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Abstract Despite recent progresses in tumor therapy and
increased knowledge in tumor biology, tumor remains a com-
mon and lethal disease worldwide. Cancer stem cells (CSCs)
are a subset of cancer cells with a stem cell-like ability, which
may drive tumor growth and recurrence and are resistant to
many current anticancer treatments. Solid tumors are regarded
as “organs” which are comprised of cancer cells and the tumor
stroma. The tumor microenvironment makes up the stroma of
the tumor, which occupies the majority of the tumor mass,
including the extracellular matrix (ECM), mesenchymal stem
cells (MSCs), endothelial cells, immune cells, and, what is
more, networks of cytokines and growth factors. The micro-
environment or niche surrounding CSCs largely governs their
cellular fate. Recent work has revealed that the microenviron-
ment supports CSC self-renewal and simultaneously serves as
a physical barrier to drug delivery. The tumor microenviron-
ment plays pivotal roles in each stage of tumor development.
Knowledge about the interactions of CSCs with their micro-
environment would seem to be of most importance for devel-
oping new treatment strategies.
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Introduction

Cancer has been a frequent disease and the first or second
most common cause of death worldwide. Growing evidence
has implicated that cancer is a disease of stem cells. A novel
paradigm in tumor biology suggests that tumors are composed
of a mixture of cells with different characteristics that fulfill
different roles in tumor growth and a small proportion of the
cells within a tumor named cancer stem cells (CSCs) are
predicted as a critical population of tumor progression. In
recent years, the CSC theory has received much attention,
and the CSC model can explain clinical events such as therapy
resistance, metastasis, and tumor recurrence. The CSC model
presents tumor as a hierarchically organized tissue with CSC
population at the top that generates the more differentiated
bulk of the tumor cells. The first identification of cancer stem-
like cells in acute myeloid leukemia was soon followed by
similar results in solid malignancies, including colorectal,
breast, brain, prostate, liver, and pancreas [1-4]. CSCs share
important properties with normal stem cells, including self-
renewal and differentiation capacity. They can produce het-
erogeneous lineages of cancer cells and can cause expansion
of fully differentiated tumor cells [5, 6]. CSCs are both struc-
turally and functionally distinct from the other cells within a
tumor mass and are regarded as playing a central role in tumor
progression. They are characterized by their resistance to
anticancer therapeutics and are the root of tumor metas-
tasis and recurrence [7]. Current radio- and chemother-
apies kill the bulk of cancer cells but often are not able
to eliminate the critical CSCs, which are protected by
specific resistance mechanisms.
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Solid tumors are regarded as “organs” which are comprised
of cancer cells and the tumor microenvironment. The tumor
microenvironment includes the extracellular matrix (ECM),
mesenchymal stem cells (MSCs), endothelial cells, immune
cells, and, what is more, networks of cytokines and growth
factors [8]. CSCs also require a special microenvironment
which is known as “CSC niche” to regulate their stemness
and proliferation and save stem cells from depletion [9, 10].
There is now overwhelming evidence that CSCs interplay
closely with the tumor microenvironment and disrupting this
niche microenvironment impairs CSC self-renewal and there-
by significantly inhibits the growth of tumors. Some cancer
cells require coinjection with stromal cells to form tumors,
indicating that CSCs are supported by their surrounding mi-
croenvironmental factors [11]. CSCs may promote tumor
angiogenesis, and significant therapeutic advantage can be
achieved by treatment with an angiogenesis inhibitor. It is
known that CSCs not only merely adapt to the existing niche
but more aggressively generate such environment.
Understanding of the interaction between CSCs and their
niche could be a paradigm shift in the treatment of cancer,
thus improving therapeutic outcome (Fig. 1).

Properties of the ECM in the cancer stem cell niche

Analogous to the regulation of normal stem cells by their
“niche,” CSCs may represent plasticity whose phenotype
and function are continuously modulated by the tumor micro-
environment. The niche must have both anatomic and func-
tional dimensions, which specifically enable CSC reproduc-
tion or self-renewal [10].

ECM is secreted molecules, composed of biochemically
distinct components including protein, glycoprotein, proteo-
glycan, and polysaccharide which have different physical and

Fig. 1 Schematic representation
of interactions between cancer
stem cells and their tumor
microenvironment. Tumor
progression requires a
cooperative interplay between
CSCs and their niche. The

CSCs niche

biochemical properties. ECM is versatile, not only maintains
tissue structure but also performs a diverse set of regulatory
functions. As a major component of the microenvironment,
ECM takes part in most basic cell behaviors, from cell prolif-
eration, migration, to cell differentiation. Also, ECM is likely
to play important roles in tumor angiogenesis and
lymphangiogenesis [12, 13].

Mounting evidences suggest that ECM is an essential
noncellular component of the adult stem cell niche [12].
Contact with ECM is necessary for cells to acquire or maintain
stem cell properties. In contrast, the loss of ECM contact
reduces the number of stem cells in different vertebrate and
invertebrate systems [12]. In solid tumors, ECM has been
reported to be a physical barrier affecting the effectiveness
of therapeutics through blocking of intratumoral diffusion,
and this can protect the CSCs away from chemotherapeutic
agents [14]. It is shown that both tumor cell differentiation and
CSC characteristics are influenced by the mechanical proper-
ties of the niche. In hepatocellular cancer, increasing matrix
stiffness promotes proliferation and chemotherapeutic resis-
tance, whereas surviving cells from soft supports had signif-
icantly higher clonogenic capacity with enhanced expression
of CSC-related markers, including CD44, CD133, c-kit,
CXCR4, OCT4, and NANOG [15].

ECM is an obvious barrier to migrating cells, such as
cancer cells, MSCs, and immune cells, while being a promoter
of cellular movement after cleavage and remodeling [13].
Linearized cross-linked collagen bundles potentiate cell mi-
gration, whereas a dense network of stiff cross-linked matrix
fibers impedes migration [12]. ECM dynamics may result
from changes of the absolute amount or composition of
ECM. Its anomalies also deregulate the behavior of tumor
stromal cells, facilitate tumor-associated angiogenesis and
inflammation, and thus lead to generation of a tumor micro-
environment [12].
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Key cellular players of the cancer stem cell niche

Plenty of efforts have been devoted to determining how cel-
lular components of the tumor microenvironment initiate and
promote cancer development. CSCs are considered to form
their own microenvironment by recruiting and activating spe-
cific cell types. MSCs are one of the critical components
which secrete a variety of cytokines that have both paracrine
and autocrine functions in the tumor milieu. They are
immunoprivileged, serve significant roles in cases of malig-
nancy, and provide an advantageous tumor microenvironment
for the restoration of CSCs. Breast CSCs can produce
interleukin-6 which attracts and activates MSCs to produce
the CSC supportive cytokine CXCL7 [16]. MSCs promote
tumor growth and favor angiogenesis in the ovarian tumor
niche [17]. Also, MSCs have been implicated in tumorigene-
sis through multiple mechanisms, including promoting cancer
cell proliferation and metastasis and fostering angiogenesis, in
addition to the generation of an immunosuppressive microen-
vironment [18, 19].

Angiogenesis is a key factor in the growth and dissemina-
tion of cancer, with significant implications for its clinical
management [20]. The connection between CSCs and endo-
thelial cells seems to be critical. Endothelial cells may impact
biological behaviors of CSCs in the tumor microenvironment
by direct interaction with tumor cells as well as producing
factors [21]. Vascular endothelial cells of the niche can main-
tain the stem-like state of brain CSCs; in turn, CSCs promote
angiogenesis through the release of vascular endothelial
growth factor (VEGF) and stromal-derived factor 1 [22, 23].
In head and neck squamous cell carcinomas, endothelial cell-
secreted factors promote self-renewal of CSCs, as demonstrat-
ed by the upregulation of Bmi-1 expression [24]. The soluble
form of Jagged-1, which is produced by endothelial cells,
leads to Notch activation and thus promotes the CSC pheno-
type in colorectal cancer [25]. Endothelial cells are potent
inducers of the epithelial-mesenchymal transition in breast
epithelial cells with stem cell properties [26]. The combination
of chemotherapy and antiangiogenic therapy is able to reduce
the number of CSCs significantly.

The immune system has important roles in limiting the
spread of tumor. However, an immunosuppressive tumor mi-
croenvironment may eliminate the role of the immune system.
Tumor-infiltrating immune cells can promote chemoresistance
and metastatic spread in aggressive tumors. Tumor-associated
macrophages (TAM), the distinct alternatively activated M2
polarized population, have been shown to promote tumor an-
giogenesis, invasion, and metastasis in addition to their immu-
nosuppressive role [27, 28]. Reduction of the number of TAM
can decrease the number of CSCs in pancreatic tumors [29]. In
both human glioma samples and animal models, the distribu-
tion of TAM in the marginal area correlated with the location of
CD133+ glioma cells, and TAM can significantly enhance the

invasive capability of glioma stem cells through paracrine
production of TGF-31 [30]. Interestingly, CSCs are the major
subset which can render macrophages with the ability to facil-
itate the production of tumorigenic factors such as MFGES and
IL-6 [21]. Regulatory T cell (Treg) recruitment plays a pivotal
role in forming a VEGF-A-rich microenvironment and facili-
tating angiogenesis. On the contrary, CSCs also impact on Treg
mainly through their recruitment and function and also regulate
Tregs through a cell-to-cell contact mechanism induced by
B7-H1, a group of costimulatory inhibitory molecules [31].

Cytokine networks are important regulators

The CSCs are regulated by complex interactions with the
components of the tumor microenvironment. Cytokines play
pivotal roles in intercellular communication, and many of
them regulate the stem cell phenotype in a variety of contexts
including tumor. Cells in the tumor microenvironment can
produce factors that include VEGF, TGF-[3, matrix metallo-
proteinases (MMPs), FGF, HGF, EGF, SDF-1, IGF, PDGF,
Wnt, Notch ligand, and Hedgehog ligands, which stimulate
CSC self-renewal, induce angiogenesis, and recruit TAM,
neutrophils, and mast cells, which secrete additional growth
factors that promote tumor cell invasion and metastasis
[32-34].

Brain CSCs are able to promote recruitment and formation
of’blood vessels by secreting high levels of VEGF which is the
primary mediator in proangiogenic factors in this region of the
brain [35, 36]. In turn, exogenous VEGF stimulates CSC
proliferation via VEGFR2, while VEGFR1 has a negative
feedback effect on VEGFR2 when cells are exposed to a
higher concentration of VEGF [37]. VEGF promotes tumor
progression in different tumor models in an autocrine and
paracrine manner. Recent evidence indicates that tumor an-
giogenesis may be induced by CSCs due to angiogenic factor
expression in the tumor microenvironment. Antiangiogenesis
therapy targeting VEGF can deplete the tumor vasculature and
ablate self-renewing CSCs [38].

Recent evidence shows that cells which undergo epithelial-
mesenchymal transition (EMT) acquire stem cell-like proper-
ties [39]. TGF-f3 elicits tumor-promoting effects through its
ability to induce EMT; in addition, it exerts suppression of
immune surveillance and stimulation of angiogenesis via
effecting on nonmalignant cells of the tumor [40]. TGF-f is
a ubiquitous cytokine that plays an active role in many cellular
processes and it has opposing roles. Normal cell types have the
ability to secrete TGF-{3 which functions as a tumor suppressor,
and conversely, in tumor contexts, TGF-{3 promotes tumor cell
invasion and metastasis [41]. In glioma, CSCs can become more
invasive upon treatment with TGF-{3 [30]. TGF-[3 can increase
the number of CSCs through inducing EMT. Accumulating
evidence has demonstrated that TGF-f3 is often elevated in the
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tumor microenvironment and associated with advanced tumor
staging and in the regulation of CSC function, and CSC pheno-
types can be abrogated by the novel TGF-[3-targeting peptides.
Furthermore, TGF-{3 can play as a chemoattractant for infiltrat-
ing macrophage into the tumor microenvironment. Macrophage
in the niche is known to promote tumor invasion and metastasis
through facilitating angiogenesis and extracellular matrix break-
down, as well as reinforcing the immunosuppressive environ-
ment through further release of TGF-f3 [41].

Remodeling of the ECM is important in both physiological
and pathological processes, including angiogenesis, inflam-
mation, and tumor growth. MMPs are a family of zinc-
dependent endopeptidases that primarily degrade components
of ECM and further facilitate angiogenesis, tumor cell inva-
sion, and metastasis [42]. Also, MMPs constitute key players
in releasing cytokines, growth factors, and other cell surface
molecules [43]. MMP10 is highly expressed in CSCs, and
repression of MMP10 leads to a loss of stem cell-related gene
expression. A strong positive correlation is between tumor
MMP10 expression and metastatic behavior in many human
tumor types [44].

The cancer stem cell niche, hypoxia, and HIF

Hypoxia is one of the fundamental biological phenomena that
are intricately associated with a variety of solid tumors and
can enhance the phenotypes of CSCs. It is an essential feature
of the tumor microenvironment because of the chaotic vascu-
lature and poor oxygen diffusion in solid cancers. Increasing
evidence propose that CSCs exist in hypoxic microenviron-
ment, which may be beneficial for the maintenance of these
cells in virtually all tissues of the body. Hypoxia is a good
indicator of disease outcome because of selecting the
most invasive cancer cells and promotes resistance to
therapies [45].

Hypoxia is a predominant feature of glioblastomas which
can promote the self-renewal capability of glioblastoma cells
with upregulation of important stem cell factors, such as
OCT4, NANOG, and c-Myc, and slow down the growth of
glioblastoma cells which are in a relatively quiescent stage,
increasing the colony-forming efficiency and migration of
glioblastoma cells [46]. Hypoxia also enhances immunosup-
pression through potentiating the CSC-mediated inhibition of
T cell proliferation and activation in glioma and further
inhibiting macrophage phagocytosis compared to a normoxia
condition [47]. Hypoxia affects not only tumor cell autono-
mous functions, such as invasion and resistance to therapy, but
also nonautonomous processes, such as angiogenesis. The
reason why hypoxia poses a challenge to the field of antican-
cer therapeutics is that it provides a niche for quiescent, drug-
resistant cells, which may be identical to CSCs [48].

@ Springer

Hypoxia-inducible factor (HIF) orchestrates the expression
of a wide variety of genes thought to be critical for adaptation
to low oxygen [49]. Among the several angiogenic growth
factors, the HIF gene family is underscored as a prime driving
factor for the angiogenic switch. It becomes clear that tumors
harbor a myriad of ways to build their own vascular network.
HIF1« is required for migration and invasion and is able to
induce VEGF and VEGFR2. HIF 1« expression is correlated
significantly with microvessel density, which suggests that
HIF 1o may play a role in angiogenesis and tumor progression
via regulation of VEGF in colorectal cancer [50]. Several
studies have verified that hypoxia and high HIF1« can pro-
mote the EMT phenotype [51]. Moreover, as a potential target
for tumor therapy, HIF 1 & can eliminate toxic metabolic waste
products generated which occur during hypoxia [52]. HIF2«,
which is essential only in CSCs, and multiple HIF-regulated
genes are preferentially expressed in CSCs in comparison to
differentiated tumor cells [53]. Analysis of a molecular data-
base reveals that HIF2x expression correlates with poor glio-
ma patient survival and may represent a promising target for
therapy [54]. Moreover, in breast cancer, hypoxia can promote
metastasis through activation of HIF which mediates paracrine
signaling between cancer cells and MSCs [55].

Exosomes: biogenesis and functions

Most studies focus on the cytokines or enzymes, through which
the intercellular communication is mediated. Intercellular ex-
change of bioinformation-containing exosomes/microparticles
is an increasingly important mode of cell-cell communication
[56]. Exosomes are lipid vesicles that are <1 pm in diameter
and are secreted by many cells, including MSCs, macrophages,
some cancer cells, dendritic cells, B cells, T cells, mast cells,
and endothelial cells. They are membrane vesicles equipped to
mediate intercellular communication via the transfer of infor-
mation, which are released following a process of budding and
detachment from donor cells [57]. Bidirectional exchange of
genetic information between cancer cell horizontal and the
niche plays an important role to maintain the tumor. By facil-
itating the transfer of bioactive molecules such as mRNAs and
microRNAs (miRNAs), they are now thought to have vital
roles in tumor invasion and metastasis, inflammation, and stem
cell renewal [58]. Multidrug resistance (MDR) is caused by the
overexpression of the efflux transporters P-glycoprotein (P-gp)
and multidrug resistance-associated protein 1 (MRP1).
Intercellular transfer of functional P-gp via exosomes is a novel
mechanism for the acquisition of MDR in cancer cells [59].
Nowadays, greater attentions come into miRNAs due to
their regulatory effects on cancer cell progression. miRNAs
are small, evolutionarily conserved, noncoding RNAs of 18-25
nucleotides in length that have an important function in gene
regulation and can be deregulated in cancer [60]. miRNAs have
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been shown to act as tumor suppressors or oncogenes and also
been found to play important roles in normal and CSC function.
miR-328 inhibits the number of SP cells and reverses drug
resistance in colorectal cancer [61]. miR-130b exhibits an in-
creased ability of proliferation, self-renewal, and resisting stan-
dard chemotherapy in hepatocellular CSCs [62]. miR-199a tar-
gets CD44 to suppress the tumorigenicity and multidrug resis-
tance of ovarian CSCs [63]. Increased miR-200c level can
significantly inhibit the malignant CSC-like properties of
ALDH (+)/CD44 (+) cells in head and neck cancer [64].
miRNAs exert a broad regulatory role on tumor development;
therefore, miRNA-based therapeutics that specifically target
CSCs establish a strong rationale for effective cancer therapies.

More recent data have demonstrated that macrophages are
able to produce exosomes which shuttle miRNAs into adja-
cent tumor cells within the microenvironment and miR-223 is
found increasing in breast cancer cells following coculture
with TAM [65, 66]. MSCs also can facilitate miRNA-
mediated intercellular communication by secreting pre-
miRNA-enriched exosomes [67]. In the tumor microenviron-
ment, miRNAs can be engulfed by immune cells surrounding
cancer cells and bind to toll-like receptors (TLRS). As a result,
the binding miRNAs lead to NF-kB signaling activation and
promote cancer cell growth and metastasis [68]. There is an
intriguing possibility that stem cells can alter the expression of
genes in neighboring cells by transferring miRNAs contained
in exosomes [69].

There are two main hypotheses about the cellular uptake of
miRNAs. For exosomes containing miRNAs, it has been
proposed that they are delivered to cells either by a process
involving endocytosis or by membrane fusion [70, 71].
Exosomes may be useful therapeutic tools for transferring
mRNA, miRNAs, and protein to cells and may be important
mediators of signaling within the CSC niche. In addition, the
niche microenvironment seems to be of crucial importance,
and the interaction between CSCs and their niche microenvi-
ronments creates the dynamic system necessary for the ulti-
mate design of cancer therapeutics [35, 72].

Summary and clinical implications

The CSC theory is tremendously attractive to both researchers
and physicians, because the CSCs are central to cancer cell
biology and cancer therapy. The proposed plasticity of CSCs
suggests that not only CSCs produce more differentiated
descendants but also non-CSCs can be converted to CSCs
through EMT mediated by microenvironmental signals [73].
Cancer development is not solely a cell-intrinsic process driv-
en by the collection of epigenetic or genetic mistakes in
transformed cells, but one that also depends on their microen-
vironments. The microenvironment surrounding CSCs plays
multiple roles including as a mechanical anchorage for the

stem cells and in cross-talk communication mediated by direct
contact and/or indirect extracellular factors. CSCs protect their
niche and, vice versa, the niche contributes to enhance therapy
resistance of CSCs [74, 75].

We anticipate that a therapeutic benefit may be gained by
targeting several of the described components of the microen-
vironment including depleting the ECM, antiangiogenesis,
and elimination or reprogramming of the immunosuppressive
tumor microenvironment. Antiangiogenesis agents are open-
ing new avenues for targeted cancer therapy. Interfering with
tumor endothelial cell growth and survival could inhibit not
only angiogenesis but also the self-replication of CSCs [76].
Thus, therapeutic targeting of the vasculature could disrupt the
CSC niche microenvironment as well as simply achieving
tumor eradication. A rapidly developing field in cancer ther-
apeutics is targeting miRNAs, which exhibit aberrant levels in
cancer cells. Functional studies of specific miRNA regulation
involving CSCs and their microenvironment are necessary to
find a therapeutic target. Moreover, as we mentioned above,
pro-dedifferentiation and CSC maintenance cytokine block-
ade in the tumor microenvironment could attenuate tumor
formation. Our research found that [IFN-y showed synergistic
effects with the conventional anticancer drug oxaliplatin to
eliminate both CSCs and differentiated cancer cells in colo-
rectal cancer [75]. Therefore, understanding the cross talk
between CSCs and the niche may help us design new thera-
peutic strategies and pave the way for the development of
newer strategies for treating cancer [8].
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