of glutathione in CSCs, all of which are determinants of
cancer development and progression.

5. Conclusion

The concept of CSCs in the field of oncology has attracted
increasing attention and has led to a growing interest in the mo-
lecular machinery underlying the therapeutic resistance attributed
to these cells. Resistance to conventional chemotherapy is thus
thought to emerge as a result of selective pressure that leads to
enrichment of drug-tolerant CSCs. In general, CSCs manifest
“robustness” with regard to their ability to repair DNA damage, to
withstand oxidative stress, and to adapt to characteristics of the
tumor microenvironment such as a deficiency of glucose and
growth factors, all of which properties contribute to the mainte-
nance of stemness. Given bona fide markers for the accurate
identification of CSCs have yet to be identified, it is important to
uncover the function of conventional CSC markers in the mainte-
nance of stemness. Indeed, CSC markers including CD44, CD133,
and EpCAM have been found to promote tumor progression,
metastasis, and chemoresistance through a variety of signaling
pathways. CD44v-positive cancer cells manifest an increased ca-
pacity to defend against oxidative stress as a result of enhanced
xCT-mediated cystine uptake and consequent GSH synthesis.
Furthermore, the favorable tumor microenvironment provided by
the CSC niche contributes to intratumoral heterogeneity with re-
gard to genetic alterations and epigenetic modifications. The
development of molecularly targeted drugs to eliminate CSCs is
thus being pursued as a “silver bullet” for eradication of cancer
composed of heterogeneous cell populations.
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