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Abstract

Isolated brain tumors contain cells that exhibit stem cell features and a tissue microenvironment
bearing remarkable similarities to the normal neurogenic niche. This supports the idea that neural
stem (NSCs) or progenitor cells, and their progeny are the likely tumor cell(s) of origin. This
prompted the investigation of the relationship between NSCs/progenitors and the initiation of
tumorigenesis. These studies led to the identification of common signaling machineries underlying
NSC development and tumor formation, particularly those with known roles in proliferation and
cell fate determination. This review will explore the molecular mechanisms that regulate NSC
behavior in the neurogenic niche of the forebrain, and how deregulation of the developmental
potential of NSCs might contribute to tumorigenesis.

Overview of the Neurogenic and Tumorigenic Niche

The neurogenic niche is a highly dynamic and complex microenvironment where new
neurons or glial cells are generated from stem or progenitor cells. The primary role of the
neurogenic niche is to promote a favorable environment for self-renewal and maintenance of
neural stem/progenitor cell populations. Specifically, the niche provides signals that
determine whether stem cells should remain quiescent, actively divide, or differentiate into
specific precursor or postmitotic cell lineages capable of integrating into existing neuronal
networks. There are a number of neurogenic niches in the developing and postnatal central
nervous system, all of which possess distinct properties to produce region-specific
progenies. This review will draw on the extensive studies conducted in the mouse
ventricular/subventricular (V-SVZ) neurogenic niche of the mammalian cerebral cortex to
examine the similarities and differences between the neurogenic and tumorigenic niche.

The mouse V-SVZ neurogenic niche is a highly heterogenous structure found along the
striatal walls of the lateral ventricles with the ependymal cell lining along the cerebrospinal
fluid (CSF)-filled ventricles and a rich vascular plexus on the opposite side defining its
borders (Figure 1). It contains NSCs, or type B cells, that are distinguished based on their

"Corresponding: sam.pleasure@ucsf.edu.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yabut and Pleasure

Page 2

quiescent (QNSC) or actively dividing (aNSC) states. aNSCs may self-renew to maintain the
gNSC or aNSC population within the V-SVZ, or they may divide to generate the lineage-
restricted Type C transit-amplifying progenitors. Type C cells undergo several rounds of cell
division to eventually give rise to either neuroblasts (Type A cells) or glial cells
(oligodendrocytes or astrocytes) (Doetsch et al., 1999). Olig2+ Type C cells may
differentiate into NG2 glia and myelinating oligodendrocytes that subsequently integrate
into the corpus callosum, striatum, and fimbria fornix (Menn et al., 2006). On the other
hand, Type A neuroblasts form into long chains, with the help of ensheathing astrocytes and
the vasculature, to migrate towards the olfactory bulb. There, Type A cells will terminally
differentiate into functional interneurons that will ultimately integrate into the existing
circuitry (Lim and Alvarez-Buylla, 2016).

The cytoarchitecture of the mouse V-SVZ and its location within the forebrain promote and
maintain the self-renewing properties of NSCs and their progenies. It is therefore not
surprising to find that the tumorigenic niche adopts these similar properties to promote the
proliferation of tumorigenic or brain tumor stem cells (BTSC) and maintain their “stemness
(Singh et al., 2004). BTSCs possess properties that are highly characteristic of NSCs such as
the ability to self-renew, divide, and differentiate into distinct cell lineages. Indeed, tumor
invasiveness, recurrence, or overall poor survival of patients with glioblastoma multiforme
(GBM) can be predicted based on the proximity of the tumors to the SVZ (Jafri et al., 2013;
Lim et al., 2007), or whether tumors are in contact with the lateral ventricle (Mistry et al.,
2016). Similar to the neurogenic niche, a characteristic signature of brain tumors are their
highly vascular nature (Calabrese et al., 2007; Wesseling et al., 1993) and increased vascular
density has long been considered a prognostic indicator of malignant tumor progression
(Calabrese et al., 2007; Leon et al., 1996) (Figure 2). Indeed, factors released by blood
vessels and other niche-associated cells are integral to the survival of both NSCs and BTSCs
and in maintaining the structural organization of the niche. In the following sections, we will
discuss examples of how the neurogenic and tumorigenic niche provides the trophic support
necessary to maintain the proliferative properties of both NSCs and BTSCs.

The Crossroads of NSC and BTSC Proliferation

Sources of trophic factors that maintain NSCs in the V-SVZ not only include the NSCs or
postmitotic cells, or the vascular network within the V-SVZ, but also include the
cerebrospinal fluid (CSF). These molecules dictate the rate at which gNSCs stay quiescent,
switch to an activated state, and the overall cell cycle dynamics of aNSCs. We refer the
reader to recently published reviews that provide excellent information on the crucial factors
involved in the development and maintenance of the neurogenic niche of the adult brain,
including the V-SVZ (Bjornsson et al., 2015; Choe et al., 2016). In this review, we will
summarize the roles of molecules that have been specifically implicated in the proliferation
of NSCs and BTSCs.

Shh signaling is widely known for its mitogenic effect on proliferative cells throughout
development (Sousa and Fishell, 2010), a role that is maintained in the postnatal V-S\VZ
(Choe et al., 2016). Shh ligands, originating from the CSF or nearby mature neurons,
activate the Shh signaling pathway to induce proliferation of activated and quiescent Type B
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cells possibly by altering the of the cell cycle dynamics of gqNSCs and aNSCs via Gli
repressor activity (Ahn and Joyner, 2005; Balordi and Fishell, 2007; Daynac et al., 2016;
Ihrie et al., 2011; Lehtinen et al., 2011; Machold et al., 2003; Petrova et al., 2013).
Upregulation of Shh signaling pathway has been repeatedly observed in glioblastoma where
it has also been found to potently synergize with key signaling pathways such as the
phosphatidylinositol 3-kinase (P13K) signaling to promote tumor growth (Bar et al., 2007;
Becher et al., 2008; Chandra et al., 2015; Ehtesham et al., 2007; Gruber Filbin et al., 2013;
Xu et al., 2008). In specific glioblastoma subtypes, Shh signaling affected BTSC
proliferation and self-renewal, and could be suppressed upon treatment with Glil-targeting
siRNA or pharmacological inhibitors of Shh signaling (Bar et al., 2007; Ehtesham et al.,
2007; Gruber Filbin et al., 2013; Xu et al., 2008).

Whnt ligands are found in the CSF and expressed by mature neurons or astrocytes within or
near the SVZ. Activated Wnt signaling in Wnt-responsive Type B and Mash1+ Type C cells
leads to increased proliferation and self-renewal (Adachi et al., 2007; Qu et al., 2010). The
crucial roles of both canonical and non-canonical Wnt signaling in proliferation, particularly
in stem and progenitor cells across various tissue types (Clevers et al., 2014), has established
Wht signaling as a critical force in tumor growth (Holland et al., 2013; Klaus and
Birchmeier, 2008; Nusse, 2008; Polakis, 2012; Ring et al., 2014). In brain tumors,
particularly in glioblastoma, aberrant Wnt activation is a hallmark of BTSC malignant
transformation and high levels of Wnt activity correlate with dismal clinical outcomes
(Sandberg et al., 2013; Schiile et al., 2012). Wnt signaling exerts this effect largely by
maintaining the stem cell properties of BTSCs. Amplification of Wnt signaling in BTSCs is
typically achieved via genetic mutations or alterations in upstream regulators, such as
PLAGLZ2 or FoxM1, or through degulation of epigenetic states in BTSCs that render these
cells highly responsive to Wnt signals (Gong and Huang, 2012; Rheinbay et al., 2013;
Zhang et al., 2011; Zheng et al., 2010).

Targeting GPCR signaling has become an active area of research in the development of
glioblastoma treatments (Cherry and Stella, 2014). Understanding the roles of factors that
influence GPCR signaling in maintaining the neurogenic niche could prove helpful in this
endeavor. With recent successes in the prospective identification and purification of qNSCs
and aNSCs (Codega et al., 2014; Mich et al., 2014), GPCR signaling ligands,
Sphingosine-1-Phosphate (S1P) and Prostaglandin D2, also found in the CSF, have been
found to maintain the quiescent state of qNSCs (Codega et al., 2014). To date, very little is
known about the role of Prostaglandin D2 in neurogenesis and in BTSCs. On the other hand,
S1P, which is also secreted by endothelial cells, is known to promote neurogenesis during
embryonic development (Mizugishi et al., 2005). In glioblastoma stem cells, S1P signaling
is an emerging player as studies indicate important roles of activated S1P signaling in
regulating the stemness and invasive qualities of BTSCs, albeit there are a number of
conflicting findings. Linking its role in maintaining NSC quiescence in the V-SVZ,
downregulation of S1P expression has been correlated with enhanced glioblastoma
malignancy and shorter patient survival (Yoshida et al., 2010a, 2010b). However, another set
of studies had opposite findings and showed that high S1P expression correlated with poor
survival (Quint et al., 2014). Thus, whether S1P signaling promotes or inhibits BTSC
proliferation is yet to be clarified (Van Brocklyn et al., 2005; Riccitelli et al., 2013).
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Proliferation of NSCs is also dependent on the vascular network within the neurogenic
niche, which provides a broad number of growth factors and facilitates important cell-cell
interactions that lead to NSC self-renewal. Perivascular signals induce stem and progenitor
cell proliferation by releasing factors that activate mitogenic pathways such as nitric oxide
signaling, purinergic signaling, vascular endothelial growth factor (VEGF), and Pigment
Epithelium-Derived Factor (PEDF) signaling (Goldman and Chen, 2011). In GBM, tumor
cells are highly dependent on the extensive vascular network and co-opt the same signaling
mechanisms that govern vasculogenesis (Jhaveri et al., 2016). These signaling pathways are
significantly augmented, leading to highly proliferative tumor cells. Furthermore, BTSCs
also exert paracrine effects, such as the release of VEGF or stromal cell-derived factor 1
(SDF-1) to stimulate vasculogenesis within the tumorigenic niche by recruiting more
endothelial cells into the tumor site or inducing increased proliferation (Jhaveri et al., 2016).
As will be discussed below, BTSCs may also differentiate into functional endothelial cells
that also contribute to the growth of the vascular network in tumors. Taken together, these
data highlights how tumor growth and invasiveness are influenced by the relationship
between tumorigenic cells and the vascular network within the niche.

The Crossroads between NSC Fate Specification and Tumorigenesis

The spatial organization of NSCs within the V-SVZ dictates the types of glial or neuronal
cell lineages it will produce. For example, Type B cells located along the ventral \-SVZ
produce transit amplifying Type C cells that generate Calbindin-positive interneurons and
deep granule neurons in the olfactory bulb whereas Type B cells in the dorsal V-SVZ and
subcallosal zones divide into Type C cells that produce Tyrosine Hydroxylase (TH)-positive
and superficial granule neurons (Merkle et al., 2007; Ventura and Goldman, 2007). In recent
years, evidence that specific glial lineages are also generated in a region-specific manner is
emerging. For example, subcallosal V-SVVZ region generates oligodendroglial cells that
eventually migrate into the corpus callosum (Tong et al., 2015). Thus, the positioning of
NSCs prime these cells to produce distinct lineages, indicating that the environmental cues
are likely to be major determinants of cell fate. Not surprisingly, a number of factors that are
known to regulate NSC fate specification also influence the cellular heterogeneity observed
in specific glioblastoma subgroups likely due to the same environmental cues that may be
enriched or absent within the tumorigenic niche. Adult V-SVZ NSCs or progenitors are the
proposed source of gliomas with a number of studies showing that oligodendrocyte
precursor cells (OPCs) as the cell of origin (Alcantara Llaguno et al., 2015; Alcantara
Llaguno et al., 2009; Galvao et al., 2014; Liu et al., 2011). Thus, lineage-restricted control
mechanisms of V-SVZ NSCs are now being examined for its role in tumorigenesis.

Both EGFR and PDGFRa signaling are critical in the proliferation and specification of adult
progenitors towards the oligodendroglial lineage. Activation of EGFR signaling in a
subpopulation of Type B and Type C cells results in increased proliferation and may exert
this effect by interacting with Notch signaling (Aguirre et al., 2010; Doetsch et al., 2002).
Numerous studies have shown that mutations in EGFR disrupt oligodendrogenesis in V-SVZ
progenitors whereas its amplification accelerate the generation of oligodendrocytes
(Gonzalez-Perez and Alvarez-Buylla, 2011). PDGFR signaling is also critical in the
proliferation and specification of Type B cells by largely directing the differentiation of
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these cells towards the oligodendroglial lineage (Jackson et al., 2006). Local sources of
PDGFR ligands are the vascular-associated cells, CSF, and postmitotic neurons (Betsholtz,
1995). Cells expressing EGFR ligands (EGF, fibroblast growth factor 2 (FGF2), or
transforming growth factor alpha (TGFa)) within the V-SVZ is relatively low and instead
the primary source of these ligands is likely the choroid plexus, which release these factors
into the CSF (Bjornsson et al., 2015).

Amplification of both EGFR and PDGFR expression and signaling is a hallmark of major
subtypes of gliomablastoma and leads to the expansion of tumorigenic cells and increased
malignancy. For example, overexpression of PDGF in glial and neural progenitors that reside
in the V-SVZ resulted in malignant gliomas (Dai et al., 2001; Jackson et al., 2006; Lindberg
et al., 2009). Furthermore, increased expansion and malignancy correlated with the
acquisition of oligodendroglial phenotypes. Investigating how the acquisition of gliogenic
cell properties contributes to the progression and malignancy of gliomas could provide
important pathways towards developing targeted therapies. Another possibility is that the
molecular properties of neural stem and progenitor cells destined towards the glial lineage
are more susceptible to oncogenic mutations, many of which can trigger enhanced
proliferation, that lead to specific glioblastoma subtypes (Visvader, 2011), likely because
glial progenitors such as OPCs persists and are abundant into adulthood (Geha et al., 2010).
This is certainly the case for EGFR and PDGFR signaling, which is capable of driving both
proliferation and specification of NSCs, and are amplified in various types of glioblastoma
specifically in tumorigenic cells with stem cell properties (Cancer Genome Atlas Research
Network, 2008; Phillips et al., 2013; Wu et al., 2014).

Understanding how the developmental potential of NSCs or progenitors within the
neurogenic niche is restricted might shed light on the unique plasticity of BTSCs, which
have been found to differentiate not only into neural or glial cell lineages, but also into cell
types that form the vasculature. BTSCs have the capacity to differentiate into endothelial
cells and vascular pericytes, which consequently promote angiogenesis within the tumor site
(Cheng et al., 2013; Guichet et al., 2015; Ricci-Vitiani et al., 2010; Wang et al., 2010). The
enhanced vasculature and differentiation potential of BTSCs are the likely culprits for the
increased angiogenesis and invasiveness making these properties as the hallmark of GBM.
This emphasizes the complexity of BTSCs within the tumorigenic niche and underscores the
need to vigorously characterize and exploit the plasticity of NSCs/progenitors to gain a
better understanding of how developmental potentials of NSCs or BTSCs may be altered in
the presence of factors within the neurogenic or tumorigenic niche.

Therapeutic Implications and Conclusions

Brain tumors consist of highly heterogeneous cell populations that contribute to the growth
and malignancy of the tumor. Our understanding of the developmental potential and cellular
hierarchy of NSCs within the V-SVZ, and how it interacts with the environment has served
as a useful framework when studying tumorigenesis and its heterogeneous nature. A number
of studies in mice have exploited the properties of NSCs within the V-SVZ to induce tumors,
and showed that the cells in this niche include NSCs and lineage-restricted progenitors that
are more readily transformed than differentiated cells outside likely because these
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differentiated cells do not possess the molecular properties of NSCs or progenitors that make
them receptive to factors exclusively present in the neurogenic niche (Alcantara Llaguno et
al., 2015; Alcantara Llaguno et al., 2009; Glasgow et al., 2014; Holland et al., 2000; Kupp et
al., 2016). Furthermore, both neural stem or progenitor cells and BTSCs are equipped with
molecular properties that enable them to respond accordingly to the levels of signals within
their environment, which is why these cells are specifically enriched in these regions.
Supporting this, studies have shown that increased radiation dose in the SVZ correlates with
improved survival in glioblastoma patients (Chen et al., 2013; Jafri et al., 2013; Lee et al.,
2013). Thus, along with further molecular characterization of NSCs and its developmental
potential, a better understanding of how the niche provides trophic support to NSCs and
specific progenitor subtypes with temporal and spatial resolution can help elucidate the
mechanisms that are also utilized by BTSCs in tumorigenic niches. Ultimately, vigorous
exploration of these mechanisms could lead to the identification of efficient targets for
therapeutic purpose that could lead to the treatment or cure of devastating brain tumors such
as GBM.
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Figure 1.
Schematic Diagram of the Ventricular-Subventricular Zone (V-SVZ) Neurogenic Niche.

Quiescent and activated neural stem cells (NSC) interact closely with other cell types within
the VV-SVVZ such as the ependymal cells, endothelial cells, pericytes, postmitotic neurons,
oligodendrocytes, and astrocytes. Additionally, since NSCs line the lateral ventricles, these
cells are in contact with factors present in the cerebrospinal fluid (CSF). The result of these
interactions contributes to the proliferative and differentiation capacities of NSCs, which is
capable of self-renewal and the generation of lineage-specific transit amplifying cells that
will either proliferate or differentiate into neurons or glial cell types.
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Figure 2.
Schematic Diagram of the Tumorigenic Niche. Brain tumor stem cells (BTSC) interact

closely with niche components that include factors released by the endothelial cells that
make up the enhanced tumor vasculature, pericytes, and other tumor cell types. In cases
where BTSCs are in close contact with the lateral ventricles, these cells may also be
receptive to the same diffusible factors present in the CSF. The result of these interactions
could have similar effects on the behavior of BTSCs, as it does on normal NSCs, such as the
enhancement of BTSCs to self-renew and generate lineage-specific tumor cells (including
the ability to generate endothelial cells) resulting in the aberrant expansion and invasiveness
of a highly heterogeneous brain tumor.
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