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Disruptions to developmental cell signaling pathways and transcriptional cascades
have been implicated in tumor initiation, maintenance and progression. Resurgence
of aberrant neurodevelopmental programs in the context of brain tumors highlights
the numerous parallels that exist between developmental and oncologic mechanisms.
A deeper understanding of how dysregulated developmental factors contribute to
brain tumor oncogenesis and disease progression will help to identify potential
therapeutic targets for these malignancies. In this review, we summarize the current
literature concerning developmental signaling cascades and neurodevelopmentally-
regulated transcriptional programs. We also examine their respective contributions
towards tumor initiation, maintenance, and progression in both pediatric and adult
brain tumors and highlight relevant differentiation therapies and putative candidates for
prospective treatments.
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INTRODUCTION

Despite extraordinary technological, pharmacological and immunotherapeutic advances in other
cancer fields, overall survival for malignant central nervous system (CNS) tumors remains at a
dismal 36% with the most aggressive subtypes conferring a survival rate of merely 5% (Ostrom
et al, 2016). CNS tumors encompass a broad group of brain and spinal neoplasms, which
include astrocytic oligodendroglial, ependymal, choroid plexus, neuronal, and mixed neuronal-
glial subtypes as well as tumors of the pineal region and tumors of the spinal and paraspinal
nerves (Figure 1). Within these groups, glioblastoma (GBM) stands out as the most lethal variant
affecting the adult population and represents 52% of all primary brain tumors (Ostrom et al., 2016).
Malignant gliomas also represent 53% of tumors occurring in children less than 14 years of age,
with the most common variant (17.6%) presenting as pilocytic astrocytoma. Embryonal tumors
account for an additional 15% of all primary brain tumors in children of this age group, 61.7%
of which are medulloblastomas. Collectively, brain and other CNS tumors are the most common
cancer in children and account for the 10th leading cause of death for adult men and women in the
United States (Ostrom et al., 2016).

Devastating survival rates for the more lethal brain tumor variants are in large part due to poorly
defined tumor margins caused by rampant proliferation and unchecked promigratory pathways.
These diffuse tumor boundaries have proven impossible to eradicate using current therapeutic
techniques (Jermyn et al., 2016) and thus, give rise to disease recurrence as well as the widespread
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and ultimately fatal dissemination of tumor cells throughout
the brain. Surgical treatment protocols rely on complete
neurosurgical resection as well as radiation therapy and
chemotherapy but fail to eliminate the highly-disseminated
infiltrates associated with the diffuse nature of these tumors
(Juratli et al., 2013). Alternative, non-invasive treatments using
systemic chemotherapeutics have been limited by the existence
of the blood-brain barrier; despite efforts to circumvent this
barrier using convection-enhanced delivery, drug-impregnated
intratumoral wafers or intrathecal injections, effective drug
delivery that targets individual tumor cells and spares the
surrounding neuropil has yet to be achieved (Peiris et al., 2015).
Notwithstanding these efforts to produce novel therapeutic
strategies for malignant brain tumors, standard treatment
regimens have remained unchanged for over 30 years.

Abbreviations: ACVRI, activin A receptor, type I; APC, adenomatosis polyposis
coli; ASCL1, Achaete-Scute family bHLH transcription factor 1; ATOHI, atonal
bHLH transcription factor 1; ATRX, alpha thalassemia/mental retardation
syndrome X-linked; AXIN, axis inhibitor; BCAT, B-catenin; BMII, B lymphoma
Mo-MLYV insertion region 1 homolog; BMP, bone morphogenetic protein; BMPRI,
bone morphogenetic protein receptor, type I; BMPRIL bone morphogenetic
protein receptor, type II; BRAF, B-Raf proto-oncogene, serine/threonine kinase;
CDK4, cyclin dependent kinase 4; CDKN2A, cyclin-dependent kinase inhibitor 2
A; CHRD, chordin; CIC, capicua transcriptional repressor; CMYC, MYC proto-
oncogene bHLH transcription factor; CNS, central nervous system; CRABP2,
cellular retinoic acid binding protein 2; CSC, cancer stem cell; CSL, CBF-1 (RBPJ-
k)/Su(H)/Lagl; CTNNBI catenin, 8-1; CYCDI, cyclin D 1; DCX, doublecortin;
DLLI, delta-like canonical NOTCH ligand 1; DVLI, disheveled segment polarity
protein 1; ECM, extracellular matrix; EGF, epidermal growth factor; EGFR,
epidermal growth factor receptor; EMT, epithelial-to-mesenchymal transition;
FGE, fibroblast growth factor; FGFR, fibroblast growth factor receptor; FOXM1,
forkhead box M1; FUBPI, far upstream element binding protein 1; FZD, frizzled
class receptor; GAD65, glutamic acid decarboxylase 65; GBM, glioblastoma; GCP,
granule cell precursor; GFAP, glial fibrillary acidic protein; GLI, GLI family zinc
finger; GSC, glioma stem cell; GSK3p, glycogen synthase kinase 3 B; HELLS,
helicase, lymphoid specific; HER2, human epidermal growth factor receptor
2; HES5, HES family bHLH transcription factor 5; HEY1, HES-related family
bHLH transcription factor with YRPW motif 1; HMG, high motility group;
ID1, inhibitor of DNA binding 1 bHLH protein; ID3, inhibitor of DNA binding
3 bHLH protein; IDH1/2, isocitrate dehydrogenase 1/2; JAG, jagged canonical
NOTCH ligand; JNK, c-Jun N-terminal kinase; LATS, large tumor suppressor
kinase; LEF, lymphoid enhancer binding factor; LRP, LDL receptor-related protein;
MAML, mastermind like transcriptional coactivator; MET, mesenchymal-to-
epithelial transition; MGMT, O6-methylguanine-DNA methyltransferase; MMP,
matrix metalloprotease; MOBI1, Mps one binder homolog 1; MST, macrophage
stimulating kinase; mTOR, mechanistic target of rapamycin kinase; MYB, MYB
proto-oncogene transcription factor; NF1, neurofibromin 1; NF2, neurofibromin
2; NGN, neurogenin bHLH protein; NICD, NOTCH intracellular domain;
NKX2.2, NK2 homeobox 2; NMYC, neuroblastoma MYC proto-oncogene bHLH
transcription factor; NOTCH, notch receptor; NSC, neural stem cell; OLIG,
oligodendrocyte transcription factor; OPC, oligodendrocyte precursor cell; p21,
cyclin-dependent kinase inhibitor 1 A; p300, histone acetyltransferase p300; p53,
tumor protein 53; PAX, paired box; PDGE, platelet-derived growth factor; PDGFR,
platelet-derived growth factor receptor; PI3K, phosphatidylinositol 3-kinase;
PML, promyelocytic leukemia; PNS, peripheral nervous system; PRC2, polycomb
repressive complex 2; PTCHI, patched homolog 1; PTEN, phosphatase and tensin
homolog; RAR, retinoic acid receptor a; RARE, retinoic acid response element,
retinoblastoma transcriptional corepressor; RBP4, retinol-binding protein 4;
RELA, RELA proto-oncogene, NF-KB subunit; ROBO, roundabout; RXR,
retinoid X receptor a; scRNAseq, single cell RNA sequencing; SFRP, secreted
frizzled-related protein; SHH, sonic hedgehog; SLIT, slit guidance ligand;
SLUG, snail family transcriptional repressor 2; SMAD, small mothers against
decapentaplegic homolog; SMARC, SWI/SNF-related, matrix-associated, actin-
dependent regulator of chromatin; SMO, smoothened, frizzled class receptor;
SNAIL, snail family transcriptional repressor 1; SOX, sex determining region
Y (SRY) box; STATS3, signal transducer and activator of transcription 3; SUFU,
suppressor of fused homolog; TAZ, tafazzin; TCE transcription factor; TERT,

The robust body of scientific literature confirming roles for
developmental genes in oncogenesis, tumor invasiveness and
tumor metastasis has resulted in a novel subclass of oncogenes
termed fetal oncogenes, which demonstrate high expression in
both embryonic development and cancer but minimal expression
following the postnatal period. The existence of fetal oncogenes
emphasizes the myriad parallels that exist between human in
utero development and tumorigenesis (Slamon and Cline, 1984;
Baker et al., 2016). Marginal expression of fetal oncogenes in non-
tumor tissue can allow for efficacious targeting of cancer cells
with minimal unwanted and potentially lethal off-target effects,
thus rendering these tumor-specific antigens exploitable tumor
attributes that can be used for immunotherapeutic gain. The
resurgence of embryonic pathways in cancer has thus highlighted
the relevance of developmental paradigms in oncologic diseases
and emphasizes the importance of developmental biology in
achieving novel therapeutic strategies for malignant glioma. In
this review, we will explore cancers of the brain from the
perspective of developmental biology. We will focus on defining
critical roles for neurodevelopmental signaling events and
lineage-specific transcription factors (TFs) and their respective
contributions toward the hallmark features of oncogenesis,
tumor maintenance and tumor evolutions. Specifically, we will
discuss how these developmental mechanisms regulate stem
cell identity, cellular proliferation, and cell differentiation. We
will conclude our discussion with an examination of how
these developmental mechanisms might be further leveraged to
uncover new therapeutic approaches.

MOLECULAR PROFILES OF BRAIN
TUMORS

The litany of genetic abnormalities attributed to neurological
cancers is extensive and includes a list of molecular and signaling
cascades that partake in the development and sustenance of
organ systems outside of the CNS. Altered expression profiles
of epidermal growth factor (EGF; Di Carlo et al., 1992),
platelet-derived growth factor (PDGF; Smits and Funa, 1998),
and vascular endothelial growth factor (VEGF; Machein and
Plate, 2000) and their respective receptors have each been
implicated in the development and progression of primary
brain tumors. Gross chromosomal anomalies in 1p19q have
also been reported in glioma subsets (Reitman and Yan, 2010;
Wu et al, 2010). Hypermethylation of O6-methylguanine-
DNA methyltransferase (MGMT) has been implicated as a
prognostic marker for a number of neurological tumor subsets
and is believed to play an important role in the resistance of
neurological tumors to therapeutic alkylating agents such as
temozolomide (TMZ) and nitrosourea derivatives (Mellai et al.,

telomerase reverse transcriptase; TF, transcription factor; TGFRI, TGF receptor,
type I; TGFRII, TGEP receptor, type II; TGFRIII, TGFp receptor, type III; TGFp,
transforming growth factor B; TMZ, temozolomide; TP53, tumor protein 53;
TSC1/2, tuberous sclerosis complex subunit 1/2; TWIST, twist family bHLH
transcription factor 1; VEGE, vascular endothelial growth factor; VEGFR, vascular
endothelial growth factor receptor; WNT, wingless-type MMTV integration site
family member; YAP, yes-associated protein; ZEB2, zinc finger E-box binding
homeobox 2.
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FIGURE 1 | Reactivation of embryonic and developmental signaling pathways in cancer. Examples of embryonic signaling pathways, transcription factor families,
and their respective roles in embryonic development (left) and tumor progression and metastasis (right) are shown. Signaling pathways and transcriptional
cascades that are essential for proper in utero development are often reactivated in the context of cancer.

2012). Mutations in isocitrate dehydrogenase (IDH) 1/2 enzymes
have been identified as major genetic drivers of diffuse gliomas
(Balss et al., 2008; Parsons et al., 2008; Ichimura et al., 2009;
Watanabe et al., 2009). The most common mutations occurring
in GBM remain tumor protein 53 (p53), phosphatase and tensin
homolog (PTEN) and neurofibromin 1 (NF1), which account for
~70% percent of the mutational burden in malignant glioma
(Cerami et al., 2012; Gao et al.,, 2013; Zhang M. et al,, 2019).
In addition, recent research has identified a number of other
irregularly expressed or genetically altered molecular targets in
these cancers, including a variety of neurodevelopmental factors
which will be reviewed here (Table 1).

The discovery of IDH1/2 mutations in glioma has fueled
the classification of malignant gliomas at the phenotypic,
molecular, and genetic levels, ultimately leading to the definition
of three major glioma subtypes — mesenchymal, classical, and
proneural (Phillips et al., 2006; Verhaak et al., 2010; Louis
etal., 2016). Subsequent studies have defined several molecularly
distinct groups and determined a high level of intratumoral
and intertumoral heterogeneity. This variability has confounded
treatment and is a contributing factor to the high incidence
of recurrence for many of these tumors. The development
of single cell RNA sequencing (scRNAseq) methodologies has
opened the door to uncovering the multitude of cellular profiles
present within these tumors and has to helped define discrete
cell populations and their associated molecular programs. Using
single cell genomics in parallel with other transcriptomic
techniques has allowed scientists a more detailed look into

tumor genetic heterogeneity, tumor epigenetics and spatial
contributions to tumorigenesis. Most recently, these approaches
have revealed categorically distinct cell types and cellular states,
which can be used to describe lineage hierarchy within tumors.
The similarities between developmental cell types, tumor
expression profiles, and cancer cellular hierarchies have
reshaped the way in which oncological research views cellular
differentiation within tumors and have begun to shed light
on tumor cells of origin. Cellular differentiation and cells of
origin have perhaps been best studied in malignant gliomas
and represent some of the most well-characterized cells in CNS
tumor biology. Based on multimodal analyses, intratumoral
heterogeneity in malignant glioma has been predominantly
characterized by cell cycle disturbances and further correlated
with similarity to distinct neural cell populations (Tirosh et al.,
2016; Venteicher et al., 2017; Filbin et al., 2018; Neftel et al., 2019).
In glioma, these neurodevelopmental cell types are reminiscent of
neural progenitors and differentiated glial cell lineages, including
astrocytes and oligodendrocytes. In pediatric and adult GBMs,
cellular heterogeneity is driven by four distinct cellular states that
are linked to genetic alterations: neural-progenitor like [cyclin
dependent kinase 4 (CDK4) amplification], oligodendrocyte-
progenitor like (PDGFR amplification), astrocyte-progenitor
like (EGFR amplification), and mesenchymal-progenitor like
(NF1 amplification). While GBMs tend to show enrichment
for a particular state, cells from each group can be identified
intratumorally (Neftel et al., 2019). Similar cancer cell hierarchies
have been described for high-grade pediatric gliomas, as well as
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TABLE 1 | Genetic alterations occurring in pediatric and adult brain tumors.

Adult CNS Tumors
Oligodendroglioma Astrocytoma Glioblastoma
1p/19q co-deletion ATRX IDH1/2 WT or
mutant
CIC BRAF FUSION EGFR (EGFRuviii)
FUBP1 CDKN2A/B MGMT promoter
hypermethylation
IDH1/2 WT or mutant EGFR (EGFRuiii) PTEN
TERT promoter mutation  IDH1/2 mutant RB
P53 TERT promoter mutation
Pediatric tumors
Ependymoma Medulloblastoma  Low grade High grade
glioma glioma
22 loss APC BRAF FUSION ACVR1
NF2 BRAC2 BRAF V600E FGFR1
RELA-fusion CTNNB1 FGFR1 H3.3 K27
YAP1-fusion Isochromosome MYB H3.1 K27
17q NFA1 H3.3 G34R
Monosomy 6 TSC1/2
NMYC
PTCH1
SMARCB1
SMARCA4
SMO
SUFU
TP53

for IDH mutant and IDH wildtype adult gliomas (Tirosh et al.,
2016; Venteicher et al.,, 2017; Filbin et al., 2018; Neftel et al.,
2019; Couturier et al., 2020). With respect to the latter, scRNAseq
strategies have revealed a tri-lineage cancer hierarchy uniformly
deriving from a glial progenitor-like cell with notable similarities
in stemness to what has been termed a glioma stem cell (GSC).
In these tumors, progenitor cells are the most rapidly dividing
cells and demonstrate the most potent tumorigenic properties,
lending support to the notion that malignant gliomas develop
along a neurodevelopmental trajectory (Couturier et al., 2020).
Other scRNAseq studies have examined developmental
cellular diversity amongst a number of CNS tumor subtypes.
Whereas previous bulk tumor profiling of medulloblastomas had
defined four transcriptomically distinct subgroups of cells within
the tumor, including sonic hedgehog (SHH)-activated, wingless-
type MMTYV integration site family (WNT)-activated, group 3,
and group 4 (Thompson et al., 2006; Kool et al., 2008; Northcott
et al., 2011), more recent single cell analyses have identified
three predominate cell populations. These studies have pointed
to distinct groups of cycling cells, undifferentiated cells, and
cells on a neuronal differentiation trajectory as major drivers
of clinical outcomes (Hovestadt et al., 2019). Likewise, pediatric
ependymomas have been demonstrated to contain a multitude
of cellular constituents that closely resemble the transcriptional
programs of normal brain development. The developmental
profiles of these cancer cells show striking similarity to the
transcriptomic signatures of a number of non-tumor neural cell

types. These signatures present in a number of developmentally
differentiated states ranging from undifferentiated cells to
neuronal and glial subpopulations whose aberrant developmental
trajectories could be driving pathogenesis (Gojo et al., 2020).
Interestingly, pediatric tumors appear to have the highest
proportion of cycling or undifferentiated cells that parallels
the rapid expansion and proliferation of certain neural subsets
known to occur throughout the perinatal and adolescent stages
of development (Filbin et al., 2018; Neftel et al., 2019).

STEM CELLS IN BRAIN TUMORS

While the identification of a cell of origin for brain tumor
subtypes has yet to be entirely defined, many researchers agree
that maintenance and continued dissemination of brain tumor
cells depends upon a self-renewing, stem cell-like population
of neural progenitors. Stem cells represent a heterogeneous
population of undifferentiated cells with the potential to develop
into numerous cell types (Figure 2). These cells are primarily
distinguished from other cells in their capacity to self-renew
through cell division without a loss of proliferative capacity
with each successive division. Furthermore, stem cells can
differentiate into tissue or organ-specific cells under physiologic
or experimental conditions, giving them properties with strong
biological resemblance to the embryonic stem cells found in the
inner cell mass of early in utero development. Remarkably, the
capacity for self-renewal through cell division can give rise to
cancer phenotypes when altered or aberrantly controlled.

Like normal stem cells, cancer stem cell (CSC) division is
asymmetric, giving rise to two populations. One daughter cell
retains the property of self-renewal like the parent, while the
other daughter cell retains the ability to differentiate but not
self-renew, giving rise to tumor cell populations (Soltysova
et al.,, 2005). These CSCs can either arise from normal stem
cells having altered proliferative pathways or from somatic cells
that have acquired oncogenic mutations (Figure 2). They are
often resistant to drug therapy and are often causally related to
oncologic relapse or recurrence following chemotherapy-induced
remission. CSCs uniquely possess the ability to seed at distant or
remote physiological sites, giving rise to metastatic disease and
are regulated by many of the same developmental pathways that
control normal stem cell development including SHH, WNT, and
notch receptor (NOTCH) (Yu et al., 2012).

Cancer stem cells of CNS origin have the ability to grow on
non-adherent surfaces and give rise to spherical cell colonies
known as neurospheres. CD133-positive cells isolated from
neurospheres are capable of self-replication, giving rise to
new neurospheres, which are then able to differentiate into
principal cell types of the CNS including neurons, astrocytes, and
oligodendrocytes (Jordan et al., 2006). The CD133 marker is also
expressed by normal stem cells of the CNS and is specifically
correlated with the properties of self-renewal, proliferation, and
differentiation (Uchida et al., 2000).

Cancer stem cells have also been isolated from gliomas in
which they are thought to sit at the top of a cellular hierarchy
within tumors (Singh et al., 2004), reviewed in Prager et al. (2020).
These CSCs, known specifically as glioma stem cells or GSCs,
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Neural Differentiation Cell Types and Malignant Cells of Origin
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FIGURE 2 | Schematic representation of neural cell differentiation in development. As cellular differentiation ensues, proliferative capacity is inversely reduced until
terminal differentiation is reached and cells become senescent. Brain tumor subtypes are listed adjacent to the cell type most closely resembling a putative cancer
cell of origin (red arrows).

have similar properties to neural stem cells (NSCs) and express
several markers associated with stemness such as SOX2, nestin,
homeobox protein NANOG, and oligodendrocyte transcription
factor 2 (OLIG2; Bruggeman et al., 2007; Stiles and Rowitch,
2008; Po et al.,, 2010; Zbinden et al., 2010). Moreover, they can
be induced to differentiate into both neuronal and glial lineages,
thus contributing to cellular diversity within the tumor (Singh
etal., 2004; Lee et al., 2006). The presence of GSCs gives credence
to the notion that while differentiated cells can populate the
majority of the tumor mass, a second group of slowly dividing
stem cells lies at the center of the tumor’s capacity to self-renew
and propagate to secondary sites. Owing to their robust stem-
like qualities, CSCs, including GSCs, are thought to be able to
rapidly respond to targeted therapeutic approaches and thus
represent a resistant and therapeutically challenging group of
cells that support both the processes of tumor growth and tumor
resistance and recurrence (Singh et al., 2003; Bao et al., 2006;
Bleau et al., 2009).

Efforts to identify a definitive marker for GSCs have proven
challenging. Initially, GSCs were isolated from CD133-positive
cells and demonstrated a potent ability to reconstitute tumors

in xenograft models, although CD133-negative cells have also
been reported to possess stem-like properties that mechanistically
support tumor growth (Beier et al, 2007; Joo et al, 2008).
Additional studies have further elucidated GSC signatures,
noting enrichment in a number of cellular markers including
CD15 (stage-specific embryonic antigen-1, SSEA1), CD44, CD24,
integrin a6, and sex determining region (SRY) box2 (SOX2)
(Ligon et al., 2007; Son et al., 2009; Lathia et al., 2010; Annovazzi
etal,,2011;Jin etal., 2013; Neftel et al., 2019). Interestingly, recent
scRNAseq data has emerged and has challenged the notion that a
single GSC population may give rise to all subsequent tumor cells.
Instead, these data suggest that GSC populations have a degree of
heterogeneity wherein subsets of GSCs can be found in a variety
of discrete cellular states, each of which is associated with distinct
cellular differentiation and tumorigenic potentials (Patel et al.,
2014; Neftel et al., 2019; Suva and Tirosh, 2020).

Cells with stem-like properties have also been isolated from
a wide range of adult and pediatric brain tumors such as
ependymomas and neuroectodermal tumors (Hemmati et al,
2003; Galli et al, 2004). CD15-positive CSCs identified in
medulloblastomas revealed the existence of a certain population
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of CDI15-positive cells expressing the TFs atonal bHLH
transcription factor 1 (ATOH1), suggesting that the ability to
propagate tumors may not only be restricted to a rigorous “stem-
like” state but instead may result from cycling fate-restricted
progenitors that give rise to tumor initiation and growth (Schuller
et al, 2008; Yang et al, 2008; Ward et al., 2009; Vanner
et al., 2014). To this end, Zhang L. et al. (2019) showed that
OLIG2-positive progenitor cells are sufficient to drive formation
of the SHH-activated subtype of medulloblastoma, noting
that these cells show expression characteristics reminiscent
of oligodendrocyte precursor cells (OPCs). These results are
consistent with previous reports that link OLIG2-positive OPC-
like cells to cells of origin in other CNS tumors, including
GBMs (Ligon et al., 2007; Lu et al., 2016). Intriguingly, other
fate-restricted cell populations have been linked to tumor
initiation and have been shown for astrocytes in astrocytoma
and chondroitin sulfate proteoglycan 4 (NG2)-positive OPCs in
oligodendrogliomas (Chow et al., 2011; Zong et al., 2015).

Collectively, the robust body of literature examining the
role of stem cells and CSCs in CNS tumors has demonstrated
an increased appreciation for the developmental paradigms in
cancer biology. The reliance of tumors on stem cell renewal
and differentiation potential strongly parallels the cellular growth
and differentiation pathways found in the developing CNS. In
particular, the identification of CSCs endowed with properties of
self-renewal and the ability to propagate tumor progression has
emphasized the need for further investigation and understanding
of the molecular mechanisms that drive CNS stem and progenitor
cell proliferation and differentiation. Shifting emphasis away
from defining common mechanisms amongst tumor categories
and refocusing on defining parallels between developmental
paradigms and tumorigenesis remains a promising avenue
of pursuit for developing targeted therapeutic strategies for
particular CNS cancer types brain tumor subtypes.

EARLY EMBRYOGENIC PATHWAYS AND
MORPHOGENS

The CNS is derived from the neural plate which folds to
form a neural tube in a delicately timed embryonic process
known as primary neurulation. This tubular structure will
become the basis for the entirety of the brain and spinal cord.
Following neurulation, neural crest cells that will give rise
to the peripheral nervous system are disconnected from the
neural tube, which serves as a primitive embryonic precursor
of the CNS. The processes of neural induction, migration and
differentiation within the developing nervous system are initiated
and maintained by the presence of cell signaling molecules and
growth factors secreted from specific embryonic loci. A select
family of signaling molecules, known as morphogens, diffuse
throughout tissue across varying concentration gradients to
help direct the cell fate and differentiation processes of tissue
patterning. SHH, bone morphogenetic proteins (BMPs), WNT
ligands, NOTCH ligands, chordin (CHRD), Hippo signaling
members, and retinoic acid (RA) are each morphogen signaling
families that significantly contribute to these neurogenic and
gliogenic events. These organizational signals first function

to pattern the developing neural tube. As neurodevelopment
continues, a series of concatenated or stochastic genetic and
epigenetic signatures produce iterations of cellular differentiation
and proliferation that culminates in highly diverse populations of
CNS cells with a variety of mature CNS functions. The expression
patterns generated during the first stages of embryogenesis
establish expression domains that lead to the establishment of
progenitor regions. These regions are further refined spatially
and are maintained by the expression of specific sets of TFs. The
combinatorial expression and interaction of the transcriptional
factors within the progenitor domains specify cell fate and help
to establish cell identity (Briscoe and Novitch, 2008). Both spatial
and temporal mechanisms must operate without miscalculation
to generate distinct neuronal and glial subtypes; errors in
these processes have been linked to a number of congenital
CNS abnormalities, the most common of which is spina bifida
resulting from a failure of the neural tube to close completely
(Nikolopoulou et al., 2017).

An abundance of research over the past half century has
demonstrated recurrent and essential roles for many of these
early embryonic signaling pathways in the context of CNS
tumors. In the following sections, we will summarize the
literature pertaining to the most well-studied of these pathways
and will highlight seminal work in the fields of developmental
and cancer biology that has helped shape the developmental lens
through which we can view brain tumors.

Sonic Hedgehog Signaling Pathway

Sonic hedgehog (SHH) is a morphogen secreted from the
notochord in the developing embryo and is responsible for
patterning of the limbs (Currie and Ingham, 1996), midline
structure of the brain and spinal cord (Lewis and Eisen,
2001), and teeth (Dassule et al., 2000). In particular, SHH
signaling is essential for proper development of the cerebellum
and regulates expansion of granule cell precursors (GCPs)
(Corrales et al., 2004). The SHH signaling pathway involves a
number of downstream signaling molecules including protein
patched homolog 1 (PTCH1), smoothened frizzled class receptor
(SMO), the glioma-associated oncogene family zinc finger
proteins (GLIs) and suppressor of fused homolog (SUFU).
SHH activates the transmembrane protein SMO, which in turn
signals intracellularly to activate GLI transcription factors GLI1,
GLI2, and GLI3. SMO activation is regulated by inhibition
of PTCHI1, which normally functions to block SMO function
(Goodrich and Scott, 1998; Ingham, 1998). GLI1 and GLI2
work together to positively modulate SHH signaling whereas
GLI3 is thought to antagonize the SHH response (Altaba et al.,
2002). SUFU functions by either impeding nuclear localization
of GLI proteins or by acting as a repressor of GLI signaling
(Cheng and Yue, 2008). Owing to its inhibitory regulation of
GLI, SUFU is considered to have tumor suppressor functions.
Aside from playing a role in tumorigenesis, mutations in SHH
can cause a loss of the ventral midline in development, resulting
in a failure of the forebrain to develop into two distinct
hemispheres, a condition known as holoprosencephaly (Nanni
etal., 1999). Additionally, mutations in SHH and PTCH1 can lead
to spontaneous fetal abortion.
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Longstanding evidence has implicated SHH pathway
activation in the regulation of renewable adult stem cell
populations (Rowitch et al.,, 1999), suggesting a role for SHH
in carcinogenesis of the CNS. SHH signaling pathways have
been reported to be active in medulloblastoma and GBM,
and to a lesser extent in neuroblastoma (Shahi et al., 2008).
It is thought that the SHH signaling pathway mediates GBM
pathogenesis and progression via regulation of the SHH/GLI1
axis. In GSCs, specific disruption of the SHH/GLI1 axis dictates
the chemoresistant and radioresistant properties of the tumor
and ultimately disease prognosis (Santoni et al., 2013).

Activity of the tumor suppressor PTEN has been shown to
influence phosphatidylinositol 3-kinase (PI3K) signaling, which
then works in conjunction with SHH signaling to promote
tumor growth and viability (Filbin et al., 2013). PTEN plays an
important role in proper maintenance and expansion of neural
progenitor populations, suggesting a link between mismanaged
NSC proliferation and neurological cancers (Groszer et al.,
2001). In human GSCs, PTEN-deficient tumors manifest a
significantly higher level of PTCHI1 gene expression than their
PTEN-expressing counterparts (Xu et al., 2008). The expression
levels of SHH and GLI1 have been noted to be significantly
higher in PTEN-expressing cells than in PTEN-deficient cells and
corresponds to decreased survival time in GBM patients.

In medulloblastoma, some evidence suggests that tumors
may originate from the external granule layer of the cerebellum
(Kadin et al., 1970). The external granule layer is a germinal
zone containing SHH-regulated GCPs. Dysregulation and
overactivation of SHH signaling within GCPs is therefore
thought to be responsible for medulloblastoma development and
progression (Marino, 2005). The presence of many SHH-related
alterations in these tumors has led to the classification of a
medulloblastoma subtypes including the SHH-activated group.
Increased activation of SHH signaling in these tumors is thought
to result primarily from mutations in PTCH1 (Pietsch et al,
1997; Raffel et al., 1997; Dong et al., 2000) or SMO, although
mutations in SUFU (Taylor et al., 2002) have also been observed.
Interestingly, no human cancers have been reported as a result
of GLI protein mutations (Erez et al., 2002; Altaba et al., 2004).
Therapeutically, successful abrogation of NPC hyperproliferation
and tumorigenesis as a result of aberrant GLI expression has
been achieved using the SHH signaling inhibitor, cylcopamine
(Berman et al., 2002; Altaba et al., 2004). Cyclopamine acts
downstream of PTCH1 and is thought to influence the balance
between inactive and active forms of SMO (Taipale et al., 2000)
and thus helps ameliorate a hyperproliferative state.

BMP Signaling Pathway

Bone morphogenetic proteins (BMPs) represent a large group
of cytokines with the potent ability to initiate ectopic bone
formation (Hopkins, 2016). Since their initial discovery
more than 50 years ago, upward of twenty BMP ligands
have been identified (Chen et al., 2004b; Hopkins, 2016).
As a subfamily of the transforming growth factor B (TGFp)
superfamily (Piccirillo and Vescovi, 2006), BMPs are soluble
factors produced in embryonic stem cells as early as the 16-cell
stage (Graham et al., 2014). It has been well established that

differential BMP signaling is required for the appropriate
development of primitive ectoderm and trophectoderm;
similarly, expression of BMPs in extra-embryonic layers is
required for proper development of the embryonic structure
known as the primitive streak as well as appropriate positioning
of the heart (Kishigami and Mishina, 2005). Specifically,
BMP2 and BMP4 are required for initiation of gastrulation
and both dorso-ventral and anterior-posterior axis formation
(Kishigami and Mishina, 2005).

Bone morphogenetic proteins also regulate mesoderm and
cartilage formation and help direct postnatal development
of bone (Chen et al, 2004a). During neurodevelopment,

BMPs contribute to the rostro-dorsal patterning of
the forebrain (Rubenstein, 2011) and development of
paramedial structures like the choroid plexus, dorsal

midline and dorsal pallium (Fernandes et al, 2007). In
NSCs, BMP is a driver of astrocytic differentiation (Hu
et al, 2010; Hover et al, 2016). The interaction between
BMP and its antagonist, noggin, determines the fate of
OPCs and regulates acquisition of the astrocytic phenotype
(Piccirillo and Vescovi, 2006).

In particular, BMP signaling is involved in regulating the
transcription of genes involved in cell specification including
intracellular interactions used during cellular morphogenesis,
apoptosis, proliferation, and differentiation (Hover et al., 2016).
During signaling, BMPs bind to a heterodimeric complex of
BMP serine-threonine kinase receptors type I and II, which
in turn initiate the phosphorylation of regulatory SMADs,
including SMADI1, SMAD5, and SMADS. Subsequent binding
of regulatory SMADs to SMAD4 leads to translocation of
the complex to the nucleus for regulation of transcription
(Chen et al., 2004b; Voumvourakis et al., 2011; Hover et al,,
2015). Regulatory targets, including extracellular antagonists
and intracellular modulators such as SMAD6 and SMAD?7,
can mediate BMP activation of transcription (Hopkins, 20165
Hover et al., 2016).

A 2005 study demonstrated that BMP4 is a key regulator
of tumor proliferation in GBM. Transient ex vivo delivery
of BMP4 was shown to potently inhibit the ability of
human-derived GBM cells to successfully initiate tumor
formation following intracerebral transplantation, while
in vivo delivery of BMP4 effectively blocked tumor growth
and reduced associated mortality following intracerebral
grafting (Piccirillo and Vescovi, 2006). Likewise, BMP7
has been shown to inhibit tumor proliferation by arresting
glioma-derived cells in the G1 phase of cell cycle (Klose
et al., 2011). This antiproliferative property of BMP7 has been
further corroborated by in vivo optical imaging of luciferase-
tagged glioma-derived cells that have been intracranially
implanted in mice.

Bone morphogenetic protein-mediated inhibition of tumor
cell proliferation has also been established in medulloblastoma
cells (Grimmer and Weiss, 2008). A study conducted by
Zhao et al. demonstrated that reduced proliferation using
BMP2 and BMP4 treatment of cerebellar GCPs is a result
of proteasome-mediated degradation of ATOHI, a highly
expressed TF in cerebellar GCPs. Inhibition of self-renewal
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and induction of differentiation are also responsible for
reduced proliferative capacity within CSC populations
(Caja et al, 2015). Interestingly, BMP7 is the top down-
regulated gene in GSCs that proves resistant to TMZ, the
DNA alkylating agent used as a first line of treatment in
gliomas (Tso et al, 2015). Exogenous BMP7 treatment and
augmentation of BMP7 signaling in TMZ-resistant GSCs
inhibits self-renewal and migratory capacity, reduces mRNA
expression of CD133, MGMT, and ATP-binding cassette
drug effluxing transporters and induces senescence, thus
sensitizing tumor cells to TMZ treatment. BMPs have globally
been implicated as inhibitors of migration and invasion in
medulloblastoma cells predominantly because of the increased
migratory properties following repression of BMP pathways
(Merve et al., 2014).

As a 120 kDa antagonist of BMPs, CHRD is expressed as
early as gastrulation to regulate dorso-ventral patterning (Larrain
et al., 2000; Anderson et al., 2002). It consists of four cysteine-
rich domains which have a dorsalizing role in Xenopus embryo
assays and bind the antagonist, BMP (Larrain et al, 2000).
During embryogenesis, CHRD is expressed in the prechordal
plate and anterior neural ridge (the organizing centers for
rostral development) and promotes the development of the
mammalian head (Anderson et al., 2002). Regulation of BMP
signaling through CHRD is required for the formation of the
primitive streak and stabilization of expressed neural markers
on induced neural cells (Streit et al., 1998). Due to its role in
dorsalization during gastrulation, defects in CHRD expression
lead to congenital head and neck malformations including
Velo-Cardio-Facial and DiGeorge syndromes (Bachiller et al.,
2003). CHRD also regulates the bioavailability of BMP for
inducing the differentiation of mesenchymal cells into bone and
cartilage cells (Reddi, 2001). In addition to CHRD expression
in prenatal development, Mikawa and Sato have also shown
its expression in most neurons and neuropil of the cerebellum
and superior colliculus in adult brain (Mikawa and Sato, 2014).
CHRD plays a role in hippocampal plasticity and spatial learning
in adult brain by enhancing the presynaptic neurotransmitter
release from hippocampal neurons, resulting in enhanced long-
term potentiation (Sun et al, 2007). Expression of CHRD
has also been shown in trigeminal nuclei, particularly in
dendrites, establishing its role in its regulation of dendritic
morphology and synaptic homeostasis in adult trigeminal system
(Hayashi et al., 2016).

From a disease standpoint, CHRD seems to impart a
neuroprotective effect in injured or diseased adult brain
(Jablonska et al., 2010), which is likely due to CHRD-mediated
contributions to cellular differentiation that can facilitate
repair in the CNS. To this end, CHRD is responsible for
maintaining the lineage plasticity of progenitor cells in
the subventricular zone as shown by the shift in glutamic
acid decarboxylase 65 (GAD65)-positive and doublecortin
(DCX)-positive progenitors from neuronal to glial fates
during demyelination (Jablonska et al., 2010). Since CHRD
antagonizes BMPs, it serves as a potential therapeutic target
to promote the differentiation of GSCs, thus inhibiting
the progression of gliomas (Videla Richardson etal., 2016).

Transforming Growth Factor § Signaling

Pathway

Like BMPs, Transforming Growth Factor B TGFf signaling
members belongs to the TGFP superfamily that includes a
number of growth differentiation factors with multiple roles in
neurodevelopment and tumorigenesis. These pathways have been
shown to regulate cell proliferation signaling cascades and serve
as integral modulators of cellular differentiation, morphogenesis,
extracellular matrix (ECM) formation, and other key functions
in a wide variety of cells (Golestaneh and Mishra, 2005).
Induction of TGFp signaling can either occur through small
mothers against decapentaplegic (SMAD)-dependent (canonical)
or SMAD-independent (non-canonical) signaling cascades, two
divergent pathways culminating in contrasting biological activity.
Activated TGFB can bind to three receptor classes of serine-
threonine kinase receptors - TGFp receptor L, II, and IIT (TGFRI,
TGFRII, and TGFRIII) - which enhances TGFB2 binding to
TGFRP3. Activation of TGFRI requires TGFp binding to TGFRII,
forming a tetrameric complex with the dimeric TGF ligand
(TGFB1, TGFP2, or TGFB3) and the two receptors (Derynck
and Zhang, 2003). TGFRI is then activated by TGFRII via the
phosphorylation of its glycerine-serine domain, and as a result,
is able to phosphorylate intracellular SMAD3. Translocation of
activated SMAD complex into the nucleus leads to downstream
transcriptional changes and modulated gene expression (Derynck
and Zhang, 2003). TGFf has also been shown to activate a
number of SMAD-independent signaling cascades including the
Ras/MAPK/Erk, JNK, Rho/ROCK, PI3K-Akt, and PP2-S6 kinase
pathways (Derynck and Zhang, 2003).

Dysregulation of TGFf signaling or its downstream pathways
have been associated with the pathogenesis of multiple CNS
tumors, including adult gliomas such as GBM (Kaminska
et al., 2013), pediatric high-grade gliomas like diffuse intrinsic
pontine glioma (DIPG; Caja et al., 2015), and medulloblastomas
(Kool et al., 2008). Recent reviews have detailed the role of
TGEF signaling in proliferation, invasion, angiogenesis, immune
responses, and therapeutic treatments for malignant gliomas
(Han et al., 2015; Birch et al., 2020; Kaminska and Cyranowski,
2020). Most notably, TGFf has been implicated in glioma
progression as a regulator of cellular proliferation, infiltrative
growth, angiogenesis, and immune suppression (Fogarty et al.,
2005). Although TGEFpP functions as a tumor suppressor by

restricting glial cell growth during development, this inhibitory
capacity is lost during gliomagenesis (Fogarty et al., 2005).
As tumorigenesis continues, glioma cells begin the production
and secretion of TGFp, which further exacerbates dysregulation
of cell proliferation and invasion pathways, suppression of
antitumor immunomodulatory responses, and importantly, the
developmentally-linked oncogenic hallmark of epithelial-to-
mesenchymal transition (EMT; Huber et al., 2005). This cascade
of events is exacerbated by increased expression levels of TGFBRs
by GSCs, which have been shown to depend upon TGF signaling
for self-renewal and maintenance of a dedifferentiated cell state
(Ikushima et al,, 2009; Penuelas et al., 2009). TGFp activity
also modulates the expression of matrix metalloproteinases
(MMPs) that digest and degrade the surrounding ECM, thereby
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facilitating invasion of malignant cells into adjacent neuropil
(Rooprai et al., 2000). Moreover, TGFB1 induces the expression
of integrins that directly promote the capacity of glioma cells to
migrate (Platten et al., 2000).

In the search for better therapeutic treatments for malignant
glioma, an important consideration is the unintended activation
of wound responses and subsequent induction of TGFp signaling
following chemotherapy, radiation or surgical resection of
tumors. To this end, activation of TGFf signaling has been
observed in patient-derived GBM cell lines that have been
treated with TMZ or radiation and results in enhanced migration
and infiltration (Barcellos-Hoff, 1993; Canazza et al., 2011;
Desmarais et al., 2012; Zeng et al., 2017). Owing to its robust
involvement in the maintenance of embryonic stem cells, NSCs,
and GSCs and their self-renewal and multipotency capacities,
TGFp signaling may play a direct role in chemotherapeutic
and radiotherapeutic resistance and recurrence in gliomas
(Watabe and Miyazono, 2009).

WNT Signaling Pathway

Within the developing CNS, wingless-type MMTYV integration
site family (WNT) proteins work to regulate cell proliferation and
its expression is active both during early phases of development
as well as during later stages of organ and tissue growth. WNT
signaling can occur through the WNT/f-catenin-dependent
canonical pathway or through the WNT/B-catenin independent
pathway. In the WNT/B-catenin canonical pathway WNT
binding to its target receptors leads to intracellular accumulation
and nuclear translocation of B-catenin, a coactivator of TFs
encoded by the CTNNBI gene that regulates expression of pro-
survival and cell proliferation genes (Bengoa-Vergniory and
Kypta, 2015). Non-canonical WNT signaling also controls a
number of downstream TFs and cytoskeletal and cell adhesion
regulators and functions through a group of proteins known as
secreted frizzled-related proteins (SFRPs) (Komiya and Habas,
2008). During development, WNT signaling is essential for
the proliferation and self-renewal capacity of cells and plays
a large role in cell fate determination as well as primary
axis formation and organogenesis (Komiya and Habas, 2008).
During early development of the CNS, a WNT-mediated protein
gradient is established in the developing embryo that results in
increased signaling activity in the posterior region and decreased
signaling in the anterior region. This polarity generated by a
disparity in downstream signaling cascades leads to the proper
designation of the anterior-posterior axes of the neural plate
(Kiecker and Niehrs, 2001). This gradient of WNT signaling
produced along the anteroposterior axis is particularly important
for the formation of the anterior head structures as well as for
neuroectodermal patterning (Yamaguchi, 2001). Consequently,
mutations in the WNT proteins and subsequent changes to
WNT-mediated signaling pathways can result in improper
anterior-posterior patterning of the early CNS (Mulligan and
Cheyette, 2012). In addition to its role in global patterning
of the developing CNS, the signaling of WNT proteins has
been shown to both inhibit and promote neurite outgrowth
to regulate dendritic and axonal genes, respectively, during
neurodevelopment (Selvaraj et al., 2015).

Wingless-type proteins are amongst some of the most well-
studied in the context of brain tumors, and have been shown
to bidirectionally support tumor progression and oncogenesis
in a context-dependent manner. WNT signaling in the
context of brain tumors has been most extensively studied
in medulloblastoma, GBM and other astrocytoma subtypes
(Manoranjan et al, 2012). In medulloblastoma, the WNT-
activated subtype results from mutations to the WNT/B-catenin
signaling pathway and is commonly associated with CTNNBI
or germline adenomatosis polyposis coli (APC) mutations
(Helgager et al., 2020). Unlike the SHH-activated subtype of
medulloblastoma, the WNT-activated subtype confers the best
prognosis, although it is also the least commonly occurring
variant. WNT interactions with the secreted frizzled-related
proteins (SFRPs) function as signaling modulators of cell
growth, regulation, and differentiation pathways. Their effects are
thought to be exerted through both direct molecular interactions
with WNT proteins, as well as antagonizing effects generated
by interactions with other SFRP proteins. Abnormal activation
of the WNT pathway has been linked to tumor formation both
via the activation of effector molecules and the loss of tumor
suppressor function (Shi et al., 2007). Although SFRP genes are
known to be tumor suppressors in the WNT pathway, these genes
can be silenced by methylation. Loss of WNT pathway inhibition
due to SFRP gene silencing has been shown to be an additional
mechanism that can lead to excessive WNT signaling, and in turn
overexpression of the genes in the pathway (Kongkham et al,
2010). In particular, SFRP1 is in a class of SFRP genes that affect
cell growth. Its role as a tumor suppressor is often lost in patients
with cancer (Nicot, 2015).

In glioma, experimentation with SFRP1 as an inhibitor of the
WNT pathway led to the discovery of its role as a direct target
of miR-32, which is highly upregulated in invasive glioma cells
(Delic et al., 2014). In GBM, recent evidence has also emerged
showing that WNT proteins have a potent regulatory role in
maintenance of CD133-positive CSCs (Shevchenko et al., 2019)
and thus have highlighted the potential therapeutic applications
of WNT-specific therapies (Zuccarini et al., 2018). In addition to
its functions in promoting GSC stemness, studies have shown
that WNT signaling indirectly promotes EMT in malignant
glioma through its regulation of frizzled class receptor 4 (FZD4)
(Jin et al., 2011). The importance of WNT-mediated EMT
activation in disease outcome has been clearly illustrated by
use of a WNT/B-catenin inhibitor, XAV939, which successfully
suppresses EMT-driven glioma cell invasiveness (Lee et al., 2016).
Moreover, WNT5A activation via the non-canonical branch
of WNT signaling has been shown to directly regulate GBM
cell migration through stimulation of matrix metalloprotease 2
(MMP2). Suppression of WNT5A signaling causes a reduction
in MMP2 expression thereby suppressing cell invasion and
migration in human glioma cell lines (Kamino et al., 2011).

Notch Signaling Pathway

Like its SHH and WNT counterparts, notch receptor (NOTCH)
signaling is an essential contributor to early neurodevelopment
with an important role in the maintenance of NSC populations
(Hitoshi et al., 2002; Lasky and Wu, 2005). NOTCH signaling
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via binding of its ligands like delta-like (DLLI) and jagged (JAG)
drives cell fate determination in both developing cells of the CNS
and CSCs (Koch and Radtke, 2007). Early NOTCH signaling
assists in neural versus epidermal lineage commitment (Cau
and Blader, 2009) and most potently drives cell fate decisions
in NSCs (Yoon and Gaiano, 2005). Studies have shown that
NOTCH maintains its potency in the adult brain by modulating
NSCs and additionally functions postnatally to direct migration,
morphology, and synaptic plasticity (Ables et al., 2011).

NOTCH signaling in cancer mirrors its functions in
neurodevelopment, impacting cell fate and maintenance of CSCs
(Stockhausen et al., 2010). Activators of the NOTCH signaling
pathway are also known to be involved in the cellular response
processes to hypoxia and neoangiogenesis, which are commonly
encountered in human gliomas and thought to contribute
to the pathophysiology of disease progression (Fischer et al.,
2005). Investigations into how NOTCH pathway signaling drives
self-renewal of brain CSCs and their potential to produce
tumors has led to the identification of NOTCH signaling
members as putative targets for the treatment of brain cancers
(Zhang et al., 2008).

Preliminary experiments examining the effects of NOTCH
pathway blockade in human GBM models showed a significant
decrease in GBM cell proliferation both in vitro and in vivo
(Chen et al., 2010). Additional in vitro studies using patient-
derived GBM neurospheres have confirmed that NOTCH
signaling imparts tumorigenicity in GBM cells by showing
the properties of cell growth and stem-cell like features is
in part attributed to activation of NOTCH pathway proteins
(Kristoffersen et al., 2013).

Research has also shown that interaction between epidermal
growth factor receptor (EGFR) and NOTCH pathway proteins
may function to promote proliferation of cancer cells. EGFR is
involved in a number of cell processes including proliferation,
migration, and cell survival (Stockhausen et al., 2010). Studies
investigating a NOTCH-EGEFR interplay have identified EGFR
as an important downstream molecular target of NOTCH
signaling and have reported EGFR overexpression in 40-50%
of GBM cases (Zhang et al., 2008). Not only is there a strong
correlation between significant overexpression of both NOTCH
proteins (NOTCH1) and EGFR in GBM tissue but moreover,
a functional association between expression of these genes and
patient survival has also been identified (Xing et al.,, 2015).
The importance of NOTCH-EGFR interactions in GBM has
been further bolstered by reports showing that NOTCH1-driven
upregulation of EGFR also interacts with p53 in glioma cells
(Purow et al., 2008).

Retinoic Acid Signaling Pathway

Perhaps the most notorious of the oncogenic
neurodevelopmental factors are retinoids (vitamin A), including
the metabolite all-frans-RA, more commonly referred to as RA.
As an essential component of early embryonic development,
RA is widely recognized for its teratogenicity most frequently
encountered with sustained use of retinoid pharmaceuticals
during pregnancy (Ross et al., 2000). RA is a potent morphogen
in embryogenesis but also holds important postnatal homeostatic

functions. In order for RA to exert its effects, retinol must first be
converted to RA and enter the cell via binding to retinol-binding
protein 4 (RBP4). RBP4 interacts with its membrane receptor
STRASG, allowing retinol to enter into the cytoplasm (Maden,
2007). In embryos, retinol is metabolized to retinaldehyde,
and finally to RA (Maden, 2007). RA can act via autocrine or
paracrine signaling, though the mechanism of the latter is poorly
understood. In autocrine signaling, RA is transported to the
nucleus with help from cellular RA-binding protein 2 (CRABP2),
where it then binds to a transcription complex consisting of
a RA receptor-retinoic X receptor (RAR-RXR) heterodimer.
These TFs then bind to a DNA sequence called a RA-response
element (RARE), leading to the transcription of over 500 genes,
many of which are crucial for neuronal differentiation during the
development of the CNS (Maden, 2007). Additionally, RA, along
with WNT5, fibroblast growth factors (FGFs), SHH, and BMPs,
contributes to the anteroposterior and dorsoventral patterning of
the neural plate and neural tube, particularly in the development
of the posterior hindbrain and anterior spinal cord (Maden,
2007). Retinoids also modulate genomic and postgenomic
expression, exert antiangiogenic effects, and interact with protein
kinase C pathways.

Retinoids have long been used in its many forms as
chemotherapeutic agents in hematologic malignancies, with
more recent studies documenting some benefit for GBM
and medulloblastoma (Hallahan et al., 2003; Haque et al,
2007). Impaired RA signaling has been found to reduce cell
differentiation and promote uncontrolled proliferation, the
consequences of which have been observed in GBM (Campos
et al, 2015). Specifically, 13-cis-RA has been used for the
treatment of recurrent GBM although significant systemic
toxicity has been noted with its use (See et al., 2004). In human
medulloblastoma cells, use of RA has been shown to induce
cell growth arrest as evidenced by inhibition and decreased
expression of the cell cycle markers cyclin D 1 (CYCD1) and MYC
proto-oncogene bHLH transcription factor (CMYC) (Chang
et al., 2007). Notably, the phase III treatment study of pediatric
neuroblastoma using 13-cis-RA differentiating therapy showed
that high-dose pulse therapy given following completion of
intensive chemoradiotherapy significantly improved event-free
survival in high-risk subtypes of the disease (Reynolds et al.,
2003). While the efficacy of retinoid therapy for neuroblastoma
is clear, approximately 50% of patients fail to respond to
treatment or become resistant during the course of therapy
(Dobrotkova et al., 2019).

SLIT/ROBO Signaling Pathway

Nearly 30 years ago, Seeger et al. (1993) identified the role
of roundabout (ROBO) in providing repulsive cues for axonal
extension through mutations affecting CNS axon pathway
development. Following these insights, the secreted slit guidance
ligands, SLITs were discovered as repellants of neuronal
precursor migration from the anterior subventricular zone to the
olfactory bulb (Wu et al., 1999). SLIT is produced by midline glia
cells in vertebrates, is strongly expressed in the septum, and binds
to the receptor ROBO expressed in the olfactory bulb (Li et al.,
1999; Chedotal, 2007). Three SLIT homologs exist in vertebrates,
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namely SLIT1, SLIT2, and SLIT3, each consisting of four tandem
leucine-rich repeat domains, laminin G-like domains, EGF-like
domains, and N-terminus signal peptide. Four ROBO receptor
subtypes have been identified in vertebrates, three of which are
expressed in brain and the fourth of which is expressed by
endothelial cells (Li et al., 1999; Bedell et al., 2005; Chedotal,
2007). SLIT/ROBO signaling has been conclusively shown to
regulate a number of cellular processes including cellular polarity,
adhesion, and cell death (Dickinson and Duncan, 2010; Ypsilanti
et al., 2010) but most prominently is regarded as a key regulator
of axon guidance and repulsion in the developing CNS.

An important characteristic of SLIT in the developing CNS
is its prevention of axonal migration to unwanted locations
(Mertsch et al., 2008; Dickinson and Duncan, 2010). Of similar
importance is the ability of SLIT and ROBO to regulate the
targeting of axons in vertebrates and invertebrates (Chedotal,
2007). SLIT2 is involved in stimulating the axon collateral
branches formation in the dorsal root ganglion and also
has roles in the arborization of central trigeminal sensory
axons in rodent brainstem (Wang et al, 1999; Ozdinler and
Erzurumlu, 2002). The binding of SLIT to ROBO leads to actin
reorganization mediating cell motility and is enhanced by the
presence of heparin sulfate proteoglycans (Ronca et al., 2001).
This interaction defines cell dissociation, migration coordination
and anchorage through collective movements of cells (Friedl
and Mayor, 2017). Additionally, the SLIT/ROBO pathway
promotes interactions between E-cadherin and fB-catenin at the
plasma membrane, thereby promoting cell adhesion (Dickinson
and Duncan, 2010). In fly, ROBO2 and ROBO3 regulate the
differentiation of serotonergic neurons, while in vertebrates,
ROBO1 plays an important role in neuronal differentiation
(Connor and Key, 2002; Couch et al., 2004).

Cellular functions regulated by SLIT/ROBO during
development are often dysregulated in neoplastic transformation
(Dickinson and Duncan, 2010). SLIT and ROBO have been
shown to regulate neoangiogenesis during tumor formation
(Liao et al., 2010) and studies have shown that SLIT/ROBO
play dual roles in cancers, serving both as tumor suppressors
and oncogenes depending on cellular circumstance (Ballard
and Hinck, 2012). Specifically, SLIT2 has been shown to
suppress glioma cell invasion and motility as evidenced by
the reduction of SLIT2 expression in GBM (Mertsch et al.,
2008). Expression of SLIT2 in vitro inhibits the activity of
CDC42, an important Rho-GTPase family member involved
in cell polarity induction during tumor cell migration (Yiin
et al., 2009; Gao et al, 2013). Decreased expression of SLIT2
and ROBO1 have been shown in cancers metastasizing to the
brain, including ductal carcinoma of the breast (Qin et al,
2015) and may reflect changes to EMT status. Together, SLIT
and ROBO also regulate downstream hallmark pathways
involved in tumorigenesis, including mTOR, VEGFR, EGFR, and
HER?2 both through direct and indirect signaling events (Gara
et al., 2015). In both developmental and neoplastic settings,
promyelocytic leukemia (PML) protein controls polycomb
repressive complex 2 (PRC2)-mediated repression of SLIT
proteins, which reduces cancer cell invasiveness in GBM.
Additionally, these proteins form the PML/SLIT1 complex that

regulates sensitivity of GBM cells to therapeutic arsenic trioxide
(Amodeo et al., 2017). Overexpression of ROBOI1 has also
been shown to decrease GBM cell motility and overexpression
of SLIT2/ROBO1 can reverse radiation-induced GBM cell
migration via a mesenchymal-to-epithelial transition (MET;
Nguemgo Kouam et al., 2018).

Hippo Signaling Pathway

The Hippo signaling pathway is essential for the control of
embryonic development and tissue homeostasis in multiple
organ systems, including the CNS, and has recently emerged as
a central element in maintaining the balance between physiologic
cell proliferation and the uncontrolled cell divisions characteristic
of tumorigenesis. Hippo signaling pathways have been reported
as regulators of myriad physiological functions, including control
of organ size, regulation of metabolism, promotion of cell
differentiation, and regulation of cell proliferation (Ehmer and
Sage, 2016). The key molecules upstream of Hippo include
neurofibromin 2 (NF2), also known as merlin, which signals
through macrophage stimulating kinases MST1 and MST2
to phosphorylate and activate large tumor suppressor kinases
LATSI and LATS2 (Liu and Wang, 2015). The activated LATS
kinases interact with Mps one binder homolog 1 (MOB1) to
phosphorylate yes-associated protein 1 (YAP1) and tafazzin
(TAZ) effector proteins (Liu and Wang, 2015; Ehmer and
Sage, 2016). YAP1/TAZ levels are essential in the control
of cell proliferation; the phosphorylation of YAP1/TAZ leads
to interaction with 14-3-3 protein, a mediator of nuclear
removal, and subsequent cytoplasmic degradation, resulting
in restricted cell proliferation and increased apoptosis (Liu
and Wang, 2015; Ehmer and Sage, 2016). When YAP1/TAZ
proteins are not degraded in the cytoplasm, they can interact
with other neurodevelopmentally regulated proteins such as
WNT, TGFf, NOTCH, and SHH (Plouffe et al, 2015).
Unphosphorylated, nuclear YAP1/TAZ promote proliferation
through transcriptional regulation with the TEAD/TEF family
of TFs (Ehmer and Sage, 2016). In development, kinases of the
Hippo pathway are thought to function as tumor suppressors
through negative regulation of YAP1 and TAZ.

Dysregulated Hippo signaling has been reported in numerous
cancers, including tumors of the CNS. Overexpression of
YAP1 has been observed in medulloblastomas, meningiomas,
ependymomas, astrocytomas, oligodendrogliomas, and GBMs
(Liu and Wang, 2015). Interestingly, loss of function mutations
in the tumor suppressor protein NF2 result in increased YAP1
expression and nuclear localization, leading to development of
Schwannomas and meningiomas. NF2 expression is significantly
reduced in malignant gliomas (Plouffe et al., 2015) and normally
functions to inhibit YAP1 by promoting LATS activation and
YAP1 degradation. Mutations in NF2 therefore result in YAP1
accumulation and tumorigenesis (Liu and Wang, 2015; Ehmer
and Sage, 2016). Other studies have shown that YAP1/TAZ
expression is positively correlated with glioma prognosis in
patients whereas LATS1/LATS2 expression correlates negatively
with patient outcomes (Zhang et al., 2016). In medulloblastoma,
YAPI1 is significantly amplified and upregulated in SHH-
activated subtypes and mediates SHH-driven NPC proliferation
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(Fernandez et al., 2009). More recently, studies have shown
that YAPI expression leads to upregulation of chromatin
remodeler helicase, lymphoid specific (HELLS) in SHH-activated
medulloblastoma and is activated downstream of SHH pathway
activation through SMO, a positive transducer of SHH signaling
(Robinson et al., 2019).

LINEAGE-SPECIFIC TRANSCRIPTIONAL
REGULATORS

Transcription factors are important determinants in how
tumors manifest from genetic and epigenetic alterations.
The mutational burden and changes to expression levels
that facilitate the progression of tumor growth through the
dysregulation of proliferation and cellular differentiation are
often manifest downstream of the genes in which the alterations
occur, ultimately culminating in transcriptional changes that
effect global cell changes. TFs are essential components of
the neurodevelopmental process and function in concert with
signaling factors to coordinate gene expression programs
that orchestrate the precise proliferation and differentiation
of vast populations of cells that make up tissues and organs.
Expression of TFs during development is often a tightly
controlled process under normal physiological conditions.
In neoplastic conditions such as brain tumors, however,
TF expression and activity can be dysregulated by various
genetic and epigenetic changes including point mutations,
translations, amplifications, deletions, or even extend to
mutations in non-coding DNA that can affect DNA binding
activity. Ultimately, this altered expression leads to deviant
expression programs that engender cells with a selective cell
stemness, growth or migratory advantage that is exploited by
brain tumors for continued proliferation and dissemination
throughout the brain.

In the following sections, we will explore what is currently
known about neurodevelopmental TFs with documented roles
in brain tumor initiation, malignant transformation and
progression. We will pay particular attention to those TFs
implicated in cell fate and differentiation in the developing
brain and how dysregulation of these TF programs following
acquisition of a mutational load in brain tumors may serve
to drive differential outcomes by driving TF-specific genetic
programs and global expression changes.

PAX Genes

The paired box (PAX) genes constitute a family of nine
developmental genes encoding nuclear TFs with critical roles
in the formation of organs and tissues (Buckingham and
Relaix, 2007; Wang et al,, 2008). All nine members of the
PAX genes share a highly conserved PAX DNA binding
domain (Wang et al., 2008) and have specific spatiotemporal
expressions that are tightly regulated at discrete stages of fetal
development (Muratovska et al., 2003). PAX genes uniformly
function as embryogenic drivers through their regulation of
cell proliferation, self-renewal, progenitor cell maintenance,
resistance to apoptosis, terminal differentiation inhibition,

coordination of various differentiation programs, and migration
of embryonic precursor cells (Moscoso and Sanes, 1995; Lang
et al., 2007; Wang et al., 2008; Blake and Ziman, 2014).

Although structurally similar, each PAX gene imparts unique
downstream effects and varies in its regulatory contributions
to organogenesis. PAX1, for example regulates epithelial
differentiation within and development of the thymus (Mansouri
et al., 1999), whereas PAX2 has been shown to regulate the
response of kidney mesenchyme to induction (Dressler, 1995),
and is involved in embryogenesis of the hindbrain (Eccles, 1998)
and epithelial differentiation within the urogenital tract (Burger
et al., 2012). PAX3 has strong and preferential expression in
neurodevelopment with the synthesis of PAX3 occurring in
the dorsal neural tube (Chi and Epstein, 2002), and regulatory
effects playing a critical role in both fate determination of
neural crest cells and their differentiation into enteric and
peripheral ganglia, Schwann cells and melanocytes (Nelms
and Labosky, 2010). Coexpression of PAX3 with PAX7 directs
differentiation of myogenic progenitor cells into skeletal muscle
fibers (Buckingham and Relaix, 2007), whereas PAX6 is required
for development of the eyes and nose by directing the formation
of lens placodes from surface ectoderm and ectoderm placodes
for nasal cavities (Grindley et al., 1995). Similarly, PAXS8 directs
the development of follicular cells in the thyroid gland from
thyroid diverticulum and also regulates the transcription of
thyroperoxidase and thyroglobulin (Chi and Epstein, 2002).

Within the field of glioma biology, PAX3 has been established
as a regulator of GSCs through its modulation of glial fibrillary
acidic protein (GFAP) expression (Su et al., 2016). PAX3 inhibits
expression of GFAP by binding its promoter site, and accordingly,
overexpression of this TF promotes the differentiation of GSCs
(Su et al, 2016). PAX8 has also been shown to promote
gliomagenesis through expression of telomerase catalytic unit
and RNA component genes in human glioma cell lines. The link
between PAXS8 and telomere maintenance highlights a potential
therapeutic application for inhibiting proliferation of tumor
cells through telomere shortening (Chen et al., 2008). Likewise,
functional data showing overexpression of PAX2 in hindbrain
and cerebellar development as a driver of medulloblastoma has
implicated PAX2 as a proto-oncogene (Burger et al, 2012).
Interestingly, PAX5, along with its paralogues PAX2 and PAXS,
has been shown to downregulate the expression of tumor
suppressor gene, p53 through binding to its untranslated first
exon and thus has proto-oncogenic functions in tumorigenesis
(Stuart et al, 1995). Dysregulated expression of PAX5 in
undifferentiated medulloblastoma cells has further established
PAXS5 in tumor cell proliferation (Kozmik et al., 1995).

SOX Genes

The sex determining region Y (SRY) box family of transcription
factors (SOXs) is composed of 20 members containing a related
high motility group (HMG) DNA binding domain. They are
further categorized into 8 subgroups based on sequence similarity
of the HMG group, which tend to share biochemical properties
and often demonstrate overlapping expression patterns and
functional redundancy. The SOX group in its entirety serve
as developmental regulators with functions in many organs
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including CNS tissues. In particular, they are important for
stem cell maintenance and have been attributed roles in tissue
regeneration and tumorigenesis (Kamachi and Kondoh, 2013).
Importantly, differential expression of SOX genes (SOX4, SOXO9,
and SOXI11) in pediatric brain tumors has been used as
prognostic marker for disease progression and outcomes in
ependymoma and medulloblastoma (de Bont et al., 2008).

SOXBI1 transcription factors are expressed early in
embryonic development and are involved in NSC maintenance;
overexpression of these TFs is thus not surprising in the context
of brain tumors. Expression of SOX1 in human glioma is
heterogeneous with high expression of SOX1 conferring poor
prognosis (Garcia et al., 2017). SOX1 expression was enriched
in patient-derived GSCs and its expression diminished in
GSCs induced to differentiate, suggesting that SOX1 may be
important for maintaining the undifferentiated state. Inhibition
of SOXI in glioma cells leads to decreased proliferation, self-
renewal, and reduced capacity to grow in vivo (Garcia et al,
2017). Overexpression of SOX1 in GSCs only moderately
increased cell growth and proliferation. Further, overexpression
in differentiated glioma cells weakly induced neurosphere
formation and stem cell marker expression and failed to induce
tumor growth in a xenograft model (Suva and Tirosh, 2020).
Therefore, it appears that SOX1 is essential for maintaining stem
cell renewal, but not sufficient to promote tumor initiation.

SOX2 is an important regulator of early embryogenesis and
contributes to the pluripotency of certain stem cell subsets
(Avilion et al, 2003). In the adult nervous system, SOX2 is
expressed in NSCs and undifferentiated precursor cells (Wegner
and Stolt, 2005), and in cancer SOX2 serves as a marker
of proliferating or undifferentiated cells in human malignant
gliomas, including pediatric gliomas, and ependymomas (Ferletta
et al., 2007; Phi et al., 2008; Annovazzi et al., 2011). SOX2
is also overexpressed or amplified in oligodendrogliomas and
GBMs, and interestingly appears to be more highly expressed
in the SHH-activated subgroup of medulloblastomas, perhaps
suggesting a link between SHH and SOX2 signaling in a
neoplastic context (Phi et al., 2010; Annovazzi et al, 2011;
Ahlfeld et al., 2013). With respect to survival, SOX2 expression
is positively correlated with brain tumor malignancy grade and
confers poor clinical outcomes (Sutter et al, 2010; Mansouri
et al,, 2016). Mechanistically, SOX2 is necessary for maintaining
GSC properties in GBM and medulloblastoma cells, but is not
sufficient to support self-renewal properties (Alonso et al., 2011;
Berezovsky et al,, 2014) again highlighting a role for TFs in
tumor progression but not tumor initiation. While SOX2 is
highly expressed in the proliferating populations of some brain
tumors it has also been shown that SOX2-positive cells in brain
tumors coexpress GFAP, indicating that SOX2 may serve as
a selective marker of tumor cells deriving from or assigning
to a glial lineage rather than a marker of all neoplastic cells
(Phi et al., 2008).

The role of SOX3 has been studied to a lesser extent in brain
tumors although it is notably expressed in developing NSCs and
in a subset of mature hypothalamic neurons (Bylund et al., 2003).
SOX3 expression was found to be increased in a subset of primary
GBM samples and in patient-derived GSC and its overexpression

in glioma cells results in increased proliferation, migration, and
invasion (Marjanovic Vicentic et al., 2019).

The SOXC TFs include SOX4 and SOX11, which are initially
coexpressed in differentiating NPCs during early embryonic
development with their expression patterns become more
spatially divergent within the CNS as development ensues
(Cheung et al., 2000). Studies using SOX11 deficient NPCs
have demonstrated that SOX11 is necessary for both embryonic
and adult neurogenesis (Wang et al, 2013), suggesting that
its expression facilitates loss of stemness and acquisition of a
more differentiated neuronal phenotype (Hide et al., 2009). To
this end, studies have shown that SOXI11 is overexpressed in
gliomas and medulloblastoma and that high expression in the
former is associated with positive outcomes (Lee et al., 2002;
Korkolopoulou et al.,, 2013; Czapiewski et al.,, 2016). To the
contrary, loss of SOX11 expression correlates with a significant
decrease in survival, perhaps owing to loss of differentiated tumor
cells and retention of more CSCs.

The role of SOX4 in glioma is controversial insofar as
conflicting reports exist on SOX4 activity and expression,
suggesting that its function may be context dependent. While
some reports suggest that increased expression of SOX4
correlates with a favorable prognostic outcome, others suggest
poor overall prognoses associated with high expression (de
Bont et al,, 2008; Li et al, 2015). In human glioma cell lines,
SOX4 inhibits growth by influencing WNT and TGF signaling
pathways, as well as p53-p21 activity (Zhang et al., 2014).
Interestingly, SOX4 can also interact with OCT4 to activate
SOX2 expression via its enhancer region thereby maintaining
the stemness properties of the GSC population, a mechanism
that differs from the SOX2 self-regulating loop that dominates
developmental NPC proliferation (Ikushima et al., 2011).

During development the SOXD TFs, SOX5 and SOX6, are
most highly expressed in OPCs, oligodendrocytes and a subset
of neurons (Stolt et al., 2006). These SOXD proteins have
been shown to promote the migration of OPCs by maintaining
them in an undifferentiated state thereby preventing precocious
differentiation of these glial cells (Stolt et al, 2006; Baroti
et al., 2016). Interestingly, SOX5 expression is lower in both
glioma samples and glioma cell lines than in normal adult
brain (Schlierf et al, 2007). perhaps reflecting a decrease in
oligodendrocytic cell identity. Overexpression of SOX5 has been
shown to inhibit proliferation in both in vitro experiments
of human glioma cell lines and in vivo experiments using
platelet-derived growth factor p (PDGFp)-induced glioma in
mice (Tchougounova et al., 2009). While SOX6 is expressed in
gliomas and medulloblastomas, it shows differential expression
levels depending on tumor subtype, with lower levels found
in GBM and higher levels present in oligodendrogliomas
(Schlierf et al., 2007). Owing to its predominant expression in
neurodevelopment, SOX6 represents a putative tumor-specific
antigen in glioma; treatment of mice with a SOX6-DNA
vaccination had protective and anti-tumorigenic effects on tumor
bearing mice (Ueda et al., 2004, 2008).

SOXE proteins, including SOX8, SOX9, and SOX10, are
generally expressed after neural induction but before the
initiation of gliogenesis. Mice lacking SOX9 have impaired
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specification of oligodendrocytes and astrocytes, although OPCs
seem to recover at later stages of development owing to the
functional redundancy of SOX9 with SOX8 and SOX10 (Stolt
et al,, 2003). A similar functional redundancy has been observed
in SOX8-null mice as no defects in oligodendrocyte specification
are observed. Mice lacking both SOX8 and SOX9, however, fail to
form mature oligodendrocytes (Stolt et al., 2004, 2005). Likewise,
SOXI10 is critical for terminal differentiation of oligodendrocytes
and myelination (Stolt et al., 2002).

Little is known about the role of SOX8 in brain tumors,
although it is widely expressed in oligodendrogliomas,
medulloblastomas and astrocytomas with lower expression
present in GBM (Cheng et al., 2001; Tchougounova et al., 2009;
Azar et al.,, 2018).

SOX9 is strongly expressed in malignant gliomas and its
upregulation is associated with higher tumor grade and worse
survival outcomes (Wang et al., 2012; Gao et al., 2015; Gnerlich
et al, 2019). In glioma cell lines overexpression of SOX9
stimulates migration, invasion, and the EMT process via the
activation of the WNT/B-catenin signaling pathway (Liu et al.,
2015). Loss of SOX9 function in these cell lines resulted in
impaired cell survival and abrogated proliferation via enhanced
p21¢ expression (Wang et al., 2012; Gao et al., 2015; Aldaz
etal,, 2020). In a mouse model of malignant glioma, codeletion of
SOX9 and POU3F?2 regulatory enhancer elements in the nuclear
factor IA (NFIA) locus block NFIA expression and inhibit
tumorigenesis (Glasgow et al., 2017). Transcriptional regulation
by SOXO has also been associated with the SHH-activated group
medulloblastomas (Swartling et al., 2012).

SOXI10 is expressed in oligodendrogliomas, astrocytomas,
diffuse cerebellar gliomas, and H3K27M-mutant midline gliomas
(Bannykh et al., 2006) although its expression is silenced in
cortical gliomas by promoter methylation. Studies in a mouse
model of malignant glioma show that SOX10 is not sufficient
to induce glioma tumorigenesis (Ferletta et al., 2007), likely due
to the cross inhibitory relationship of SOX10 and NFIA that is
present in development and is conserved during tumorigenesis
in glioma (Glasgow et al., 2014).

NFI Genes

Nuclear factor I (NFI) genes are transcription factors with
CCAAT box binding domains present within their consensus
sequence. NFI family members include NFIA, NFIB, NIFC, and
NFIX and have distinct roles in normal development. Mutations
in these genes are associated with various developmental
aberrations owing to disturbances in cellular proliferation
and differentiation pathways that are mediated primarily
through transcriptional control of downstream NFI target genes
(Gronostajski, 2000; Mason et al., 2009). NFIA and NFIB
deficient mice show lethal developmental phenotypes and die at
birth from lung abnormalities and profound anatomical brain
defects, including corpus callosum agenesis and enlarged lateral
ventricles (das Neves et al., 1999; Shu et al., 2003; Steele-
Perkins et al., 2005). Both NFIA and NFIB knockout mice
show pronounced defects in glial cell development (Deneen
et al., 2006; Barry et al, 2008); mice lacking NFIX display
enlarged lateral ventricles but do not suffer from corpus callosum

anomalies (Campbell et al., 2008). Interestingly, NFIC-null mice
are viable and present without developmental abnormalities
(Chaudhry et al., 1997).

Roles for NFIA and NFIB as tumor suppressors in glioma have
been documented, and expression of these two factors is inversely
correlated with tumor grade such that higher grade tumors are
associated with lower expression of NFIA or NFIB (Song et al.,
2010; Stringer et al.,, 2016). Increased expression of NIFA or
NFIB is associated with increased survival in patients with high-
grade gliomas (Song et al., 2010; Stringer et al., 2016). Studies
in both human and mouse glioma cell lines demonstrate that
NFIA is important for glioma tumorigenesis and is mediated by
regulation of p21 and p53 (Glasgow et al., 2014). Overexpression
of NFIB in GBM cells induces cell differentiation and inhibits
tumor growth via signal transducer and activator of transcription
3 (STAT3) signaling mechanisms (Stringer et al,, 2016). In a
genetic mouse model of glioma, deletion of NFIA or NFIB
reduces survival of mice and increases tumorigenicity (Chen
et al, 2020a,b). Moreover, ectopic expression of NFIA or
NFIB in a glioma xenograft model is sufficient to promote
differentiation of tumor cells.

Nuclear factor IA is lost as part of chromosome 1p31 and
low expression of NFIA is associated with oligodendrogliomas
(Idbaih et al., 2008; Houillier et al., 2010; Sun et al., 2014).
Strikingly, overexpression of NFIA in a mouse model of
oligodendroglioma can convert the tumor to an astrocytoma
subtype (Glasgow et al, 2014). This function as a driver of
differentiation in gliomas parallels the function of NFI factors
as glial determinants during neural development and clearly
illustrates how developmental paradigms are recapitulated in the
context of tumor evolution.

bHLH Genes

Proneural basic helix-loop-helix () HLH) transcription factors are
essential regulators of neural cell fate in the developing CNS
and in regions of the adult NSC niches. As suggested by their
namesake, bHLH factors contain a helix-loop-helix domain that
is utilized for dimerization and binding to the enhancer box
motif consensus sequence CANNTG. Some of the most well-
studied of these TFs in development and brain tumors are OLIG2,
atonal bHLH transcription factor 1 (ATOH1) and Achaete-
Scute family bHLH transcription factor 1 (ASCL1). Although
mutations in proneural bHLH factors are not commonplace in
brain tumors, dysregulated expression levels of these TFs in some
tumor subtypes may direct disease course through respective
downstream changes to gene expression.

As a key TF controlling glial cell fate in the developing
CNS, OLIG2 shows a diverse repertoire of functions in
neurodevelopment. It is required for the generation of motor
neuron populations in the spinal cord and likewise is necessary
for successful generation of OPCs and their subsequent
maturation in the spinal cord and cortex (Takebayashi et al.,
2002; Zhou and Anderson, 2002; Zhu et al., 2012). In the absence
of OLIG2, OPCs are converted to astrocytes suggesting that
OLIG2 not only promotes the oligodendrocyte fate but also serves
to inhibit astrocyte fate (Takebayashi et al., 2002; Zhou and
Anderson, 2002; Zhu et al., 2012). OLIG2 is expressed in varying
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degrees in both pediatric and adult gliomas, with significant
expression occurring in GSC populations of oligodendrogliomas
(Lu et al.,, 2001; Ligon et al., 2004). A profiling study in GBM
found a subset of neurodevelopmental TFs (including OLIG2 and
SOX2) are sufficient to reprogram differentiated human GBM
cells into GSCs, suggesting that OLIG2 has an important role
in maintaining GSC stemness (Suva et al., 2014). Accordingly,
deletion of OLIG2 in a mouse model of glioma results in impaired
tumor growth and a shift in cellular profiles toward an astro-glial
expression pattern. This shift is associated with downregulation
of PDFGR and EGFR (Lu et al., 2016) and is supportive of a role
for glial determinants altering the cellular constituency and fate
of glioma cells.

Another important regulator of the developing brain and
spinal cord cell populations is ATOHI, which is a TF
expressed in progenitor populations throughout several regions
of the brain and the dorsal spinal cord ([reviewed in Lai
et al.,, 2016)]. ATOHI is required for the proper development
of dIl dorsal interneurons in the spinal cord and the
proliferation of granule cell precursors, serotonergic neurons,
and respiratory nuclei of the hindbrain (Ben-Arie et al,
1996; Flora et al, 2009; Rose et al, 2009). Genetic loss
of ATOHI1 results in neurophysiological deficits, including
a reduction in the size of the cerebellum and premature
death due to dysregulated respiration resulting in apnea (Rose
et al,, 2009). Like many bHLH TFs, ATOH1 itself is rarely
mutated in brain tumors; its expression levels, however, are
reported to be dysregulated in a number of brain tumor
subtypes (Fu et al, 2019). The role of ATOHI1 in high-
grade glioma has yet to be well-defined, although correlative
relationships between high ATOHI1 expression in the SHH-
activated subtype of medulloblastoma have been reported
(Salsano et al., 2004). The increased expression profile of ATOH1
in medulloblastoma - a cerebellar tumor subtype - is thought
to reflect the prominent role of ATOH1 as a regulator of
cerebellar GPCs in the developing brain (Thompson et al.,
2006). While ATOH1 expression alone is not sufficient to induce
medulloblastoma tumorigenesis, deletion of ATOH1 in a mouse
model of medulloblastoma significantly attenuates tumorigenesis
by decreasing GPC proliferation (Flora et al., 2009). Conversely,
overexpression of ATOH1 in a PTCH1-deficient mouse model of
SHH-activated medulloblastoma accelerates tumor progression
(Grausam et al., 2017). Recently, a phosphorylated form of
ATOH]1 was found in human SHH-activated medulloblastoma
samples and serves to stabilize ATOHI, leading to increased
ATOHI1-mediated activity and proliferation of tumor initiating
cells (Klisch et al., 2017).

Achaete-Scute family bHLH transcription factor 1 (ASCL1)
is also required for the specification of interneuron populations
in the developing spinal cord and for the generation of several
subsets of neuronal populations in the brain (Dixit et al., 2011;
Pacary et al., 2011; Dennis et al., 2017). In addition to promoting
neuronal differentiation programs, ASCL1 has been implicated in
the regulation of gliogenesis as well (Nieto et al., 2001; Nakatani
et al,, 2013; Vue et al.,, 2014; Lai et al., 2016) and therefore its
expression is present in both neuronal populations and a subset
of glial progenitor cells (Vue et al,, 2014). ASCL1 knockout

mice have several neurodevelopmental defects and die shortly
after birth from their deficits in neurogenesis (Nieto et al.,
2001). Conditional deletion of ASCL1 following the neurogenic
period has revealed that ASCL1 is important for ensuring the
appropriate proportion of white matter oligodendrocytes are
generated during development (Vue et al., 2014).

With respect to brain tumors, ASCL1 is expressed in GBM,
astrocytoma, and oligodendrogliomas (Somasundaram et al,
2005; Rousseau et al., 2006; Rheinbay et al, 2013). In vitro
experiments using cultured glioma cells have revealed ASCL1
is necessary for cellular proliferation via activation of WNT
signaling (Rheinbay et al, 2013). In addition, glioma cell
lines overexpressing ASCL1 can drive efficient conversion of
these glial derivatives into neurons if induced to differentiate
(Cheng et al., 2019). Notably, a subset of patient-derived GSCs
express high levels of ASCL1 and retain their capacity for
neuronal differentiation. Similarly, restoring ASCL1 expression
to GSCs endogenously deficient in ASLC1 induces neuronal
differentiation and reduces tumorigenesis by exposing the
relevant chromatin regions for activation of neuronal lineage
programs (Park et al., 2017). In mice, loss of ASCL1 in glioma
delays tumor progression thereby increasing survival (Vue et al.,
2020). In these studies, ASCL1 is shown to both directly and
indirectly regulate the expression of cell cycle genes, drivers of
neurodevelopment, and factors shown to regulate gliogenesis
(Vue et al., 2020).

CROSSTALK BETWEEN
NEURODEVELOPMENTAL SIGNALING
PATHWAYS AND TRANSCRIPTIONAL
PROGRAMS

The convergence of neurodevelopmental pathways with other
signal transduction cascades in both development and disease
has long been established reviewed in Brechbiel et al. (2014), Luo
(2017), Pearson and Regad (2017), Neve et al. (2019), Pelullo et al.
(2019) (Figure 3). In this section, we review examples of how
this crosstalk between neurodevelopmental pathways (NOTCH,
WNT, and TGFB) and lineage-specific transcriptional regulators
functions within brain tumors.

The most robust of these relationships is demonstrated
by ATOHI-mediated transcriptional control of development
and medulloblastoma progression. ATOH1 is required for
development of the cerebellum where it works in a SHH-
dependent manner to regulate cerebellar GCPs (Ben-Arie et al.,
1997; Gazit et al, 2004). ATOHI1 also regulates cerebellar
GCPs development via NOTCH signaling and activation of
HES family bHLH transcription factor 5 (HES5) (Gazit et al,
2004). While the induction of ATOH1 is in part self-
activating, it is also regulated by BMP activity, specifically,
that of BMP7 (Alder et al, 1999; Helms et al, 2000).
Moreover, regulation of ATOHI expression is mediated by a
negative feedback loop that depends on HES5 (Gazit et al.,
2004). During the processes of tumorigenesis, ATOHI is
required to attain GCP identity, which serves as a critical
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FIGURE 3 | Crosstalk occurring between neurodevelopmental signaling pathways and transcriptional regulation in brain tumors.

event for the formation of SHH-induced medulloblastomas
(Schuller et al., 2008; Flora et al, 2009; Grausam et al.,
2017). The requirement of ATOHI1 for the formation of
SHH-activated medulloblastoma is mediated by direct binding
of ATOH1 to the SHH pathway effector, GLI2, which
maintains GCPs in a SHH-responsive state (Flora et al,
2009; Ayrault et al., 2010). Collectively, these data suggest
that ATOHI1 acts as an oncogene in medulloblastomas;
however, ATOH1-mediated tumor suppressor activity has been
demonstrated in other signaling pathways and highlights
the importance of context when considering these pathway
interactions (Bossuyt et al., 2009a,b).

In developing glial cells, HES1 represses ASCL1 expression
while ASCLI inversely activates HES5 (Kondo and Raff, 2000).
A similar pattern of cross regulation exists in malignant glioma in
which ASCLL1 is important for tumorigenicity and maintenance
of GSCs (Zheng et al., 2010; Zhang et al., 2011; Rheinbay et al.,
2013). Upregulation of ASCLI is associated with inhibition of
NOTCH signaling (Somasundaram et al., 2005). GSCs with high
expression of ASCL1 are competent to differentiate in response to
NOTCH inhibition, whereas low-expressing ASCL1 GSCs show
reduced sensitivity to the same conditions (Park et al.,, 2017).
In addition to its interactions with NOTCH, ASCL1 has been

linked to WNT signaling using transcriptomic analyses of GSCs
(Rheinbay et al., 2013). In this context, ASCL1 activates WNT
signaling via induction of canonical WNT signaling target genes
and sustained ectopic expression of ASCL1 leads to aberrant
expression of several WNT-responsive genes.

Post-translational modifications to OLIG2 mediate migration
and proliferation of both OPCs and GSCs in development and
glioma, respectively (Sun et al., 2011; Hornig et al., 2013; Nevo
et al, 2014; Singh et al, 2016). Whereas unphosphorylated
OLIG2-positive cells are inherently invasive, phosphorylated
OLIG-positive cells show increased capacity for proliferation. In
tumors, the unphosphorylated form of OLIG2 drives increased
patient-derived GSCs invasion via activation of the TGEFf
pathway through TGFP2 culminating in expression of EMT-
associated gene (Singh et al., 2016). Expectedly, inhibition of
TGFp2 signaling suppresses unphosphorylated OLIG2-mediated
invasion. This crosstalk between unphosphorylated Olig2 with
TGEFp thus serves an important role dictating the proliferative or
invasive properties of glioma cells.

During neurogenesis PAX6 is critical for the generation of
discrete progenitor domains that occur in response to a ventral
SHH signaling gradient, which leads to the production of motor
neurons and ventral interneurons (Ericson et al., 1997). In both
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medulloblastoma and glioma cells, PAX6 expression is controlled
by SHH-GLI signaling events: GLI1 activates PAX6 expression
in medulloblastomas but suppresses it in gliomas (Shahi et al,,
2010). In GSCs, PAX6 directly binds to WNT5A regulatory
regions to induce the differentiation of GSCs into endothelial cells
that in turn support the extensive vasculature that feed GBMs
(Hu et al., 2016).

Similarly, the SOX family of genes can interact with SHH,
TGFp and WNT signaling pathways in both the contexts of
development and tumorigenesis (reviewed in Mansouri et al.,
2016). In NPCs, GLI proteins, which are downstream effectors
of the SHH pathway are regulated by SOX2-dependent events.
Specifically, upon induction of SHH signaling, GLI proteins
cooperate with SOX2 to activate the expression of transcription
factors that help specify progenitors of the ventral spinal cord,
including NKX2.2 and OLIG2 (Oosterveen et al., 2012; Peterson
et al., 2012). Concordantly, SOX2 expression is higher in SHH-
activated medulloblastomas than it is in other medulloblastoma
subtypes with SOX2 activity serving as a regulator of stemness in
these tumors. In glioma, SOX2 expression promotes stemness via
downstream activation of TGFp signaling, which also promotes
GSC stemness by activating SOX4 (Ikushima et al., 2009).

DISCUSSION

Despite the growing body of literature describing roles for
developmental programs and transcriptional networks in tumor
initiation and progression, methods for practically targeting these
pathways have remained elusive. While differentiating therapies
such as 13-cis-RA have been used for other cancers, including
the predominantly PNS cancer of neuroblastoma, a multitude
of developmental targets remain unexplored as potentially
exploitable therapeutic modulators of brain tumors. In particular,
TFs have been historically regarded as “untargetable” owing
to the complex nature of protein-DNA and protein-protein
interactions. However, recent strategies employing TF DNA
binding inhibition or blockage of cofactor interactions have
emerged and have begun to challenge this perspective.

More recent approaches utilizing proteasomal degradation of
TFs have shown some promise (Bushweller, 2019). In addition,
targeted therapies inhibiting OLIG2 in glioma are currently being
tested in both laboratory and clinical settings including the use of
a small inhibitory molecule that prevents the homodimerization
of OLIG2 that subsequently impeding its nuclear localization
(Tsigelny et al., 2017; Oasa et al, 2020). Preliminary studies
in patient-derived GBM cells found that this small molecule
could elicit potent anti-tumorigenic effects (Tsigelny et al., 2017)
and has suggested that allosteric modulation of protein-protein
interactions may be a viable approach to target transcriptional
regulators in brain tumors. While TF modulation as a therapeutic
modality is still in its infancy, more extensive studies elucidating
details about TF protein modifications, epigenetics or 3D-
chromatin landscape will help aid research and development of
targeted treatments.

It is important to note that in addition to the early embryonic
signaling pathways and TFs highlighted in this review, a

number of developmentally-driven epigenetic aberrations have
been identified in both adult and pediatric brain tumors,
although these alterations seem to be more relevant to the
initiation of brain tumors in the pediatric population. While
the genetic mutational landscape of pediatric brain tumors
appears to be sparser than adult gliomas, mutations in histone
modifiers including HISTIH3B/C, HIST2H3C, and H3F3A lead
to changes in methylation and acetylation profiles of histone 3.
The consequences of these histone mutations result in global
dysregulation, particularly overexpression of entire chromosomal
regions including the expression of essential developmental
regulators of cell proliferation, migration and differentiation
(Schwartzentruber et al., 2012; Sturm et al., 2012; Wu et al,,
2012; Bender et al,, 2013). As such, clinicians and scientists
have come to view these pediatric glial tumors as separate
and distinct from their adult counterparts, noting that the
predominant pathophysiological modality of disease progression
is the inability to stop developmental programs and thus these
tumors are “developmentally stuck.” In particular, the uniformly
fatal pediatric glioma subtype of diffuse midline glioma (formerly
DIPG) requires the presence of the H3K27M mutation for
diagnosis. Notably, bivalent histone modifications featuring
both H3K4me3 and H3K27me3 have been identified as an
embryogenic hallmark of pluripotency in embryonic stem cells
and is a feature of the PRC (Perla et al,, 2020). While the
H3K4me3 histone mark at gene promoters confers an active
transcriptional state, the presence of the H3K27me3 histone mark
is overwhelmingly repressive; thus, the duality of this bivalent
histone modification inhibits expression of cell differentiation
genes while keeping them poised for activation in later stages of
embryogenesis. Genetic alterations, like H3K27M, occur within
this complex yield tumors from cells of origin that have failed
to receive proper developmental cues to mature. The phenotypes
of pediatric tumors are often related to their location of origin
suggesting that normal developmental transcriptional programs
and signaling pathways may arise that have regional specificity
which confer differential competence on tumor initiating cells in
these regions. Future studies aimed at correlated how pediatric
tumor location and developmental context dictates malignancy
and tumorigenicity would help to determine how these events are
leading to tumorigenesis.

To date, the majority of oncologic research and treatment
has viewed cancer through an anthropomorphizing lens that
has characterized cancer cells as malevolent and corrupt entities.
Commonly used descriptors such as “aggressive” and “invasive”
coupled with phrases like “hijacked” and “infiltrating” have
imparted a sense of volitional evil onto these non-sentient
illnesses. This context of mal-intent in which the problem of
cancer has been placed has had profound effects on the ways in
which we have attempted to combat these diseases. Researchers
and clinicians alike have been prompted to develop anticancer
treatments and therapeutics designed to “kill” and “eradicate”
their targets. These hard-hitting counterattacks often employ
perilous and toxic mechanisms of action, frequently leading
to irreparable and fatal side effects in an attempt to contain
and eliminate the disease. As a means of minimizing toxicity
and damage to the patient, the fields of precision medicine
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and immunotherapy have attempted to trade in their
weapons of mass destruction in exchange for patient-specific
armamentariums of therapeutics specifically designed to target
tumor cells while leaving non-diseased tissue unharmed. But
these approaches maintain and perpetuate the notion of cancer
as “bad” or “malicious,” and thus continue to employ tactics of
destruction as a means to an end.

Recent genetic and epigenetic data have provided evidence
that many cancers possess molecular fingerprints with
tremendous similarities to developmental cells including stem
cells and progenitors. Some oncologic diseases demonstrate
such profound molecular likeness to known precursor cells
that it has prompted many researchers to view cancer as a
disease of development rather than a series of spontaneous and
transformative events. The highly proliferative, migratory and
self-renewing capacities of cells have not only become a hallmark
of cancer, but additionally have been assigned as quintessential
traits of the rapidly expanding cell populations characteristic of
in utero and perinatal development. As opposed to alterations
occurring in individual pathways, genes or proteins, entire
developmental programs have been identified as dysregulated
drivers of brain tumors. These programs include VEGF and
FGF-mediated tumor derived angiogenesis (Jain et al., 2007;
Acar et al, 2012), synapse formation (John Lin et al, 2017;
Hatcher et al., 2020; Yu et al,, 2020), regulation of organ size
and growth (Liu and Wang, 2015; Ehmer and Sage, 2016), and
gliogenesis (Ligon et al., 2007; Glasgow et al., 2013, 2014, 2017;
Vue et al,, 2020). Given these precedents, there is mounting
evidence to suggest that cancer cells are perhaps undeserving
of their maligned reputation as evil-doers, and instead should
be viewed as persistent developmental precursors that failed to
mature and are attempting to execute their molecular mandate
of proliferation and migration. In this paradigm, cancer cells
are not “evading” detection by the immune system, nor are
they “manipulating” the microenvironment to facilitate their
own expansion. They are not “recruiting” or “redirecting”
resources with selfish intentions; rather, they are more simply
understood as proliferating and migrating cells, commissioned
to generate complex physiological structures in an environment
with minimally available real estate.

If this theory of cancer as a developmentally misguided
event holds true, a solution to this conundrum may be more
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