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Abstract

The niche is the environment in which stem cells reside and is responsible for the maintenance of
unique stem cell properties such as self-renewal and an undifferentiated state. The heterogeneous
populations which constitute a niche include both stem cells and surrounding differentiated cells.
This network of heterogeneity is responsible for the control of the necessary pathways that
function in determining stem cell fate. The concept that cancer stem cells, a subpopulation of cells
responsible for tumor initiation and formation, reside in their own unique niche is quickly evolving
and it is of importance to understand and identify the processes occurring within this environment.
The necessary intrinsic pathways that are utilized by this cancer stem cell population to maintain
both self-renewal and the ability to differentiate are believed to be a result of the environment
where cancer stem cells reside. The ability of a specific cancer stem cell niche to provide the
environment in which this population can flourish is a critical aspect of cancer biology that
mandates intense investigation. This review focuses on current evidence demonstrating that
homeostatic processes such as inflammation, epithelial to mesenchymal transition, hypoxia and
angiogenesis contribute to the maintenance and control of cancer stem cell fate by providing the
appropriate signals within the microenvironment. It is necessary to understand the key processes
occurring within this highly specialized cancer stem cell niche to identify potential therapeutic
targets that can serve as the basis for development of more effective anticancer treatments.

Keywords

cancer stem cell; niche; microenvironment; inflammation; hypoxia; angiogenesis; vascular niche;
EMT; tumor dormancy

Stem cell populations are enriched in specific anatomical locations and require both
distinctive and specific microenvironments. The niche is the microenvironment in which
stem cells reside and is responsible for the maintenance of unique stem cell properties such
as self-renewal and an undifferentiated state. Niches are composed of heterogeneous
populations including stem cells and surrounding differentiated cells that control critical
intrinsic factors necessary in determining stem cell fate. These critical factors include
stromal support cells, soluble factors, extracellular matrix proteins and blood vessels.! The
concept involving the existence and role of cancer stem cells was first described in 1994 by
Lapidot et al. in a model of acute myeloid leukemia (AML).2 To date, cancer stem cell
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populations have been identified in numerous solid tumors including those of the breast,3
brain,* prostate,> colon,8 pancreas® and liver.10 Cancer stem cells (CSCs) are characterized
by their ability to self-renew, differentiate and initiate tumors.19-12 The concept of a CSC
niche is derived from the similarities that exist between normal stem cells and CSCs. The
signaling pathways utilized by both normal stem cells and CSCs overlap and are based on
embryonic signaling pathways which allow self-renewal. To date, our understanding
regarding stem cell regulation has expanded due to intense investigation of the processes
occurring within this unique microenvironment.

To begin to understand the processes that may occur within the CSC niche, it is necessary to
understand the components which define a normal stem cell niche. Stem cells are the
foundation for developmental hierarchy and are controlled within their highly specialized
microenvironments that function to maintain and promote stem cells. The intrinsic factors
that are necessary in determining cell fate are crucial in maintaining and defining stem cell
fate. Embryonic stem cells (ESC) are conventionally derived from the inner cell mass
(ICMs) of blastocysts during embryonic development. However, recent reports demonstrate
that ESCs can be derived from single blastomeres and these ESCs are capable of
differentiating into the three germ layers.13-15 ESCs are pluripotent cells that have the ability
to differentiate into all of the cells and tissues of the body (reviewed in Ref. 16). The
molecular mechanisms used to maintain both the ability of an ESC to self-renew and remain
pluripotent are not completely defined, but it is clear that the microenvironment is
responsible for providing the necessary extrinsic cues. It is well established that the
transcription factors Oct4, Nanog and Sox2 are essential regulators of ESC pluripotency.
These transcription factors are responsible for the transcription of genes necessary to
maintain stemness and also responsible for ensuring genes involved in cellular
differentiation are transcriptionally silenced.1” The proper maintenance and regulation of the
ESC microenvironment is crucial to normal development. Interestingly, there have been
studies performed that demonstrate the proteins contained within the blastocyst have a
cancer inhibitory effect if exposed to tumor cells derived from various carcinomas.1® It has
also been proven that injection of carcinomas into mouse blastocysts can result in a healthy
chimera of normal mouse and human cells in all tissues (reviewed in Ref. 17). This
inhibitory effect by the blastocysts niche occurs by activation of programmed cell death
pathways and by epigenetic reprogramming of tumor cells!® thereby, demonstrating the
significance of the ESC microenvironment in controlling stem cell fate. However, although
key genes have been identified to maintain pluripotency and it has been shown that the
mouse ESC niche has the capability of reprogramming tumor cells, the exact biological
mechanisms occurring within the ESC niche still remain largely unknown.

Niches for mammalian adult stem cells have been identified in the intestinal, neural,
epidermal and hematopoietic systems.20 Adult stem cells (ASC) are defined by their ability
to replenish dying cells and regenerate damaged tissue. ASCs, unlike ESCs, are multipotent
as they are lineage restricted to the tissue in which they reside. The extracellular matrix
(ECM) is responsible for retaining stem cells within a specialized environment and in
combination with support cells initiates signal transduction events and presents immobilized
growth factors including cytokines such as stem cell factor (SCF) and leukemia inhibitory
factor (LIF).21 Cell to cell interactions between the stem cells and support cells, interactions
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between stem cells and ECM, and both the composition of ECM and the physicochemical
environment are all key contributing factors in proper stem cell maintenance. The
identification of the mechanisms and signaling processes occurring within the niche have
been complicated by the fact that stem cells represent such a rare population and are difficult
to identify /n vivo. However, despite this difficulty, the hematopoietic system is the most
understood in terms of niche maintenance and serves as a useful model in identifying and
understanding stem cell niches in other mammalian tissues. Various signaling pathways have
been identified within several mammalian adult niches including Activin/Nodal, AKt/PTEN,
BMP, JAK/STAT, PI3K, TGF-B, Wnt and cell cycle pathways.22 These pathways have been
shown to function in the maintenance and control of ESCs, ASCs and CSCs demonstrating
the similarities which exist between SC niches.

In regards to the development of treatment and the role stem cells may play is best described
in terms of pediatric cancers. It has been proven and shown that for the treatment of pediatric
hematologic malignancies; allogeneic stem cell transplantation (SCT) is the best form and
most curative of the cellular immunotherapies available for childhood cancers.23 Hence, the
relationship between stem cells and pediatric cancers is well understood and established.
The connection between CSCs or TICs and childhood cancers we believe can serve as a
model for the function of CSCs in adult cancers. Neuroblastoma, a pediatric tumor believed
to derive from the embryonic neural crest, has been shown to contain a CSC population
isolated from both tumors and bone marrow metastases.24 The ability to isolate and identify
this unique population from high-risk neuroblastoma patients demonstrated a role for these
cells in tumor development. In addition, Hansford et al. demonstrated that CSCs could be
isolated from the bone marrow of patients in clinical remission suggesting CSCs could be
useful in the prediction of patient prognosis and serve as a bio-marker.24 The ability to
identify these cells in patients considered under clinical remission provides further evidence
for their ability to withstand traditional treatments and provide new avenues for therapeutic
development.

Medulloblastoma is the most frequent type of solid tumor and the leading cause of cancer
related deaths in early childhood. The identification of CSCs within this cancer type has
given new targets for therapeutic development. The tie between medulloblastoma
development and CSCs had led to intense investigations determining the signaling pathways
which mediate the switch from normal neurogenesis to tumorigenesis. Specifically, the
TGFp pathway has been shown to regulate neural stem cell proliferation and tumor
development providing a target for drug development in pediatric brain cancer.2®
Additionally, using medulloblastoma as a model for investigating CSCs has served as
extremely useful in identifying the Notch pathway, known to function in differentiation and
metastasis, as a contributor to osteosarcoma metastasis. Notch signaling has also been shown
to function as a promoter of medulloblastoma stem cell survival thereby, contributing to
angiogenesis in neuroblastoma.28 Lastly, Wilms tumor, a type of pediatric kidney cancer, has
been used to compare the whole genome between undifferentiated “blastemal” cells
representing embryonic renal tissue derived from tumors, normal kidney, fetal kidney and
human ES cells. Analysis and comparison of these whole genomes highlighted the
importance of an interconnected network which drives Wilms tumor formation and overlaps
with critical genes that function as regulators of kidney development. Specifically, the
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identification of Polycomb repression as a critical player in both ESCs and Wilms tumors
was shown. The use of whole genome analysis in this context further demonstrates the
similarities which are present between ESC and tumor tissue and expansion of these types of
studies to additional cancers can function to identify additional mechanism(s) contributing to
tumor development and CSC maintenance.2” These data suggest that the presence of CSCs
within cancers, specifically pediatric cancers, provide the tumor with an advantage to resist
traditional therapies and their ability to do so may lie within the similarities they have with
ESCs. The regulatory mechanism(s) which are used by both ESCs and CSCs are not fully
known and we believe to understand this, the environment in which these cells flourish must
be investigated.

To date, our understanding of the microenvironment is limited and under intense
investigation. To further understand and elucidate the biology occurring within the CSC
niche, it is necessary to understand the key processes occurring within the microenvironment
which define stem cell fate to potentially identify targets which function to sustain this
population. Additionally, it is of great interest to define the processes which allows the niche
to provide survival signals to CSCs in response to both chemo- and radiotherapies (reviewed
in Ref. 28) as they can serve as potential therapeutic targets. It is hypothesized that CSCs
may arise from aberrant signaling from the microenvironment and flourish due to a
deregulated environment conducive to the preservation of malignancy. The ability of the
CSC niche to sustain this rare and lethal population by manipulating homeostatic processes
such as inflammation, epithelial to mesenchymal transition (EMT), hypoxia and
angiogenesis is the focus of this review (Fig. 1). Herein, we will focus on these various
biological mechanisms that may be occurring within the CSC niche that contribute and
participate to CSC maintenance.

Epithelial to Mesenchymal Transition and Inflammation as Regulators of the
CSC Niche

Epithelial to mesenchymal transition or EMT is a process that was first observed by Betty
Hay to occur during normal organismal development.22:30 Early in embryogenesis, certain
lineages of epithelial cells give rise to cells with a more mesenchymal phenotype.3! This
transformation results in a loss of cell polarity, loss of cell-to-cell adhesion contacts and
more importantly, an enhanced ability to migrate and invade the local tissue.2%-31 In recent
years, the process of EMT has been significantly investigated as a contributing factor to the
progression of cancer.32 Even more recent is the hypothesis that CSCs demonstrate very
similar properties to these transitioned mesenchymal cells33:34 and furthermore, these CSCs
also are much more invasive than their nonstem cell counterpart.32:36

The process of EMT is controlled by the presence of specific signaling molecules within the
microenvironment or niche, and is ultimately what triggers this transition to occur. Similarly,
it is thought that the expansion of the CSC compartment is also controlled by the molecules
present in its niche, and perhaps that overlap exists between the two microenvironments.
37-43 Eyrther complicating this idea is the presence of normal adult stem cells (ASCs), which
can be also be activated for their expansion using similar signals.?
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The connection between EMT and cancer progression with regards to microenvironment is
strongly tied to the inflammatory process and wound healing.*® Recent data suggests that
one in five cancer deaths are due to malignancies triggered by chronic inflammation and it
has been linked to the proliferation and metastasis of tumors 46 The most common
inflammatory molecules present within the microenvironment that can regulate both
processes include 1L-6, IL-8, TGF-B1, NFxpB, TNFa and HIF-1a31:3234 (Fig. 2). The
binding of these signaling molecules to their respective receptors results in massive changes
in downstream signaling molecules, which also overlap between the processes of EMT,
inflammation and the expansion of the CSC population.#447 The downstream pathways
known to regulate CSCs include: Wnt, SHH, Notch, TGF-p and RTKs-EGF, FGF, IGF and
HGF.48-51 These pathways are controlled by cues from the microenvironment and have been
reviewed intensely over the last few years.

In support of this connection between EMT and inflammation is the observation that a
strong association exists between hypoxia and EMT. The key downstream regulators of
EMT, Snail and Twist are in fact activated by hypoxia-inducible factor-1 a (HIF-1a).52
Hypoxia has been shown to activate EMT in tumors by increasing expression of CSC genes
which regulate their properties of self-renewal including Wnt and Notch (as reviewed in Ref.
34). Another inflammatory mediator, TNFa has also been recently shown to affect the
process of EMT 23 In line with this evidence, TGF-B-induced EMT is accelerated
dramatically by the presence of activated macrophages and TNFa is the critical factor
produced by macrophages that accelerates the EMT.>*

The Role of NFxp in Maintaining CSCs

Many of the converging inflammatory cytokines first introduced to regulate the CSC
microenvironment have been shown to activate the NFxp signaling pathway and recent
evidence demonstrates that NFxp regulates the EMT inducers Slug, Snail and Twist (as
reviewed in Ref. 34). This interesting connection led us to examine the role NFxf may be
playing in maintaining the CSC population by conferring signals from the extracellular
environment. For example, in pancreatic cancer cells, NFxp promotes not only EMT, but
also migration and invasion of these cells.>® In mouse skin cells, inhibition of reactive
oxygen species or ROS-induced NFxp can abrogate TGF-B-induced EMT.56 Breast CSCs
demonstrate that TNFa up-regulates SLUG with a dependency on canonical NFxB /HIF-1a
signaling, which is strongly enhanced by p53 inactivation.>” Interestingly, in ovarian cancer
stem cells (OCSCs), a major characteristic of CD44* cells is the presence of constitutively
active NFxB,% which is enhanced by the ligation of TLR4 and TNFa. By inhibiting NFxB,
the group could promote apoptosis of OCSCs and inhibit both the constitutive and TNFa-
induced NFxp activity. Additionally, when prostate CSCs were treated with parthenolide, a
drug known to inhibit NFxB, the cells were not able to survive or form xenografts in mice.>®
Likewise, in myeloid-derived precursor cells (MDSCs), the precursors to gastric cancer,
activation of NFx leads to an increase in the production of IL-6, TNFa and stromal-derived
growth factor-1 (SDF-1).89 A final piece of evidence linking NFxp and CSCs is that NFxB
is hypothesized to regulate secretion of growth factors from the bone marrow environment®!
and each of these cell types mentioned above responds to growth factor signaling. Thus, the
regulation of CSCs and other stem cell systems by activation of NFxB from the
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microenvironment is of significant interest, especially when trying to understand the
molecular regulation governing these cell types. Thus, NFxB signaling maintains not only
the process of inflammation and EMT, but also the signals conveyed by the CSCs niche.

Within the stem cell niche, there also exist normal mesenchymal stem cells (MSCs) derived
from either stromal tissue or recruited from the bone marrow.52 It is thought that the MSCs
reside in a perivascular niche where they associate with blood vessels.®3 The relationship of
normal stem cells and CSCs are their close interrelationship with the vasculature.%4 It is
thought that the CSCs are regulated by their perivascular micromilieu now referred to as the
vascular CSC niche of which VEGF seems to be the most important molecule.

The Role of IL-6 in Maintaining CSCs

The inflammation-based pathway that activates the STAT transcription factors mentioned
previously is interleukin-6 (IL-6) signaling. IL-6 is a pleiotropic molecule most notably
regulating proliferation, differentiation and functional maturation of multiple hematopoietic
cell lineages.5%:66 |L-6 functions by binding to its receptor IL-6R present on target cells and
further associating with an affinity converter gp130 (8-chain, CD130).%7 In addition to
contributing to cancer regulation, an increased production of IL-6 has also been implicated
in Alzheimer’s disease, autoimmune diseases including rheumatoid arthritis and chronic
inflammation.8 Additionally, the 1L-6 cytokine family contains interleukin-11 (IL-11),
oncostatin-M (OSM) and leukemia inhibitory factor (LIF). This makes IL-6 an attractive
target for therapy since neutralizing antibodies or competitive inhibitors are being
synthesized to directly target their activation.

With regard to stem cells, LIF has been found to support the undifferentiated state of mouse
ES cells by activation STAT3:%9 however, LIF alone cannot maintain this state in human ES
cells.”0 It has been shown that FGF and TGF-B are key regulators in self-renewal and
maintenance of these cells.”1-74 One explanation to this obvious disconnect between mice
and man is that mouse cells might have temporary cell surface expression of gp130 and the
LIF receptor (LIF-R) and although human ES cells do express gp130, they may not express
LIF-R at its cell surface. Thus, stimulation with LIF would not be able to block their
differentiation.’® In the hematopoietic system, however, functional activation of gp-130-
mediated STAT1/3 signaling is required for the normal balance of hematopoietic progenitors
during fetal and adult development.”8 Early hematopoietic stem cells express low levels of
gp130 receptor; however they do not express IL-6R,’7 further demonstrating the role 1L-6/
IL-6R plays in maintaining early progenitor cells. In later stages of hematopoietic
development, stimulation with IL-6 induces differentiation of murine ES cells by down-
regulating the Wnt/B-catenin pathway.

With regards to CSCs, in breast CSCs, IL-6 induces malignant features in Notch-3
expressing cells isolated from human ductal breast carcinoma and normal mammary gland.
78 Furthermore, in glioblastoma stem cells (GBM-SC), targeting the expression of IL6R or
IL6 ligand expression with short hairpin RNAs (shRNAS) significantly reduces growth and
neurosphere formation capacity and induces apoptosis.’® The role of STAT3 in CSC
regulation has only recently been investigated, yet higher levels of STAT3 have been
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demonstrated in CSCs isolated from liver, bone, cervical and brain cancers.”®-84 Treatment
of putative GBM-SC with an inhibitor of STAT3 called Stattic results in a dramatic reduction
in their formation.84 In addition, in prostate cancer, the production of 1L-6 can confer a
survival advantage to local stem cells, which is a proposed method to facilitate
tumorigenesis.8® Stattic has been shown to inhibit invasive prostate cancer cells which
demonstrate a stem-like phenotype.88 Clearly, the above evidence demonstrates a significant
role for IL-6 signaling in regulating not only normal but also CSC populations in various
cancer models. The many sources of IL-6 in the microenvironment contribute to the
regulation of this unique population of cells.

Additional Chemokines Regulating CSCs

CXCR4

ROS

Additional evidence also suggests the chemokine SDF-1a (SDF-1a/CXCL12) and its
receptor CXCR4 are key regulators in facilitating breast cancer metastasis to distant organs
such as bone marrow, liver and lung tissues (reviewed in Ref. 87). Presence of CXCR4 on
breast cancer cells promotes cell proliferation, migration and invasion, but recently has also
has been shown to mark the CSC population of cells within a heterogeneous tumor.88-91 The
main source of SDF-1a is secreted from MSCs present in such tissues as the liver, lungs,
lymphatic tissues and the marrow,%2 and it is widely accepted that its predominant role is for
homing and maintenance of HSC in the marrow niches. It is not surprising then that CXCR4
expression is also found on CSCs and could function as a major regulator of CSC homing
and dissemination within the niche environment.

Furthermore, a connection between ROS itself and EMT has also recently been made.® It is
thought that ROS contribute to EMT due to increased levels of TGF-p, TNF-a, HIF-1 a,
MMP-3 and TPA, as well as HGF, EGF and certain micro-RNAs.%3 As reviewed by Pani et
al., ROS can also contribute to the CSC.% Pani et al. point out that normal stem cells prefer
a glycolytic microenvironment to maintain homeostasis within their niche, whereas CSCs
seem to have a preference for a hypoxic microenvironment. Although The Warburg effect
has since been demonstrated in different types of tumors and a vast number of these cells do
display an increase in glucose uptake, it is well known that not all cells in the tumor react in
this manner.% It is possible that the CSC populations are these nonreactive cells.
Interestingly, it has also recently been shown that the tumor stroma of human breast cancers
shows a transcriptional shift towards oxidative stress, DNA damage/repair, inflammation and
hypoxia, consistent with the “Reverse Warburg Effect.”% In addition CSCs isolated from
mouse and human mammary glands demonstrate a lower content of ROS compared to their
more differentiated progeny.®’ For example, increased levels of the antioxidant genes GSH
and FOXO-1 in breast CSCs actually leads to resistance to radiomimetic and pro-oxidant
chemotherapies. Thus, to eradicate the CSC compartment completely, new cancer treatments
will have to be developed with the lower ROS levels in mind. Perhaps targeting of ROS
could lead to the reversal of EMT features and selectively kill the CSCs.
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The Role of HIFs and Hypoxia In the Maintenance of a CSC Niche

The ability of the stem cell niche, embryonic, adult or cancer, to maintain cells in an
undifferentiated state are critical and although not fully characterized, it is hypothesized that
a hypoxic state is necessary. In human development, organogenesis occurs under
physiological hypoxic conditions that are maintained by multiple processes and pathways
including hypoxia-inducible transcription factors (HIFs), mammalian target of rapamycin
(mTOR) and the endoplasmic reticulum (ER) stress response.?8 In culture, it has been
demonstrated that hypoxia, a level of ~3% O, is necessary for the maintenance of an
undifferentiated state of ESCs and in a normoxic environment, a level of ~21% O,, there is a
decrease in the percentage of single-cell embryos developing to blastocysts.?® ESC colonies
maintained at low O, levels have better morphology and lower spontaneous differentiation
as well.190 |t has previously been shown that the maintenance of an undifferentiated state
can be reversed by culturing in normoxic conditions or by Notch inhibition.%® Notch
signaling is critical in stem cell maintenance and in the regulation of angiogenesis as well.
The ability to inhibit maintenance of an undifferentiated state by changing oxygen
availability demonstrates the critical balance deemed necessary within the
microenvironment. Additionally, within the ESC niche, it appears that the major signaling
pathways involved in maintenance of an undifferentiated state in hypoxic conditions include
FGF, TGF-B/BMP and Wnt pathways.190 ESC cells cultured in normoxic conditions do
maintain pluripotent ability, but over time lose this phenotype and begin to differentiate
demonstrating that a hypoxic environment is necessary for full pluripotency.98

Stem cell niches are often located in anatomical regions characterized by hypoxic conditions
as they require low levels of oxygen to minimize damage caused by DNA oxidation. The
effect of oxygen levels on stem cells is best understood using HSC as a model as the bone
marrow microenvironment is hypoxic. It is believed that the advantage HSCs have in
residing in a hypoxic niche is the ability to undergo slow-cycle proliferation without
undergoing DNA damage. Mesenchymal stem cells (MSCs), a major component of the
stromal cell system, reside within the marrow and have the ability to maintain self-renewal
properties and can differentiate into various connective tissue lineages including osteogenic,
chon-drogenic and adipogenic differentiation.191.102 The relationship between oxygen and
MSCs is under intense investigation as MSCs reside in locations close to the vascular
structures but the tissues where MSCs are found exhibit low oxygen levels.191 The exact
mechanism(s) by which oxygen regulates MSCs is unknown but it is clear that oxygen is a
critical regulator of MSC fate. Additionally, a link between the role of oxygen in the
regulation of the neural stem cell (NSC) niche has come to light. The human brain appears
to reside within a physiological oxygen gradient in which the NSCs are located in a hypoxic
environment that maintains NSCs in their undifferentiated state. NSCs have the classic stem
cell characteristics which include self-renewal and the ability to differentiate into astrocytes,
oligodendrocytes and neurons.191 As stated, hypoxic conditions and oxygen levels are key to
the maintenance of an undifferentiated state for stem cells from various origins, importantly,
common regulators of hypoxic conditions within these niches are the HIFs. Stem cells
exhibit an increased capability for DNA damage response and are protected from oxidative
damage by expressing HIF-1a, a transcriptional regulator of critical growth factors.193
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It is established that solid tumors are characterized by their poorly vascularized regions and
flourish under hypoxic conditions. The ability of malignant cells to survive hypoxic
conditions is under the regulation of HIFs (HIF-1a and HIF2a.) that are capable of
mediating transcriptional responses and activate specific signaling pathways, such as Notch
and Oct4, which are known to regulate stem cell fate (Fig. 3). Specifically, it is advantageous
for the tumor to survive under hypoxic conditions; therefore, it is proposed that CSCs
specifically thrive within the hypoxic tumor microenvironment as necessary stem cell
regulators are activated.

HIFs contribute to tumor progression, cell survival and metastasis. Hypoxic conditions also
play a key role in therapeutic resistance. HIF targets genes such as VEGF, GLUT-1,
ADAM-1, Oct4 and Notch, crucial regulators of angiogenesis and the maintenance of stem
cells (Fig. 3). Hypoxia and the HIFs have been shown to increase proliferation, increase self-
renewal and increase tumorigenicity, all established characteristics of CSCs.104 Hypoxia has
been shown to regulate and increase expression of CSC surface markers such as CD133,
CD44 and CSC related genes such as Sox2.194 Additionally, TGF-B, a regulator in the
maintenance of stem cells, has also been shown to induce HIF stabilization, further
demonstrating the importance of CSCs to reside and maintain a hypoxic environment for
survival by interacting with the microenvironment. Recently, Das et al. have shown that side
population (SP) cells, another method used to isolate CSCs, localize in hypoxic areas of
solid tumors /n vivo and that SP cells migrate to areas of hypoxia in nude nice, 195 showing
further evidence for the hypothesis that a CSC niche is characterized by a hypoxic
environment.

Another advantage CSCs have by residing in hypoxic conditions is that there is irregular
activation of the HIF complex resulting in disruptive changes in the ‘angiogenic factor
gradients’ contributing to the formation of necrotic regions. Additionally, hypoxic conditions
increases intracellular ROS resulting in the induction of an integrated stress response, which
promotes cellular survivall% |eading to an advantage for tumor cells.

An additional factor that may serve to be critical in CSC maintenance is the relationship that
exists between hypoxia and ECM remodeling. Both embryonic and tumor cells invade
peripheral tissues and migrate though various microenvironment, therefore, ECM
degradation is key in tumor invasion. The upregulation of proteolytic enzyme expression or
activity as a result of an hypoxic environment leads to an increase in invasion.197 In regards
to CSCs and metastasis, this is a key survival mechanism and process necessary for tumor
cells to continue proliferation and survive under stressful conditions. Additionally, it also
provides an environment in which tumor cells can continue to undergo genetic and adaptive
changes that favor a malignant phenotype and increased aggressiveness, a property of CSCs.
Hypoxia also regulates molecules involved in cell migrations including cytoskeleton
proteins, integrins and chemo-attractants. For example, CXCR4, as previously mentioned, is
a key regulator in breast cancer metastasis and its presence on breast cancer cells promotes
cell proliferation, migration and invasion. The role of CXCR4 as a chemokine receptor and
its suggested role as a regulator of the homing process, as previously described, are under
investigation. Recently, CXCR4 has been shown to mark the CSC population of cells
specifically in pancreatic cancer.88-91.108 CXCR4 expression has also been shown to
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correlate with HIF-1a in oral squamous cell carcinoma (OSCC)1%9 and colon cancer.110
Therefore, the expression of CXCR4 may also function as a means of CSC survival within a
normally toxic environment, such as a hypoxic one, thereby, providing a survival advantage
to this population. The possible dual role of CXCR4 as a mediator of homing and as a
survival advantage within the CSC niche must be further investigated.

The role sof HIFs and hypoxia in CSC maintenance is becoming increasingly attractive as a
potential therapeutic target. The evidence suggests that HIF pathways are key regulators of
CSCs and by reducing their activity, CSCs can possibly be driven into a differentiated state
resulting in a reduction of tumor repopulation. The regulation of genes critical to CSC
maintenance by hypoxia and HIFs further confirm that the microenvironment or CSC niche
must be taken into account in the development of potential therapeutics.

Angiogenesis in the Maintenance of a CSC Niche

Angiogenesis is defined as the formation of new vessels from a pre-existing vascular
network which is typical during development, growth and wound healing in normal healthy
individuals. Hypoxia is a major stimulant of angiogenesis and HIF-1a is its key mediator.
The formation of new vessels is a tightly regulated process involving angiogenic activators
including VEGF, fibroblast growth factors (FGFs), platelet-derived growth factor (PDGF)
and epidermal growth factor (EGF). The process of vessel formation requires activators
which allow for proper development, however, this process must be tightly controlled, thus,
there is a need for molecules which function as angiogenic inhibitors as well. These
inhibitors include thrombospondin 1, angiostatin, endostatin and tumstatin (discussed in Ref.
111). VEGF participates in both physiological and pathological processes by allowing new
vessel growth as a result of releasing growth factors anchored to the ECM proteins. The
networks of capillaries that are formed distribute supply to the tumors metabolic needs and
express high levels of VEGF.112 |t has been shown that within a glioblastoma model,
CD133" cells, representative of the CSC population, produce high levels of VEGF in
comparison to the CD133~ population.113 Bao et al. showed that CD133" cells readily form
highly-vascular haemorrhagic tumors in the brains of immunocompromised mice and
additionally showed that by using a VEGF inhibitor CD133" induced endothelial cell
migration, tube formation and tumor initiation can be blocked.113 This study demonstrated
that CSCs derived from glioblastoma possess proangiogenic properties via high VEGF
expression and contribute to the angiogenic process, possibly by communicating with the
microenvironment. The ability of CSCs to express high levels of VEGF and manipulate the
angiogenic process by favoring proangiogenesis contributes to tumor expansion and
formation by enhancing survival in a normally stressful environment.

It is established that for primary tumor growth, angiogenesis is a necessary process and
CSCs reside in close proximity to tumor blood vessels and has been termed the vascular
CSC niche (Fig. 4), this has specifically been demonstrated in the brain tumor niche.114
NSCs require a vascular niche for growth that is formed by endothelial cells, a requirement
for angiogenesis. NSC mediated tumor growth in immunodeficient mice is accelerated by
coinjection with endothelial cells, further demonstrating that factors within the
microenvironment promote growth and progression of cancer cells.1” Additionally, Folkins
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et al. have shown that a combination of antiangiogenic anticancer therapy is effective in
targeting ‘brain tumor stem-like cells.’15 This study further supports the belief that by
targeting and disrupting the angiogenic processes within a tumor, there is disruption of the
CSC population and its ability to self-renew.

Recently, there is support demonstrating the importance of vasculogenic mimicry (VM) in
cancer development. VM is the process by which tumor cells can form extravascular
networks that contribute to blood circulation for the tumor. The formation of an extensive
network which can provide the tumor environment with the proper nutrients for survival
must have a key role in sustaining the microenvironment. Interestingly, VM networks have a
close resemblance to embryonic vasculogenic networks, suggesting that the tumors cells
which are contributing to VM development are capable of acquiring a phenotype
reminiscent of undifferentiated ESCs.116

VM has been reported in various cancers such as breast, ovarian, prostate, lung and clear
renal cell carcinoma (reviewed in Ref. 116) and is associated with both metastasis and poor
clinical outcome.116 The signaling pathways which are associated with VM development
include the vascular endothelial(VE)-cadherin cascade, the cAMP signaling pathway,
galectin molecules, Nodal/Notch and Wnt signaling (reviewed in Ref. 117). VE-cadherin is
an adhesive protein often associated with aggressive cancer cells and metastasis.!1” VE-
cadherin is transcriptionally upregulated v7a initiation by HIF-2a, a key regulator of hypoxia.
The cAMP signaling pathway, which functions in endothelial cell differentiation, is also
associated with Notch signaling as well.117 The galectins are carbohydrate-binding proteins
that which are associated with tumor survival, angiogenesis and metastasis.1” The Nodal/
Notch signaling, a key upregulated pathway during embryogenesis, is associated with CSC
maintenance and in the context of VM, has been shown to over-expressed.11” The Wnt
signaling pathway, a key pathway in both ESC and CSCs, is suggested to play a role in VM
formation as it functions in embryonic vasculogenesis.11” These signaling pathways which
are suggested to function in mediating VM development are also implicated in the
maintenance of CSCs as well.

Recently, in a model of hepatocellular carcinoma, Twistl, an inducer of EMT and a
promoter of CSC formation in breast cancer,118 head and neck cancers18 119 has been
shown to be linked to VM formation. Twistl was shown to correlate with both invasion and
shorter survival time in patients.120 The function of Twist in reference to CSCs is often
associated with the concept of EMT. Specifically, in the breast CSC model, Twist has been
shown to enrich for breast CSCs and it is this population which displays characteristics of
cells that have undergone EMT (reviewed in Ref. 121). The newly defined role of Twist in
VM development and its known role in breast CSCs combined, leads us to speculate that
expression of Twist to induce VM development within the microenvironment can enrich and
propagate CSC formation as well.

Hence, these data give evidence to the concept that the tumor microenvironments,
specifically the angiogenic processes which occur within a tumor, encourage CSC
maintenance and possibly CSC propagation. The processes of both angiogenesis and VM
development appear to be a result of several pathways which are interwined and coregulated.
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It is the relationship between these various signaling molecules within the microenvironment
that sustain the milieu necessary for enhancement of tumor formation and quite possibly,
promote the CSC population. Although the exact mechanism(s) by which this occurs is
unknown, it appears to be a critical factor in the processes governing CSC maintenance.

Tissue Factor, the Coagulation System and the CSC Niche

There is increasing evidence defining the link between tissue factor (TF), a cell-associated
receptor for coagulation factor Vlla (FVIla) that functions as an initiator of blood
coagulation, and its role in maintaining CSC niches. The TF pathway includes TF, protease
activated receptors (PARs), agonists and effectors. TF expression is normally absent in the
vascular lumen but its interaction with FV1la is increased during vascular injury and during
angiogenesis on endothelial cells. TF expressing cells are often correlated with an increase
in growth, survival, migration and a proangiogenic phenotype, often seen in cancer cells.122
TF is expressed by both cancer cells and the surrounding vascular tumor stroma and it is
believed that the specific role of TF in cancer is reliant on crosstalk between the cancer cells
and stroma.

TF and its role in tumor cell behavior have recently been demonstrated in a variety of
cancers including stomach, breast, colon and pancreatic.123-125 |t is hypothesized that cancer
growth can result in a hyperactive TF pathway via several mechanisms including: the
accumulation of cells with procoagulant properties; abnormal expression of TF by the
activated endothelial cells of the tumor vasculature; leaking of coagulation factors including
TF into the perivascular space; and entry of TF-expressing cells v/a invasion and metastasis
(discussed in Ref. 126). The expression of TF by cancer cells may contribute to tumor cell
behavior as the procoagulant environment which is often seen in tumors can result in the
accumulation of growth factors that promote the stimulation of tumor growth and
enhancement of tumor cell survival. This environment which is created by an overexpressing
TF pathway can initiate the development of a surrounding rich in growth factors that are
utilized by the cancer cells to thrive upon. Interestingly, the TF pathway inhibitor (TFPI) has
been implicated as a potential plasma biomarker candidate for pancreatic cancer. TFPI
functions to inhibit the activation of proteases by TF-VIla which ultimately lead to the
formation of a clot. In a pancreatic model, TFPI has been shown to be significantly increased
in patients at the time of diagnosis and decrease to normal levels post surgical resection of
the tumor.12” TFPI has been shown to exert control over endothelial cell migration via
inhibition of the ERK pathway128 and the interaction of TFPI with the TF-VIla complex has
been shown to enhance cancer cell migration and adhesion in primary bladder carcinoma
cells which can result in metastasis.12? The data suggests that the role of the TF-Vlla
complex in modulating tumor cell behavior is key to tumor formation in providing an
environment in which tumor cells can efficiently expand.

In terms of CSCs, crucial regulators of self-renewal, Nanog, Oct4, KIf5 and LIF, have all
been shown to either induce factors involved in the coagulation system or become
upregulated as a consequence of coagulation system stimulation (Fig. 4) (extensively
reviewed in Refs. 122 and 126). Interestingly, these same factors are deemed necessary in
the process of reprogramming fibroblasts to ES cells, also known as induced pluripotent
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cells (iPS cells).130:131 We believe it is plausible to speculate that these very same factors
which are necessary for ESC and CSC maintenance are utilized during development to
induce factors that contribute to the development of the coagulation system during
organismal development. TF expressing cells are associated with growth, survival, migration
and proangiogenesis,122 cellular processes which are necessary and critical for proper
organismal development. Hence, the ability of these factors to function as versatile players
and their ability to act on a global level should be taken into consideration.

The role of TF and the coagulation system has also been shown to affect differentiation
pathways in NSCs, HSCs and MSCs by upregulating and inducing expression of well-
known differentiation markers such as Oct-2 in NSCs, GM-SCF, M-CSF in HSCs, and
CCN1, CCN2 and vimentin in MSCs.122.126 Additionally, there is a link connecting EMT
and the coagulation system as E-cadherin, vimentin and keratin has been shown to be
induced by TF expression changes.122.126

Although there is definitive experimental evidence lacking that proves the TF pathway
directly affects CSC niches, there is a clear role for TF in cell signaling, angiogenesis,
cancer and CSC related mechanisms, i.e., self-renewal, differentiation and EMT. Whether
the TF pathway directly or indirectly affects CSC niches is an appealing concept for further
examination as anticoagulant agents directed against the TF pathways may serve as potential
targets.

Angiogenic Dormancy and CSCs

The mechanisms regarding tumor dormancy and the ability of CSCs to remain quiescent are
intertwined with the concept of angiogenic dormancy. Angiogenic dormancy occurs when
tumors are unable to expand due to poor vascularization and the fraction of dying cells
equals the dividing ones, thus, resulting in a dormant stage where there is no increase in
tumor mass over time.132 The mechanism(s) which function in inducing this state of tumor
dormancy are believed to be rooted within the microenvironment of the tumor itself. The
interaction of the tumor cells and niche in which they reside can result in growth arrest of
tumor cells. For example, it was shown in a head and neck carcinoma model that blocking of
the metastasis-associated urokinase receptor (u-PAR), EGFR, integrins or FAK, resulted in a
state of tumor dormancy (discussed in Ref. 133). Interestingly, our laboratory has recently
shown in prostate CSCs that by blocking the integrin a V3 receptor, a vitronectin specific
receptor, we can block CSC differentation by human serum and maintain the prostate CSCs
in an undifferentiated state.13* Additionally our study also showed that by blocking this
receptor, we could also inhibit vivo tumor formation as well.134 This in fact, could serve as
an example of how the microenvironment can contribute to tumor dormancy. Additionally, it
has previously been demonstrated a loss of dormancy can occur by the overexpression of
angiogenic stimulators including Myc,13% VEGF and bFGF.136 Therefore, loss of expression
of these key angiogenic factors can result in the tumor dormancy phenotype. The ability to
block specific receptors and signaling cascades which are contained within the immediate
environment can result in inhibition of tumorigenesis by holding the cells in a
nontumorigenic state. Tumor dormancy can be supported by what is considered in a
nonpermissive niche in which there is a lack of proper signals to induce tumorigenesis and
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the cells are maintained in a quiescent state. However, if exposed to a permissive niche
where the cells interact with molecules and products encouraging tumorigenesis and
proliferation, the state of tumor dormancy is lost.

It is hypothesized that this state of tumor dormancy may promote CSC dormancy. The
process of tumor initiation by CSCs is dependent upon their activation, therefore, to remain
in a dormant environment implies that this population may be held in an “inactive state,”137
as demonstrated by our laboratory in the prostate CSC model.234 The concept of ‘angiogenic
switch’ is reliant on the induction of proangiogenic gene expression by stimuli which favor
an increase in tissue mass. As discussed, angiogenic processes have been shown to function
in CSC maintenance therefore, it is reasonable to speculate that antiangiogenic processes can
function to inhibit or prevent CSC function as well. In a state of angiogenic dormancy, the
niche may not provide the necessary growth factors, inflammatory molecules or signals
required by a CSC to initiate tumor formation or metastasis. However, once the niche begins
to generate signals and factors necessary for CSC function, as seen under hypoxic conditions
for example, the CSC may exit a state of dormancy and function as a driver of
tumorigenesis.

The exact mechanism(s) by which a dormant state can allow persistence of CSCs in an
undifferentiated, nontumorigenic state is unclear. As discussed, the vasculature system
functions as a critical regulator of CSCs, the processes by which this system can influence
various stimulation or inhibition of CSCs are under investigation. However, it is clear that
there is a regulatory role for the vascular system within the CSC niche.

Conclusions

To date, our understanding of the microenvironment or niche and its role in CSCs are limited
and under intense investigation. It is of great interest to define the mechanism(s) the CSC
niche uses to define CSC fate. There is emerging evidence for the existence of a CSC niche
that utilizes cell signaling pathways traditionally used to maintain homeostatic processes
such as inflammation, EMT, hypoxia and angiogenesis as discussed here. The ability of a
CSC niche to provide an environment in which a CSC can flourish is a critical process
which must be further investigated to enhance our understanding of the basic biology behind
cancer and to possibly identify potential therapeutic targets.
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Figure 1.
Cancer stem cells are maintained by biological processes occurring within the

microenvironment. There is a heterogeneity that is observed in solid tumors and within this
hierarchical organization of cells, there is a subpopulation of cells termed cancer stem cells
(CSCs), represented in blue. It is hypothesized and there is evidence to suggest that these
CSCs are influenced by a unique microenvironment termed the CSC niche. Within the CSC
niche and microenvironment, there are homeostatic processes that function in determining
CSC fate such as inflammation, epithelial to mesenchymal transition (EMT), hypoxia and
angiogenesis.
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Figure 2.
The cancer stem cell extracellular environment contains multiple sources of cytokine

production. Endothelial cells produce vast amounts of VEGF which bind to the VEGFR on
the CSC. Activated lymphocytes produce TNFa and utilize the NFxB pathway to confer
downstream signaling in the CSC. Additionally, integrins, ROS, hypoxia/HIF-1a and TGF-p
also utilize the NFxB pathway to confer downstream signaling. Bone marrow derived
mesenchymal stem cells produce a variety of cytokines which regulate CSCs, including
SDF-1, IL-6 and IL-8. The stem cell pathways Wnt, Notch and SHH is all active in the CSC,
yet the effect from the extracellular environment is complex and not well defined.

Int J Cancer. Author manuscript; available in PMC 2020 January 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Cabarcas et al.

Page 24

Hypoxic CSC Niche (~3% O,)

TGF-B

Angiogenesis CSC Pathways

VEGF Notch
Glut-1 Oct4
ADM-1

Notch

Cell Survival
Stress Response N

Pathways O @ Q O

TROS =

Figure 3.
The hypoxic cancer stem cell niche. In human development, a hypoxic environment is key

for organismal development and the maintenance of an undifferentiated stem cell state. It is
established that hypoxia inducible factors (HIFs) are responsible for the regulation of
hypoxic conditions and are regulated and stabilized by TGF-p. HIF-1a expression by CSCs
results in promotion of tumor progression, survival and metastasis. HIF-1a is able to
regulate genes involved in CSC pathways such as Notch and Oct4 that promote CSC
survival and self-renewal. HIF-1a is also capable of regulating target genes involved in
angiogenesis such as VEGF, GLUT-1, ADM-1 and Notch. Additionally, within a hypoxic
environment, there is an increase in ROS that results in the activation of stress response
pathways that promote CSC survival as well. The ability of CSCs to thrive in a hypoxic
environment is advantageous in the promotion of tumorigenesis.
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Figure 4.
The vascular cancer stem cell niche. The process of angiogenesis is a normal homeostatic

process in healthy individuals; however, it is also a necessary process for primary tumor
growth. CSCs, as demonstrated in the neural stem cell niche, reside within in close
proximity to tumor blood vessels and promote angiogenesis. Angiogenesis is stimulated by a
hypoxic environment as well, therefore, HIF1, is capable of mediating VEGF receptors
expressed on the surface of CSCs. The activation of VEGF results in the activation of
angiogenic regulators such as FGFs, PDGF and EGFs as well. Additionally, tissue factor
(TF) receptors, hypothesized to exist on the surface of CSCs, promote growth, survival,
migration and a proangiogenic phenotype. TF has been shown to upregulate critical CSC
regulators such as Nanog, Oct4, KI5 and LIF which can promote CSC maintenance within a
vascular CSC niche.
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