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    Abstract     Representing the leading cause of childhood cancer mortality, pediatric 
brain tumors are comprised of diverse histological features, genetic perturbations, 
cellular populations, treatment protocols, and clinical outcomes. In this chapter we 
discuss recent and emerging data that implicate cancer stem cells (also known as 
brain tumor-initiating cells) in initiating and maintaining the growth of a number 
of pediatric brain tumors including: medulloblastoma, supratentorial primitive 
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 neuroectodermal tumor, atypical teratoid/rhabdoid tumor, ependymoma, low-grade 
glioma, glioblastoma, diffuse intrinsic pontine glioma, germ cell tumor, and cranio-
pharyngioma. The development of a stem cell framework for the study and treat-
ment of these tumors will enable future clinical approaches to harness the 
heterogeneous cellular and genomic landscape of these solid tumors as an avenue 
for developing targeted patient-oriented therapies, thereby improving the overall 
survivorship for the most lethal childhood cancer.  

  Keywords     Pediatric brain tumor   •   Cancer stem cell   •   Brain tumor-initiating cell   • 
  Medulloblastoma   •   Ependymoma   •   Supratentorial primitive neuroectodermal tumor   
•   Low-grade glioma   •   Pediatric glioblastoma   •   Diffuse intrinsic pontine glioma   • 
  Atypical teratoid/rhabdoid tumor   •   Germ cell tumor   •   Craniopharyngioma  

        Introduction 

 Central nervous system (CNS) tumors represent the leading cause of childhood can-
cer mortality with an incidence of 30 cases per million [ 1 ]. Current diagnostic and 
therapeutic parameters are dependent on clinical history, radiological imaging, and 
histological confi rmation. Although the present era of molecular classifi cation has 
aided in the recognition of several distinct subgroups in a variety of pediatric brain 
tumors, the WHO classifi cation of childhood brain tumors remains dependent on 
tumor location, histopathological features, and immunohistochemical marker 
expression [ 1 ]. These features primarily determine tumor grade, which in turn 
refl ects patient outcome. Prognostically, there have been minimal improvements in 
the outcome of pediatric brain tumors, but the overall survivorship remains dismal. 
Consequently, novel biological frameworks must be applied to elucidate mecha-
nisms that may yield high clinical and therapeutic utility. 

 The cancer stem cell (CSC) hypothesis suggests that a relatively small fraction of 
tumor cells termed, CSCs, have the ability to proliferate and maintain tumor growth 
[ 2 ]. This is in sharp contrast to all other cells of the bulk tumor, which are character-
ized by limited proliferative capacity and a more specifi ed lineage potential. More 
specifi cally, a CSC maintains two key properties: self-renewal and multilineage dif-
ferentiation. Self-renewal is defi ned as the ability of a parental cell to generate an 
identical daughter cell and a second cell of the same or different phenotype, whereas 
through the process of differentiation a CSC is able to give rise to the heterogeneous 
cell lineages that comprise the original tumor [ 2 ]. In the recent past, such CSC 
populations (also termed, tumor-initiating cells, and in the case of brain cancer, 
brain tumor-initiating cells (BTICs)) have been identifi ed in a number of hemato-
poietic and solid tumor malignancies based on cell surface markers and stem cell 
assays, of which the generation of tumors in human–mouse xenograft models has 
become the gold standard. Moreover, unlike current genomic platforms, the CSC 
framework takes into account intratumoral heterogeneity by having a developmen-
tally primitive cell at the apex of the hierarchy with a spectrum of more differenti-
ated cells as one goes down this hierarchy [ 3 ]. 
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 The concept of a CSC suggests that tumors are organized into distinct clonal 
populations of cells with only the CSC demonstrating the properties of self-renewal 
and differentiation in vitro and in vivo [ 2 ]. Using in vitro assays originally devel-
oped to purify neural stem cells (NSCs) [ 4 – 6 ], Singh et al. [ 7 ] reported the identifi -
cation and purifi cation of a cell from primary human medulloblastoma (MB) and 
glioblastoma (GBM) that had a marked capacity for proliferation, self-renewal, and 
differentiation. The BTIC represented a minority of tumor cells and was marked by 
expression of the cell surface marker CD133. Additional in vivo characterization of 
the BTIC using a human–mouse xenograft assay formally established the identifi ca-
tion of CSCs in brain tumors [ 8 ]. This work was corroborated in pediatric BTICs, 
which expressed high levels of NSC genes  CD133 ,  Sox2 ,  Musashi1 , and  Bmi1 , 
providing credence to NSC-driven brain tumorigenesis [ 9 ]. Furthermore, by taking 
advantage of unique stem cell properties such as self-renewal, the BTIC model has 
been clinically validated as a correlative indicator of patient outcome in pediatric 
brain tumors, suggesting more aggressive tumors to have a higher stem cell self- 
renewal index. [ 10 ] Overall, the BTIC framework of oncogenesis not only takes 
advantage of developmental genes and pathways implicated in pediatric brain 
tumorigenesis but also provides an avenue for studying cancer at a cellular level as 
distinct differences in subsets of tumor cells may not otherwise be appreciated using 
the current strategy of bulk tumor genomic profi ling.  

    Medulloblastoma 

 Medulloblastoma (MB) represents the most frequent malignant pediatric brain 
tumor, comprising 18 % of pediatric intracranial tumors and 350 new diagnoses 
each year in the United States. The incidence peaks at two timepoints during child-
hood: 3–4 years and 8–9 years of age [ 11 ]. Histologically, MB is classifi ed into 
several subtypes: classical, desmoplastic/nodular, MB with extensive nodularity, 
anaplastic, and large cell. Although these subtypes speak to the cellular and mor-
phological heterogeneity of the bulk tumor, their clinical and prognostic utility 
has remained futile. More recent molecular classifi cations of MB have 
re- conceptualized the heterogeneity that exists within these pathological subtypes by 
identifying multiple distinct molecular subgroups that differ in their demographics, 
transcriptomes, somatic genetic events, and prognostic outcomes [ 12 – 18 ]. These 
studies have also given context to the role of key developmental signaling pathways in 
MB pathogenesis, providing greater support for subgroup-specifi c BTICs [ 18 – 21 ]. 

 The current consensus for the molecular classifi cation of MB consists of four 
subgroups, each distinct in terms of prognosis and predicted therapeutic response 
[ 18 ]. Groups 1 and 2 are characterized by upregulation of genes in the Wnt (7–8 % 
of patients) or Sonic hedgehog (Shh) (28–32 % of patients) pathways, respectively. 
These two subgroups are associated with improved clinical outcomes, when com-
pared to Groups 3 (26–27 % of patients) and 4 (34–38 % of patients), which are 
characterized by a greater propensity for metastatic disease and poor clinical out-
comes [ 12 – 14 ,  17 ,  18 ,  22 – 24 ]. Although recent transgenic murine models have 
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identifi ed amplifi cation of  c-myc  signaling to characterize Group 3 MBs [ 19 ,  21 ], 
both Group 3 and 4 MBs are collectively considered aggressive and refractory to 
current treatment modalities [ 25 ]. 

 Since its initial identifi cation in 1910 by James Homer Wright, MB has been 
thought to arise from restricted neuronal precursors termed, “neuroblasts” [ 26 ]. The 
concept of a common cell of origin in MB was further supported in 1925 by Percival 
Bailey and Harvey Cushing in their observation of both glial and neuronal cells, 
which they proposed to have originated from a primitive embryonic neuroepithelial 
cell termed, “medulloblast” [ 27 ]. Anatomically, the developing cerebellum provides 
a reservoir of cells susceptible to malignant transformation. Interestingly, pathways 
implicated in characterizing MB Groups 1 and 2 have also been described in the 
proliferation, migration, and maturation of cerebellar stem/progenitor cells. In nor-
mal cerebellar development, Shh signaling drives the proliferation and migration of 
a subset of cerebellar precursor cells termed, granule neuron precursors (GNPs). 
GNPs contain the Shh receptors Ptch and Smo, and thereby respond to a concentra-
tion gradient established by the release of Shh ligand from Purkinje cells [ 28 – 31 ]. 
Genomic alterations in components of the Shh signaling pathway have been identi-
fi ed in up to 25 % of sporadic human MBs and consist of inactivating mutations of 
 Ptch1  and  Suppressor of fused  ( Sufu ), and/or activating mutations of  Smo  [ 32 – 36 ]. 
The canonical Wnt signaling pathway is responsible for defi ning the midbrain-hind-
brain boundary from which the entire cerebellum develops [ 37 ]. More recently, Wnt 
signaling has been shown to differentially regulate cerebellar NSCs and GNPs [ 38 ]. 
Although Wnt activation in vitro  and  in vivo was shown to promote proliferation of 
NSCs but not GNPs, the proliferative NSCs did not undergo prolonged expansion 
or neoplastic growth, suggesting Wnt to function as a regulator of cerebellar stem 
cell growth and differentiation. Nevertheless, these developmental pathways must 
be tightly regulated since the cerebellum reaches complete maturation only several 
months after birth [ 29 ], making it a vulnerable target for oncogenic mutations as the 
developmental phase is prolonged and active beyond in utero. 

 While the molecular profi ling of MB has been credited with providing a devel-
opmental approach to studying its pathogenesis, the direct isolation and character-
ization of subgroup-specifi c MB BTICs has largely been attributed to several 
transgenic mouse models. The overlapping expression of genes unique to the human 
Wnt subgroup in the fetal mouse dorsal brainstem has enabled the discovery of a 
distinct germinal zone within the hindbrain believed to contain the cell of origin for 
Wnt-driven MB [ 20 ]. Consequently, BTICs may not only contribute to the cellular 
heterogeneity within MB but may also be responsible for the spatial heterogeneity 
associated with specifi c subgroups. Transgenic mice haploinsuffi cient for  Ptch1  
( Ptch1   +/−  ), have greatly contributed to elucidating the role of Shh signaling in MB 
pathogenesis [ 33 ]. Through an increase in the proliferative potential of NSCs, the 
incidence of MB is 15–20 % in these mice [ 33 ,  39 ,  40 ]. Initial work with this model 
identifi ed cells resembling GNPs, which retained their proliferative potential sug-
gesting GNPs to promote Shh-dependent MB [ 33 ]. More conclusive evidence for 
the acquisition of a GNP phenotype as being necessary and suffi cient for the initia-
tion of Shh-driven MB has been shown with dysregulated Shh-signaling in unipotent 
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Nestin + GNPs [ 41 ], unipotent Math1+ GNPs, or multilineage embryonic NSCs 
[ 42 ,  43 ]. Although recent evidence has also alluded to a non-cerebellar cell of origin 
in Group 2 MB [ 44 ], similar to that of Wnt-driven MB [ 20 ], further characterization 
of these cell populations is required to truly implicate their involvement in initiating 
and contributing to MB pathogenesis. While a GNP may very well serve as the cell 
of origin for Group 2 MB, the identifi cation of tumor propagating cells within this 
subgroup is required for targeted therapeutic interventions. Interestingly, CD15 has 
been shown to serve as a putative marker of MB stem cells in the  Ptch1   +/−   model 
[ 39 ]. CD15+ cells comprised a small fraction of normal GNPs (as indicated by the 
co-expression of Math1), and exhibited a higher proliferative capacity, and elevated 
levels of Shh target genes when compared to CD15- cells. However, unlike CD133+ 
cells [ 7 ,  8 ], CD15+ cells did not display multilineage differentiation or neurosphere 
formation when cultured at clonal densities. Consequently, it was believed that 
these cells marked progenitor populations as opposed to a more primitive stem-like 
cell. However, upon culturing these cells in serum-free conditions, they were shown 
to propagate as multipotent MB stem cells, suggesting CD15 to be an additional 
marker of MB BTICs [ 40 ]. Although the evidence for a GNP as the cellular origin 
for Shh subtype MB is paramount, it remains unclear as to how these cells propa-
gate and transform over the course of tumorigenesis as defi ned by their regulatory 
mechanisms and marker expression. The characterization of Group 3 MB BTICs 
has only recently benefi ted from discoveries in transgenic mouse models [ 19 ,  21 ]. 
Using postnatal murine cerebellar stem cells based on the expression of Prominin1 
and lacking expression of lineage-specifi c markers for GNPs, Pei et al. [ 19 ] intro-
duced a mutant, stabilized  myc  construct with a dominant negative p53, which 
induced in vivo MBs distinct from Shh and Wnt murine MBs. In contrast, Kawauchi 
et al. [ 21 ] generated Group 3 MBs in vivo by introducing  myc  ex vivo into  Trp53  
null GNPs sorted for the neuronal lineage marker Atoh1 (Math1). Both groups dem-
onstrated the in vivo MBs generated from their transgenic cells to recapitulate many 
histopathological and genomic features of the human Group 3 MB. Most interest-
ingly, protein and genomic expression profi les of tumors generated by both groups 
overlapped most with those of NSCs, induced-pluripotent stem cells, and embry-
onic stem cells. Although Kawauchi et al. [ 21 ] had initially injected cells sorted for 
GNPs negative for stem cell markers such as Prominin1, the resulting tumors had 
lost Atoh1 expression and instead displayed increased expression of Prominin1 and 
other stem cell markers. Similarly, Pei et al. [ 19 ] observed an increase in markers of 
undifferentiated cells in the resulting tumors, suggesting Group 3 MB to either arise 
from cerebellar stem cells or through a process of dedifferentiation in which distinct 
tumor cells take on a stem-like phenotype. Clinically, the identifi cation of a cerebel-
lar stem cell as the target for initiation and propagation of Group 3 MB is in keeping 
with the treatment-refractory, metastatic characteristics observed in these patients. 

 Although Group 4 MB has yet to be described using a transgenic mouse model, 
stem cell properties and pathways may still be used to further elucidate novel regu-
latory mechanisms unique to this subgroup. While these tumors share the clinical 
features of metastatic disease and poor treatment response with Group 3 MBs, their 
signaling and genomic frameworks are quite distinct [ 18 ]. Unlike Group 3 MBs 
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characterized by  myc  signaling, Group 4 MBs are identifi ed by isochromosome 17q 
and loss of the X chromosome [ 12 – 14 ,  17 ,  18 ]. Additional genomics features 
include the involvement of genes implicated in neuronal development and differen-
tiation. However, the clinical utility and relevance of these genes have yet to be 
assessed. Given the identifi cation of fate-determination genes in Group 4 MB, the 
chromatin-modifying Polycomb-group (PcG) gene  Bmi1  has been considered as a 
novel regulator of Group 4 MB BTICs [ 45 ,  46 ]. Bmi1 functions as a critical regula-
tor of NSC self-renewal through repression of the p16 Ink4a  and p19 Arf  senescence 
pathways [ 47 ,  48 ]. The Bmi1 signaling pathway is also consistently dysregulated or 
overexpressed in several emerging CSC populations, most recently being cited as a 
marker of recurrence, poor treatment response, metastatic potential, and death in 
many cancer models [ 49 ,  50 ]. With respect to MB,  Bmi1  is preferentially expressed 
in Group 4 tumors [ 45 ,  46 ] and has been shown to recapitulate NSC self-renewal 
pathways in MB BTICs [ 45 ]. The metastatic properties of Group 4 MBs may also 
be attributed to the interaction of Bmi1 with Twist1 [ 51 ]. Twist1, a transcription 
factor upstream of  Bmi1 , promotes epithelial–mesenchymal transition (EMT) in 
normal development and metastatic/invasive properties in cancer [ 51 ]. Given the 
preferential expression of both genes in Group 4 MB [ 45 ,  46 ], their interaction may 
facilitate the invasive and migratory features of Group 4 MB BTICs. 

 It is apparent that although specifi c therapeutic targets have yet to be associated 
with stem cell pathways in MB, several mediators of NSC self-renewal, prolifera-
tion, and differentiation continue to demonstrate preferential segregation towards 
this childhood brain tumor. The continued demonstration of BTICs in transgenic 
murine models and their evaluation in primary human patient samples will prove to 
be invaluable in the development of targeted therapies at subgroup-specifi c BTICs.  

    Supratentorial Primitive Neuroectodermal Tumor 

 Supratentorial primitive neuroectodermal tumor (sPNET) accounts for 3–5 % of all 
pediatric brain tumors and is considered a member of the embryonal family of malig-
nant childhood brain tumors [ 1 ,  52 ]. Although sPNETs resemble the small blue cell 
histological phenotype attributed to MB, the molecular framework of these tumors is 
quite distinct. The recent molecular classifi cation of sPNET has categorized this 
tumor into three distinct subgroups: primitive-neural, oligoneural, and mesenchymal 
[ 53 ]. Clinically, the primitive-neural subgroup represents a younger age of onset 
(≤4 years), increased metastatic potential within this age group, and the worst over-
all survivorship among all three subgroups [ 53 ]. Of particular interest, developmen-
tal genes such as the  Hox  family and pathways including Wnt and Shh are also 
enriched in the primitive-neural subgroup, establishing the adequate cellular machin-
ery for regulating putative sPNET BTICs. Further evidence for the presence BTICs 
in maintaining sPNETs is based on the histological heterogeneity observed in these 
tumors consisting of variable neuronal, ependymal, and glial differentiation [ 1 ]. 
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 Interestingly, given the strong precedent for the role of BTICs in driving tumori-
genesis in sPNETs, a paucity of data remains in the characterization of these cells. 
Currently, the literature on sPNET BTICs is restricted to one report, in which BTICs 
were cultured from a human mesenchymal sPNET [ 54 ]. The sPNET BTICs from 
this patient sample were shown to maintain multilineage differentiation into glial, 
neuronal, and oligodendrocytic lineages along with a sustained self-renewal poten-
tial over several in vitro and in vivo passages. CD15+/CD133+ comprised 25–40 % 
of the bulk tumor population over several passages and demonstrated the greatest 
in vitro self-renewal capacity. This observation was supported with a reduced overall 
survival in murine intracranial xenografts of CD15+/CD133+ cells. Therefore, 
CD15+/CD133+ cells demonstrate a novel cellular target for mesenchymal sPNET 
BTICs. Future work into the regulation of these cells by pathways enriched in the 
mesenchymal subgroup such as TGF-β signaling may provide novel small molecules 
for a tumor that has largely remained refractory to current therapeutic efforts. It also 
remains to be addressed if the CD15+/CD133+ cells may represent sPNET BTICs 
irrespective of the molecular subgroup, which may then yield signifi cant clinical 
utility and improved survivorship for one of the most malignant childhood cancers.  

    Atypical Teratoid/Rhabdoid Tumor 

 Atypical Teratoid/Rhabdoid Tumor (AT/RT) is a highly aggressive and malignant 
intracranial embryonal tumor occurring in children less than 2 years of age [ 52 ,  55 ]. 
Histologically, these tumors contain a mixture of rhabdoid, primitive neuroepithe-
lial, epithelial, and mesenchymal structures [ 56 ]. AT/RT accounts for 2–3 % of all 
pediatric brain tumors and has a predilection for arising in the posterior fossa [ 57 ]. 
Unlike the heterogeneous histological composition of these tumors, approximately 
80 % of AT/RTs contain mutations or deletions in chromosome 22, which account 
for the inactivation of the  INI1  ( hSNF5 / SMARCB1 ) gene [ 58 – 60 ]. INI1 functions as 
a protein component of the ATP-dependent SWI/SNF chromatin-remodeling com-
plex, which regulates genes responsible for proliferation and differentiation [ 61 ]. 
The clinical prognosis is extremely poor with a median survival of 11–17 months, 
leaving several avenues for future research and targeted therapies at treatment- 
refractory cell populations [ 62 ]. 

 Given the aggressive nature and diverse cell types present in AT/RT, it may be 
postulated that these tumors contain a BTIC population responsible for maintaining 
tumor growth, promoting treatment-resistance, and accounting for the distinct 
 cellular architecture [ 63 – 65 ]. Gene expression profi ling in CD133+ AT/RT BTICs 
has shown an increased expression of developmental genes such as  Oct4, Nanog, 
Sox2, Nestin, Musashi1, and Bmi1 . Interestingly, the identifi cation of drug-resistant/
ABC transporter genes including  MDR-1, MRP1,  and  ABCG2  are in keeping with 
functional data demonstrating CD133+ AT/RT BTICs to be radioresistant [ 66 – 68 ]. 
Further evidence in support of AT/RT BTICs relates to the overexpression of the 
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chromatin-remodeling Polycomb group complex member, EZH2, which functions 
to maintain self-renewal, cell growth, proliferation, and radiation-resistance in AT/
RT. [ 69 ] Although several gene expression studies have been conducted to evaluate 
the differences between distinct cell populations that may serve as putative AT/RT 
BTICs, additional mechanistic and in vivo studies may be of greater clinical utility 
for developing targeted therapies at AT/RT BTICs.  

    Ependymoma 

 Ependymoma (EP) is the third most common pediatric brain tumor, representing 
approximately 9 % of primary brain tumors in children, with an estimated incidence 
of 200 per year. The median age of diagnosis of pediatric patients is 5 years [ 11 ]. 
Anatomically, EPs occur throughout the CNS, including the supratentorium, poste-
rior fossa, and spinal cord. In the pediatric population, the posterior fossa is the most 
frequent site of tumorigenesis with 70 % of cases occurring in the fourth ventricle, 
whereas supratentorial and spinal tumors present more often in adults [ 70 ,  71 ]. 
According to the WHO, EP may be classifi ed into grades I–III. Although there are 
distinct anatomical locations for the pathogenesis of EP, histologically, these tumors 
remain indistinguishable. In keeping with poor histological parameters and a high 
mortality rate of 45 %, novel genomic markers have been investigated to further 
delineate genomic subtypes and therapeutic targets [ 70 ,  71 ]. 

 In an attempt to merge genomics with clinical utility, recent molecular analyses 
of two large independent EP cohorts have revealed the presence of two demographi-
cally, transcriptionally, genetically, and clinically distinct groups of pediatric poste-
rior fossa EPs [ 72 ]. When compared to Group B patients, Group A patients are 
younger, associated with laterally located tumors with a balanced genome, and are 
much more likely to exhibit recurrence, metastasis, and death. Consequently, Group 
B patients may be treated less aggressively, while novel adjuvant therapies remain 
critical in the treatment of Group A posterior fossa EPs. Although the most striking 
candidate markers for distinguishing the two molecular subgroups are  LAMA2  and 
 NELL2  in Group A and B, respectively, they’re functional signifi cance in regulating 
EP BTICs remains to be investigated. 

 The fi rst report of EP BTICs was described in an analysis of 100 human EPs, in 
which the expression of developmental genes was correlated with distinct anatomi-
cal origins of tumor formation [ 73 ]. Supratentorial, spinal cord, and posterior fossa 
EPs were found to overexpress members of the  EphB-Ephrin / Notch  pathways,  Hox  
gene family, and  AQP1 , respectively. While the pathways and genes associated with 
supratentorial and spinal cord EPs had been implicated in the regulation of normal 
NSCs [ 74 ] and the anteroposterior patterning of the spinal cord [ 75 ], respectively, 
posterior fossa EPs were continuously found to arise in the SVZ by projecting near 
the fourth ventricle. Consequently, all three anatomical subgroups demonstrated 
cell-intrinsic properties in keeping with their anatomically oriented precursor cells. 
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Through mapping the expression of these genes in the developing mouse, it was 
found that a distinct type of neural precursor cells termed, radial glial cells, dis-
played a gene expression profi le similar to each of the anatomically distinct human 
EPs [ 73 ]. While this data supported a developmental origin for EP, the generation of 
a human–mouse EP BTIC xenograft model provided the necessary functional evi-
dence for EP BTICs [ 73 ]. Using the NSC markers CD133, Nestin, and RC2 in 
conjunction with the radial glial cell marker, BLBP, 10,000 CD133 + Nestin + 
RC2 + BLBP+ cells were intracranially injected into the brains of immunocompro-
mised mice. Tumors resembling human EP were identifi ed 4–5 months following 
transplantation. In contrast, intracranial injections with 2 × 10 [ 6 ] CD133- cells or 
2 × 10 [ 6 ] unsorted EP cells did not lead to engraftment or tumor formation even 1 year 
following transplantation [ 73 ]. Consequently, radial glial cells have been considered 
to function as putative EP BTICs. More recently, tumors resembling human supraten-
torial EPs have only been capable of developing from the overexpression of EphB2 in 
mouse embryonic cerebral NSCs [ 76 ]. While the genomic anomalies between ana-
tomic subtypes of EP may be distinct, the cellular target continues to function as a 
BTIC with properties associated with normal radial glial cells. Therefore, continued 
work in understanding the pathways that promote the differentiation of radial glial 
cells may be harnessed for therapies targeting the EP BTIC.  

    Low-Grade Glioma 

 Pediatric low-grade glioma (LGG) represents the most common pediatric brain 
tumor, of which the pilocytic astrocytoma (PA) histological subtype accounts for 
the majority of cases (~20 % of all pediatric brain tumors) [ 52 ]. Although these 
tumors are considered slow-growing and benign, surgically inaccessible midline 
LGGs remain a therapeutic challenge and account for considerable morbidity and 
mortality. PAs have classically been described in conjunction with the NF1 (neuro-
fi bromatosis) inherited tumor predisposition syndrome [ 1 ]. PAs resulting from the 
mutational inactivation of the  NF1  tumor suppressor gene are primarily located 
along the optic pathway, while sporadic PAs that do not harbor the  NF1  inactivation 
predominantly arise in the cerebellum [ 1 ]. Recent whole-genome sequencing of 
PAs has uncovered several recurrent activating mutations in  FGFR1  and  PTPN11  
[ 77 ,  78 ]. Although the literature in support of a LGG BTIC is minimal at best, the 
development of tumors resembling pediatric low-grade optic gliomas from the inac-
tivation of  NF1  in murine third ventricle NSCs has provided a putative cell of origin 
within the third ventricle for NF1-PAs [ 79 ]. Consequently, the application of cell 
surface markers specifi c to normal human third ventricle NSCs may further enrich 
and assist in characterizing putative LGG BTICs. With the discovery of novel LGG 
driver gene mutations and the presence of LGG BTICs, the future of targeted thera-
pies for inoperable pediatric LGGs remains dependent on the integration of whole- 
genome sequencing data with cell-intrinsic functional pathways unique to BTICs.  
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    Glioblastoma 

 Pediatric glioblastoma (GBM) accounts for approximately 3 % of all childhood brain 
tumors [ 11 ,  52 ]. While pediatric GBMs are histologically identical to adult GBMs, 
several genomic alterations distinguish these tumors [ 80 ,  81 ]. With the advent of 
whole-exome sequencing, genomic anomalies unique to pediatric GBM have been 
identifi ed for the fi rst time [ 82 ,  83 ]. Recurring gain-of-function heterozygous muta-
tions in the  H3F3A  gene, which encodes histone H3.3 have been shown to regulate 
telomere maintenance and/or heterochromatin stability. Although the comprehensive 
examination of these mutations in regulating BTICs remains to be investigated, the 
G34R mutation in  H3F3A  has been shown to promote H3K36me3 enrichment and 
subsequent activation of transcription factors responsible for NSC proliferation, 
maintenance, and maturation [ 84 ]. In keeping with a primitive transcriptional state, 
pediatric GBM BTICs have shown an enhanced self-renewal capacity that exceeds 
septenary spheres with variable expression of putative BTIC markers: CD15, Sox2, 
Bmi1, Nestin, and Olig2 [ 85 ]. The clinical signifi cance of these developmental 
markers has been established through a  Hox  gene signature that is predictive of 
temozolomide-resistant pediatric GBM BTICs [ 86 ]. Although targeted therapies 
using cell-intrinsic, treatment-refractory pathways have yet to be pursued with pedi-
atric GBM BTICs, preclinical in vitro and in vivo BTIC models have displayed a 
reduction in self-renewal capacity and survival advantage in mice, respectively, fol-
lowing treatment with oncolytic viruses [ 87 ]. Consequently, pediatric GBMs may 
provide a novel platform for targeted therapies through the elucidation of epigenetic 
regulatory mechanisms unique to BTICs that may be amenable to surface marker-
based immunotherapies. The integration of diverse research platforms such as cancer 
genomics, stem cell biology, and immunotherapy may thereby provide a novel para-
digm for collaborative research efforts, targeted therapies, and an improvement in 
the overall survivorship of children diagnosed with pediatric GBM.  

    Diffuse Intrinsic Pontine Glioma 

 Diffuse intrinsic pontine glioma (DIPG) is an anatomical variant of high-grade 
pediatric glioma, which has remained a therapeutic challenge for several decades 
due to its location in the neurologically delicate brainstem. Brainstem gliomas 
account for approximately 10–15 % of all pediatric brain tumors, with a median age 
at presentation of 6–7 years [ 52 ,  88 ]. Clinically, the most common presentation is 
that of a mass arising in the pons, which is amenable only to radiotherapy. 
Unfortunately, radiotherapy has shown minimal improvements in mean progression- 
free survival with an increase to 5.8 months from 5 months for those who do not 
receive radiotherapy [ 89 ]. Overall, 90 % of children succumb to their illness within 
2 years of diagnosis, making DIPG one of the leading causes of death in children 
with brain tumors [ 88 ]. 

B. Manoranjan et al.



59

 Similar to pediatric GBM, whole-genome sequencing has only recently identifi ed 
novel mutations in the  H3F3A  and  HIST1H3B  genes, which encode histone H3.3 
and H3.1, respectively [ 82 ,  90 ]. Histones are basic nuclear proteins responsible for 
the nucleosome structure of chromosomes. As the nucleosome is formed from DNA 
being wrapped in repeating units around an octamer consisting of two molecules of 
each core histone (H2A, H2B, H3, and H4), mutations in histone coding genes pro-
vide an epigenetic mechanism of tumor formation. The functional and cellular sig-
nifi cance of these mutations in distinct cell populations such as BTICs remains to be 
established. In keeping with the current era of integrated molecular profi ling, DIPGs 
have recently been classifi ed into two distinct molecular subgroups [ 91 ,  92 ]. 
Subgroup 1 is associated with activation of the Shh pathway [ 92 ] or the presence of 
mesenchymal/pro-angiogenic markers and the enrichment of developmental genes 
such as  Sox2, Musashi1,  and  Nestin  [ 91 ]. In contrast, subgroup 2 tumors are refl ected 
by  myc  ( N-myc ) activation [ 92 ] or the presence of oligodendroglial features with 
PDGFRA activation [ 91 ]. A recent DIPG BTIC human–mouse xenograft model has 
provided further evidence in establishing a developmental phenotype for subgroup 
1 DIPGs [ 93 ]. Aside from being regulated by Shh signaling, a regulator of ventral 
pons precursors, subgroup 1 DIPG BTICs also displayed variable expression of 
typical BTIC markers ( CD133, Sox2 ) along with markers of normal progenitors of 
the ventral pons ( Nestin ,  Olig2 ). In vivo characterization of the xenograft tumors 
revealed infi ltrative tumors throughout the murine brain involving the cortex, cere-
bellum, and pons. A second DIPG mouse model in support of a primitive cell of 
origin for the initiation and maintenance of DIPGs was established using the 
(RCAS)/tv-a system to overexpress PDGFB in primitive nestin- expressing cells 
[ 94 ]. The malignant transformation of these cells lining the fourth ventricle and 
aqueduct also lead to the formation of tumors resembling DIPGs. However, unlike 
human DIPGs, which are thought to arise from the ventral brainstem [ 93 ], these 
transgenic tumors mostly developed from precursor cells near the neonatal dorsal 
brainstem. The targeted therapy of DIPG BTICs is largely dependent on elucidating 
the mechanisms that regulate these cells. A recent tissue microarray of human DIPG 
samples has identifi ed the overexpression of Sox2, Olig2, and Bmi1 in the majority 
of DIPG samples [ 95 ], and thereby provides novel avenues for investigating BTIC 
mechanisms in a childhood cancer that is only beginning to enter the age of molecu-
lar diagnostics, classifi cation, and BTIC-based therapeutics.  

    Germ Cell Tumor 

 Intracranial germ cell tumors (iGCTs) represent a rare fraction of pediatric brain 
tumors, which arise from primordial cells of the developing embryo [ 96 ]. Germ 
cells typically form the reproductive system, but arise in GCTs when they aberrantly 
migrate and proliferate in sites other than the gonads (i.e., chest, abdomen, and less 
frequently, the brain) [ 96 ]. iGCTs are most commonly found in young people aged 
10–20 and account for approximately 2–5 % of all pediatric brain tumors [ 52 ,  97 ]. 
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Gender differences have been reported for both the incidence and localization of 
iGCTs with a higher incidence in males (3:1) and the localization of tumors in the 
pineal and suprasellar regions in males and females, respectively [ 98 ]. 

 As with many other malignancies, iGCTs possess histopathological subtypes: 
germinoma, immature/mature teratoma, and non-germinomatous (yolk sac tumor, 
embryonal carcinoma, and choriocarcinoma) [ 97 ,  99 ,  100 ]. The primary regimen of 
treatment includes chemotherapy and/or radiotherapy [ 101 ]. Surgery, although not 
typically recommended due to the inaccessibility of tumors, is preferred in cases of 
well-encapsulated mature teratomas [ 96 ,  102 ]. Overall prognosis remains relatively 
poor for non-germinomatous tumors (60 %) when compared to pure germinomas 
(90 %) [ 103 ]. 

 The proposed cell of origin for iGCTs remains controversial as these cells do not 
maintain a neural lineage. Nevertheless, iGCTs and gonadal GCTs share several 
molecular features such as chromosomal alterations, mutations in developmental 
genes, and epigenetic modifi cations [ 104 ]. The expression of several stem cell genes 
such as  c-kit ,  Oct3/4 , and  Nanog  implicates an embryonic stem cell-like phenotype in 
these tumors, the hallmark of primordial germ cells [ 105 ]. The case for the presence 
of BTICs in iGCTs has been recently established with the ectopic expression of  Oct4  
in NSCs leading to the formation of teratomas in murine xenografts [ 98 ,  106 ]. The 
identifi cation of elevated Nestin expression ,  a putative marker for NSCs [ 107 ] and 
BTICs [ 9 ], in iGCTs with dissemination and metastatic potential [ 108 ] has provided 
additional evidence for the role of BTICs in driving intracranial germ cell tumorigen-
esis. Nevertheless, a clear distinction remains to be established between migratory 
germinal cells or neural lineage-derived BTICs as the cells of origin in iGCTs.  

    Craniopharyngioma 

 Craniopharyngioma (CP) is a rare type of low-grade malignancy originating in the 
sellar and parasellar regions of the brain. 30–50 % of CPs occur in the pediatric 
population with common symptoms including headaches, visual impairments, 
growth retardation, and additional symptoms relating to hypothalamic dysfunction 
[ 52 ,  109 – 111 ]. Current treatment for CP involves complete tumor resection in cases 
where the optic nerves or normal functioning of the hypothalamus may not be com-
promised. However, in cases where complete resection is not possible, surgical 
resection is complemented by local irradiation [ 109 ]. Although current treatment 
protocols ensure high survival rates (87–95 %), it is common for patients to experi-
ence a signifi cant reduction in quality-of-life resulting from surgical complications 
relating to the optic nerves, pituitary gland, or hypothalamus [ 112 ]. 

 CP is a non-glial tumor that originates from the malformation of embryonal 
 tissue [ 113 ]. Histopathological features of CP in the pediatric population are in 
keeping with an adamantinomatous feature with possible cysts and in 70 % of the 
cases accompanied by stabilizing mutations in  CTNNB1,  which codes for the key 
downstream effector protein of the canonical Wnt pathway, β-catenin. In contrast, 
adult cases of CP are in keeping with a squamous-papillary histology [ 114 ]. 
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Two possible cellular origins for CP include: the ectopic remnants of Rathke’s 
Pouch (RP) or embryonal epithelial cells of the anterior pituitary gland and infun-
dibulum [ 115 ,  116 ]. A recent transgenic mouse model of adamantinomatous CP 
with constitutive Wnt pathway activation in progenitor cells of RP has aided in 
determining a putative TIC [ 117 ]. Although all pituitary cells contained the β-catenin 
mutation, only a small population of cells showed the accumulation of β-catenin in 
the nucleus and cytosol during the pre-tumoral stages [ 118 ]. Further analysis of the 
β-catenin- enriched fraction of cells revealed the absence of the proliferation marker 
Ki67 along with the presence of long telomeres—two properties commonly associ-
ated with a quiescent state, a feature of stem cells. A subsequent gene expression 
analysis of the β-catenin-enriched cells showed increased activity of Shh pathway 
target genes, which are active during cell specifi cation and proliferation of early RP 
progenitors [ 119 ]. Additional immunocytochemical analyses of human CP samples 
identifi ed an increase in the expression of genes previously implicated in stem cells 
and BTICs: Sox2, Oct4, KLF4, and Sox9 [ 118 ]. Despite the activation of develop-
mental signaling pathways and genes responsible for fate determination, it is still 
unclear whether RP progenitors may truly function as CP BTICs. The paucity of 
in vitro and xenograft data from putative human CP BTICs further confounds the 
identifi cation and characterization of these cells for therapeutic targeting.  

    Conclusion 

 The study of pediatric brain tumorigenesis has drastically evolved over the past 100 
years, with several key discoveries having been made in only the past decade. With 
the advent of deep genome sequencing of malignant tissue, the identifi cation of 
additional molecular classifi cation systems rooted in clinical outcome and risk strat-
ifi cation has begun to emerge. However, the heterogeneous nature of childhood 
brain tumors remains a burden to be reckoned with as recent reports have shed light 
on the extent of intratumoral heterogeneity within solid cancers. Given the urgent 
desire for targeted therapies and the observation of a heterogeneous genomic land-
scape, other frameworks and model systems should be investigated for exploring 
the dynamic nature of brain tumors. One such model system is that of the cancer 
stem cell (CSC) or brain tumor-initiating cell (BTIC). Since rare stem cell popula-
tions typically comprise a minority of cells within a heterogeneous tumor and these 
cells may be underrepresented on bulk tumor analyses, it is possible that very low 
transcript levels identify critical BTIC regulatory genes when profi ling bulk tumors. 
Consequently, current molecular profi ling techniques may not truly account for 
those genes preferentially expressed within the BTIC population. Moreover, the 
CSC model provides a framework to study the interplay between BTIC and their 
tumor niche, offering researchers with multiple perspectives regarding tumor biol-
ogy and differential gene expression patterns in specifi c subsets of tumor cells. 

 Although the CSC model provides several advantages in studying tumor hetero-
geneity, one must not neglect the limitations accompanied with this framework. 
These challenges primarily surround our ability to characterize these rare clonal 
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populations of cells, which is particularly true for rare tumors such as MB, pediatric 
GBM, and DIPG. The current use of cell surface markers to prospectively identify 
BTICs has proved to be quite controversial. For example, based on differences in 
cell culture methods CD15 has been shown to identify cells either lacking [ 39 ] or 
displaying [ 40 ] multilineage differentiation and neurosphere formation, respec-
tively. CD133 has also recently been identifi ed as a contentious marker for BTICs 
[ 120 – 122 ]. The original work that prospectively established CD133 as a BTIC 
marker was restricted to minimally cultured, primary human cells [ 7 ,  8 ]; however, 
this may not be extended to the long-term culture methodologies applied in several 
recent papers, in which human BTICs have been passaged as tumor spheres in cul-
ture for greater than 3 weeks [ 123 ] or more than 20 passages [ 124 ]. It is highly 
possible that these long-term cultured cells have acquired transformation events 
in vitro that are independent of CD133 expression status or that CD133 protein 
expression levels no longer correlate with CD133 transcript levels or intracellular 
receptor activity. Consequently, the utility and readout of cell surface markers in 
distinguishing BTICs may be highly dependent on cell culture methods. Furthermore, 
primary human pediatric BTIC cultures are technically challenging, provide limited 
cell numbers for data acquisition, and require specifi c infrastructure; therefore, this 
platform is unlikely to be widely adapted for routine laboratory use at this point, 
unlike current genomic platforms. However, continued study of larger numbers of 
human BTIC specimens will eventually elucidate key stem cell signaling pathways 
and molecular mechanisms of self-renewal that could provide specifi c targets for 
tumors that remain refractory to current therapies.     

   References 

         1.    Louis DN, et al. The 2007 WHO classifi cation of tumours of the central nervous system. Acta 
Neuropathol. 2007;114:97–109. doi:  10.1007/s00401-007-0243-4    .  

      2.    Clarke MF, et al. Cancer stem cells–perspectives on current status and future directions: 
AACR workshop on cancer stem cells. Cancer Res. 2006;66:9339–44. doi:  10.1158/0008-
 5472.CAN-06-3126    .  

    3.    Magee JA, Piskounova E, Morrison SJ. Cancer stem cells: impact, heterogeneity, and uncertainty. 
Cancer Cell. 2012;21:283–96. doi:  10.1016/j.ccr.2012.03.003    . [pii] S1535-6108(12)00086-4.  

    4.    Reynolds BA, Weiss S. Clonal and population analyses demonstrate that an EGF-responsive 
mammalian embryonic CNS precursor is a stem cell. Dev Biol. 1996;175:1–13.  

   5.    Reynolds BA, Weiss S. Generation of neurons and astrocytes from isolated cells of the adult 
mammalian central nervous system. Science. 1992;255:1707–10.  

      6.    Uchida N, et al. Direct isolation of human central nervous system stem cells. Proc Natl Acad 
Sci U S A. 2000;97:14720–5. doi:  10.1073/pnas.97.26.14720    .  

      7.    Singh SK, et al. Identifi cation of a cancer stem cell in human brain tumors. Cancer Res. 
2003;63:5821–8.  

      8.    Singh SK, et al. Identifi cation of human brain tumour initiating cells. Nature. 2004;432:
396–401. doi:  10.1038/nature03128    . pii: nature03128.  

     9.    Hemmati HD, et al. Cancerous stem cells can arise from pediatric brain tumors. Proc Natl 
Acad Sci U S A. 2003;100:15178–83. doi:  10.1073/pnas.2036535100    .  

    10.    Panosyan EH, et al. Clinical outcome in pediatric glial and embryonal brain tumors correlates 
with in vitro multi-passageable neurosphere formation. Pediatr Blood Cancer. 2010;55:
644–51. doi:  10.1002/pbc.22627    .  

B. Manoranjan et al.

http://dx.doi.org/10.1007/s00401-007-0243-4
http://dx.doi.org/10.1158/0008-5472.CAN-06-3126
http://dx.doi.org/10.1158/0008-5472.CAN-06-3126
http://dx.doi.org/10.1016/j.ccr.2012.03.003
http://dx.doi.org/10.1073/pnas.97.26.14720
http://dx.doi.org/10.1038/nature03128
http://dx.doi.org/10.1073/pnas.2036535100
http://dx.doi.org/10.1002/pbc.22627


63

      11.   CBTRUS. Primary brain and central nervous system tumors diagnosed in the United States 
in 2004–2008. 2012.  

      12.    Cho YJ, et al. Integrative genomic analysis of medulloblastoma identifi es a molecular sub-
group that drives poor clinical outcome. J Clin Oncol. 2011;29:1424–30. doi:  10.1200/
JCO.2010.28.5148    .  

   13.    Kool M, et al. Integrated genomics identifi es fi ve medulloblastoma subtypes with distinct 
genetic profi les, pathway signatures and clinicopathological features. PLoS ONE. 2008; 
3:e3088. doi:  10.1371/journal.pone.0003088.t001    .  

     14.    Northcott PA, et al. Medulloblastoma comprises four distinct molecular variants. J Clin 
Oncol. 2011;29:1408–14. doi:  10.1200/JCO.2009.27.4324    .  

   15.    Pomeroy SL, et al. Prediction of central nervous system embryonal tumour outcome based on 
gene expression. Nature. 2002;415:436–42. doi:  10.1038/415436a    .  

   16.    Thompson MC, et al. Genomics identifi es medulloblastoma subgroups that are enriched for 
specifi c genetic alterations. J Clin Oncol. 2006;24:1924–31. doi:  10.1200/JCO.2005.04.4974    .  

     17.    Kool M, et al. Molecular subgroups of medulloblastoma: an international meta-analysis of 
transcriptome, genetic aberrations, and clinical data of WNT, SHH, Group 3, and Group 4 
medulloblastomas. Acta Neuropathol. 2012;123:473–84. doi:  10.1007/s00401-012-0958-8    .  

         18.    Taylor MD, et al. Molecular subgroups of medulloblastoma: the current consensus. Acta 
Neuropathol. 2012;123:465–72. doi:  10.1007/s00401-011-0922-z    .  

       19.    Pei Y, et al. An animal model of MYC-driven medulloblastoma. Cancer Cell. 2012;21:
155–67. doi:  10.1016/j.ccr.2011.12.021    . pii: S1535-6108(11)00483-1.  

     20.   Gibson P et al. Subtypes of medulloblastoma have distinct developmental origins. Nature. 
2010;1–5. doi:10.1038/nature09587.  

        21.    Kawauchi D, et al. A mouse model of the most aggressive subgroup of human medulloblastoma. 
Cancer Cell. 2012;21:168–80. doi:  10.1016/j.ccr.2011.12.023    . pii: S1535-6108(12)00002-5.  

    22.    Clifford SC, et al. Wnt/Wingless pathway activation and chromosome 6 loss characterize a 
distinct molecular sub-group of medulloblastomas associated with a favorable prognosis. 
Cell Cycle. 2006;5:2666–70.  

   23.    Ellison DW, et al. beta-Catenin status predicts a favorable outcome in childhood medulloblas-
toma: the United Kingdom Children’s Cancer Study Group Brain Tumour Committee. J Clin 
Oncol. 2005;23:7951–7. doi:  10.1200/JCO.2005.01.5479    .  

    24.    Fattet S, et al. Beta-catenin status in paediatric medulloblastomas: correlation of immunohis-
tochemical expression with mutational status, genetic profi les, and clinical characteristics. 
J Pathol. 2009;218:86–94. doi:  10.1002/path.2514    .  

    25.    Ellison DW. Childhood medulloblastoma: novel approaches to the classifi cation of a hetero-
geneous disease. Acta Neuropathol. 2010;120:305–16. doi:  10.1007/s00401-010-0726-6    .  

    26.    Wright J. Neurocytoma or neuroblastoma, a kind of tumor not generally recognized. J Exp 
Med. 1910;12(4):556–61.  

    27.    Bailey P, Cushing H. Medulloblastoma cerebelli: a common type of midcerebellar glioma 
of childhood. Arch Neurol Psychiatry. 1925;14:192–224. doi:  10.1001/archneurpsyc.
1925.02200140055002    .  

    28.    Fuccillo M, Joyner AL, Fishell G. Morphogen to mitogen: the multiple roles of hedgehog 
signalling in vertebrate neural development. Nat Rev Neurosci. 2006;7:772–83. doi:  10.1038/
nrn1990    . pii: nrn1990.  

    29.   Wang VY, Zoghbi HY. Genetic regulation of cerebellar development. Nat Rev Neurosci. 
2001;2:489–91.  

   30.    Sotelo C. Cellular and genetic regulation of the development of the cerebellar system. Prog 
Neurobiol. 2004;72:295–339. doi:  10.1016/j.pneurobio.2004.03.004    . pii: S0301008204000401.  

    31.    Wechsler-Reya RJ, Scott MP. Control of neuronal precursor proliferation in the cerebellum 
by Sonic Hedgehog. Neuron. 1999;22:103–14.  

    32.    Oliver TG, et al. Loss of patched and disruption of granule cell development in a pre- neoplastic 
stage of medulloblastoma. Development. 2005;132:2425–39. doi:  10.1242/dev.01793    .  

      33.    Goodrich LV, Milenkovic L, Higgins KM, Scott MP. Altered neural cell fates and medullo-
blastoma in mouse patched mutants. Science. 1997;277:1109–13.  

Pediatric Brain Tumor-Initiating Cells

http://dx.doi.org/10.1200/JCO.2010.28.5148
http://dx.doi.org/10.1200/JCO.2010.28.5148
http://dx.doi.org/10.1371/journal.pone.0003088.t001
http://dx.doi.org/10.1200/JCO.2009.27.4324
http://dx.doi.org/10.1038/415436a
http://dx.doi.org/10.1200/JCO.2005.04.4974
http://dx.doi.org/10.1007/s00401-012-0958-8
http://dx.doi.org/10.1007/s00401-011-0922-z
http://dx.doi.org/10.1016/j.ccr.2011.12.021
http://dx.doi.org/10.1016/j.ccr.2011.12.023
http://dx.doi.org/10.1200/JCO.2005.01.5479
http://dx.doi.org/10.1002/path.2514
http://dx.doi.org/10.1007/s00401-010-0726-6
http://dx.doi.org/10.1001/archneurpsyc.1925.02200140055002
http://dx.doi.org/10.1001/archneurpsyc.1925.02200140055002
http://dx.doi.org/10.1038/nrn1990
http://dx.doi.org/10.1038/nrn1990
http://dx.doi.org/10.1016/j.pneurobio.2004.03.004
http://dx.doi.org/10.1242/dev.01793


64

   34.    Hallahan AR. The SmoA1 mouse model reveals that notch signaling is critical for the growth 
and survival of sonic hedgehog-induced medulloblastomas. Cancer Res. 2004;64:7794–800. 
doi:  10.1158/0008-5472.CAN-04-1813    .  

   35.    Raffel C, et al. Sporadic medulloblastomas contain PTCH mutations. Cancer Res. 1997;57:
842–5.  

    36.    Taylor MD, et al. Mutations in SUFU predispose to medulloblastoma. Nat Genet. 
2002;31:306–10. doi:  10.1038/ng916    .  

    37.    Thomas KR, Capecchi MR. Targeted disruption of the murine int-1 proto-oncogene resulting 
in severe abnormalities in midbrain and cerebellar development. Nature. 1990;346:847–50. 
doi:  10.1038/346847a0    .  

    38.   Pei Y et al .  WNT signaling increases proliferation and impairs differentiation of stem cells in 
the developing cerebellum. Development. 2012. doi: 10.1242/dev.050104. pii: dev.050104.  

      39.    Read T-A, et al. Identifi cation of CD15 as a marker for tumor-propagating cells in a mouse 
model of medulloblastoma. Cancer Cell. 2009;15:135–47. doi:  10.1016/j.ccr.2008.12.016    .  

      40.    Ward RJ, et al. Multipotent CD15+ cancer stem cells in patched-1-defi cient mouse medullo-
blastoma. Cancer Res. 2009;69:4682–90. doi:  10.1158/0008-5472.CAN-09-0342    .  

    41.    Li P, et al. A population of Nestin-expressing progenitors in the cerebellum exhibits increased 
tumorigenicity. Nat Neurosci. 2013;16:1737–44. doi:  10.1038/nn.3553    . pii: nn.3553.  

    42.    Schüller U, et al. Acquisition of granule neuron precursor identity is a critical determinant of 
progenitor cell competence to form Shh-induced medulloblastoma. Cancer Cell. 2008;14:123–
34. doi:  10.1016/j.ccr.2008.07.005    .  

    43.    Yang Z-J, et al. Medulloblastoma can be initiated by deletion of patched in lineage-restricted 
progenitors or stem cells. Cancer Cell. 2008;14:135–45. doi:  10.1016/j.ccr.2008.07.003    .  

    44.    Grammel D, et al. Sonic hedgehog-associated medulloblastoma arising from the cochlear nuclei 
of the brainstem. Acta Neuropathol. 2012;123:601–14.  doi:  10.1007/s00401-012-0961-0    .  

       45.    Manoranjan B, et al. FoxG1 interacts with Bmi1 to regulate self-renewal and tumorigenicity 
of medulloblastoma stem cells. Stem Cells. 2013;31:1266–77. doi:  10.1002/stem.1401    .  

      46.   Wang X, Venugopal C, Manoranjan B, McFarlane N, O’Farrell E, Nolte S, Gunnarsson T, 
Hollenberg R, Kwiecien J, Northcott P, Taylor MD, Hawkins C, Singh SK. Sonic hedgehog 
regulates Bmi1 in human medulloblastoma brain tumor-initiating cells. Oncogene. 2012;
31:187–99.  

    47.    Bruggeman SWM, et al. Bmi1 controls tumor development in an Ink4a/Arf-independent man-
ner in a mouse model for glioma. Cancer Cell. 2007;12:328–41. doi:  10.1016/j.ccr.2007.08.032    .  

    48.   Leung C, Lingbeek M, Shakhova O, Liu J, Tanger E, Saremaslani P, Van Lohuizen M, Marino 
S. Bmi1 is essential for cerebellar development and is overexpressed in human medulloblas-
tomas. Nature. 2004;428:337–41.  

    49.    Glinsky GV, Berezovska O, Glinskii AB. Microarray analysis identifi es a death-from-cancer 
signature predicting therapy failure in patients with multiple types of cancer. J Clin Invest. 
2005;115:1503–21. doi:  10.1172/JCI23412DS1    .  

    50.    Zakrzewska M, et al. Polycomb genes expression as a predictor of poor clinical outcome in 
children with medulloblastoma. Childs Nerv Syst. 2010;27:79–86. doi:  10.1007/
s00381-010-1260-5    .  

     51.    Yang M-H, et al. Bmi1 is essential in Twist1-induced epithelial–mesenchymal transition. Nat 
Cell Biol. 2010;12:982–92. doi:  10.1038/ncb2099    .  

          52.    Dolecek TA, Propp JM, Stroup NE, Kruchko C. CBTRUS statistical report: primary brain 
and central nervous system tumors diagnosed in the United States in 2005–2009. Neuro 
Oncol. 2012;14 Suppl 5:v1–49. doi:  10.1093/neuonc/nos218    . pii: nos218.  

     53.    Picard D, et al. Markers of survival and metastatic potential in childhood CNS primitive 
neuro-ectodermal brain tumours: an integrative genomic analysis. Lancet Oncol. 
2012;13:838–48. doi:  10.1016/S1470-2045(12)70257-7    . pii: S1470-2045(12)70257-7.  

    54.   Liu Z et al. A patient tumor-derived orthotopic xenograft mouse model replicating the group 
3 supratentorial primitive neuroectodermal tumor in children. Neuro Oncol. 2014. doi: 
10.1093/neuonc/not244, pii: not244.  

B. Manoranjan et al.

http://dx.doi.org/10.1158/0008-5472.CAN-04-1813
http://dx.doi.org/10.1038/ng916
http://dx.doi.org/10.1038/346847a0
http://dx.doi.org/10.1016/j.ccr.2008.12.016
http://dx.doi.org/10.1158/0008-5472.CAN-09-0342
http://dx.doi.org/10.1038/nn.3553
http://dx.doi.org/10.1016/j.ccr.2008.07.005
http://dx.doi.org/10.1016/j.ccr.2008.07.003
http://dx.doi.org/10.1007/s00401-012-0961-0
http://dx.doi.org/10.1002/stem.1401
http://dx.doi.org/10.1016/j.ccr.2007.08.032
http://dx.doi.org/10.1172/JCI23412DS1
http://dx.doi.org/10.1007/s00381-010-1260-5
http://dx.doi.org/10.1007/s00381-010-1260-5
http://dx.doi.org/10.1038/ncb2099
http://dx.doi.org/10.1093/neuonc/nos218
http://dx.doi.org/10.1016/S1470-2045(12)70257-7


65

    55.    Cocce MC, Lubieniecki F, Kordes U, Alderete D, Gallego MS. A complex karyotype in an 
atypical teratoid/rhabdoid tumor: case report and review of the literature. J Neuro-Oncol. 
2011;104:375–80. doi:  10.1007/s11060-010-0478-0    .  

    56.    Avci Z, Kaya IS, Dogukan AS, Aydin O, Ismailoglu O. Pathology teach and tell: central ner-
vous system atypical teratoid/rhabdoid tumor. Pediatr Pathol Mol Med. 2003;22:443–7.  

    57.    Rorke LB, Packer RJ, Biegel JA. Central nervous system atypical teratoid/rhabdoid tumors of 
infancy and childhood: defi nition of an entity. J Neurosurg. 1996;85:56–65. doi:  10.3171/
jns.1996.85.1.0056    .  

    58.    Versteege I, et al. Truncating mutations of hSNF5/INI1 in aggressive paediatric cancer. 
Nature. 1998;394:203–6. doi:  10.1038/28212    .  

   59.    Pfi ster SM, et al. Molecular diagnostics of CNS embryonal tumors. Acta Neuropathol. 
2010;120:553–66. doi:  10.1007/s00401-010-0751-5    .  

    60.   Ichimura K, Nishikawa R, Matsutani M. Molecular markers in pediatric neuro-oncology. 
Neuro Oncol 2012;14(Suppl 4): iv90–9, doi:10.1093/neuonc/nos204.  

    61.    Wilson BG, Roberts CW. SWI/SNF nucleosome remodellers and cancer. Nat Rev Cancer. 
2011;11:481–92. doi:  10.1038/nrc3068    .  

    62.    Nicolaides T, et al. High-dose chemotherapy and autologous stem cell rescue for atypical 
teratoid/rhabdoid tumor of the central nervous system. J Neuro-Oncol. 2010;98:117–23. 
doi:  10.1007/s11060-009-0071-6    .  

    63.    Yachnis AT, Neubauer D, Muir D. Characterization of a primary central nervous system atyp-
ical teratoid/rhabdoid tumor and derivative cell line: immunophenotype and neoplastic prop-
erties. J Neuropathol Exp Neurol. 1998;57:961–71.  

   64.    Biegel JA. Molecular genetics of atypical teratoid/rhabdoid tumor. Neurosurg Focus. 
2006;20:E11.  

    65.    Parham DM, Weeks DA, Beckwith JB. The clinicopathologic spectrum of putative extrarenal 
rhabdoid tumors. An analysis of 42 cases studied with immunohistochemistry or electron 
microscopy. Am J Surg Pathol. 1994;18:1010–29.  

    66.    Chiou SH, et al. Identifi cation of CD133-positive radioresistant cells in atypical teratoid/
rhabdoid tumor. PLoS ONE. 2008;3:e2090. doi:  10.1371/journal.pone.0002090    .  

   67.    Kao CL, et al. Resveratrol-induced apoptosis and increased radiosensitivity in CD133- 
positive cells derived from atypical teratoid/rhabdoid tumor. Int J Radiat Oncol Biol Phys. 
2009;74:219–28. doi:  10.1016/j.ijrobp.2008.12.035    .  

    68.    Ma HI, et al. Differential expression profi ling between atypical teratoid/rhabdoid and medul-
loblastoma tumor in vitro and in vivo using microarray analysis. Childs Nerv Syst. 
2010;26:293–303. doi:  10.1007/s00381-009-1016-2    .  

    69.    Alimova I, et al. Inhibition of EZH2 suppresses self-renewal and induces radiation sensitivity 
in atypical rhabdoid teratoid tumor cells. Neuro-Oncology. 2013;15:149–60. doi:  10.1093/
neuonc/nos285    .  

     70.    Mack SC, Taylor MD. The genetic and epigenetic basis of ependymoma. Childs Nerv Syst. 
2009;25:1195–201. doi:  10.1007/s00381-009-0928-1    .  

     71.    Kilday JP, et al. Pediatric ependymoma: biological perspectives. Mol Cancer Res. 
2009;7:765–86. doi:  10.1158/1541-7786.MCR-08-0584    . pii: 1541-7786.MCR-08-0584.  

    72.    Witt H, et al. Delineation of two clinically and molecularly distinct subgroups of posterior 
fossa ependymoma. Cancer Cell. 2011;20:143–57. doi:  10.1016/j.ccr.2011.07.007    . pii: 
S1535-6108(11)00262-5.  

       73.    Taylor MD, et al. Radial glia cells are candidate stem cells of ependymoma. Cancer Cell. 
2005;8:323–35. doi:  10.1016/j.ccr.2005.09.001    . pii: S1535-6108(05)00270-9.  

    74.    Conover JC, et al. Disruption of Eph/ephrin signaling affects migration and proliferation in 
the adult subventricular zone. Nat Neurosci. 2000;3:1091–7. doi:  10.1038/80606    .  

    75.    Dasen JS, Liu JP, Jessell TM. Motor neuron columnar fate imposed by sequential phases of 
Hox-c activity. Nature. 2003;425:926–33. doi:  10.1038/nature02051    . pii: nature02051.  

    76.    Johnson RA, et al. Cross-species genomics matches driver mutations and cell compartments 
to model ependymoma. Nature. 2010;466:632–6. pii: nature 09173.  

    77.    Jones DT, et al. Recurrent somatic alterations of FGFR1 and NTRK2 in pilocytic astrocy-
toma. Nat Genet. 2013;45:927–32. doi:  10.1038/ng.2682    . pii: ng.2682.  

Pediatric Brain Tumor-Initiating Cells

http://dx.doi.org/10.1007/s11060-010-0478-0
http://dx.doi.org/10.3171/jns.1996.85.1.0056
http://dx.doi.org/10.3171/jns.1996.85.1.0056
http://dx.doi.org/10.1038/28212
http://dx.doi.org/10.1007/s00401-010-0751-5
http://dx.doi.org/10.1038/nrc3068
http://dx.doi.org/10.1007/s11060-009-0071-6
http://dx.doi.org/10.1371/journal.pone.0002090
http://dx.doi.org/10.1016/j.ijrobp.2008.12.035
http://dx.doi.org/10.1007/s00381-009-1016-2
http://dx.doi.org/10.1093/neuonc/nos285
http://dx.doi.org/10.1093/neuonc/nos285
http://dx.doi.org/10.1007/s00381-009-0928-1
http://dx.doi.org/10.1158/1541-7786.MCR-08-0584
http://dx.doi.org/10.1016/j.ccr.2011.07.007
http://dx.doi.org/10.1016/j.ccr.2005.09.001
http://dx.doi.org/10.1038/80606
http://dx.doi.org/10.1038/nature02051
http://dx.doi.org/10.1038/ng.2682


66

    78.    Zhang J, et al. Whole-genome sequencing identifi es genetic alterations in pediatric low-grade 
gliomas. Nat Genet. 2013;45:602–12. doi:  10.1038/ng.2611    . pii: ng.2611.  

    79.    da Lee Y, Gianino SM, Gutmann DH. Innate neural stem cell heterogeneity determines the 
patterning of glioma formation in children. Cancer Cell. 2012;22:131–8. doi:  10.1016/j.
ccr.2012.05.036    . pii: S1535-6108(12)00251-6.  

    80.    Paugh BS, et al. Integrated molecular genetic profi ling of pediatric high-grade gliomas 
reveals key differences with the adult disease. J Clin Oncol. 2010;28:3061–8. doi:  10.1200/
JCO.2009.26.7252    . pii: JCO.2009.26.7252.  

    81.    Pollack IF, et al. Age and TP53 mutation frequency in childhood malignant gliomas: results 
in a multi-institutional cohort. Cancer Res. 2001;61:7404–7.  

     82.    Wu G, et al. Somatic histone H3 alterations in pediatric diffuse intrinsic pontine gliomas and 
non-brainstem glioblastomas. Nat Genet. 2012;44:251–3. doi:  10.1038/ng.1102    . pii: ng.1102.  

    83.    Schwartzentruber J, et al. Driver mutations in histone H3.3 and chromatin remodelling genes 
in paediatric glioblastoma. Nature. 2012;482:226–31. pii: nature 10833.  

    84.   Bjerke L et al. Histone H3.3 mutations drive pediatric glioblastoma through upregulation of 
MYCN. Cancer Discov. 2013. doi: 10.1158/2159-8290.CD-12-0426. pii: 2159-8290.
CD-12-0426.  

    85.    Thirant C, et al. Clinical relevance of tumor cells with stem-like properties in pediatric brain 
tumors. PLoS ONE. 2011;6:e16375. doi:  10.1371/journal.pone.0016375    .  

    86.    Gaspar N, et al. MGMT-independent temozolomide resistance in pediatric glioblastoma cells 
associated with a PI3-kinase-mediated HOX/stem cell gene signature. Cancer Res. 
2010;70:9243–52. doi:  10.1158/0008-5472.CAN-10-1250    . pii: 0008-5472.CAN-10-1250.  

    87.    Liu Z, et al. Intravenous injection of oncolytic picornavirus SVV-001 prolongs animal sur-
vival in a panel of primary tumor-based orthotopic xenograft mouse models of pediatric 
 glioma. Neuro Oncol. 2013;15:1173–85. doi:  10.1093/neuonc/not065    . pii: not065.  

     88.    Hargrave D, Bartels U, Bouffet E. Diffuse brainstem glioma in children: critical review of 
clinical trials. Lancet Oncol. 2006;7:241–8. doi:  10.1016/S1470-2045(06)70615-5    . pii: 
S1470-2045(06)70615-5.  

    89.   Schroeder KM, Hoeman CM, Becher OJ. Children are not just little adults: recent advances 
in understanding of diffuse intrinsic pontine glioma biology. Pediatr Res. 2013. doi: 10.1038/
pr.2013.194. pii: pr2013194.  

    90.    Khuong-Quang DA, et al. K27M mutation in histone H3.3 defi nes clinically and biologically 
distinct subgroups of pediatric diffuse intrinsic pontine gliomas. Acta Neuropathol. 
2012;124:439–47. doi:  10.1007/s00401-012-0998-0    .  

      91.    Puget S, et al. Mesenchymal transition and PDGFRA amplifi cation/mutation are key distinct 
oncogenic events in pediatric diffuse intrinsic pontine gliomas. PLoS ONE. 2012;7:e30313. 
doi:  10.1371/journal.pone.0030313    . pii: PONE-D-11-11908.  

      92.    Saratsis AM, et al. Comparative multidimensional molecular analyses of pediatric diffuse 
intrinsic pontine glioma reveals distinct molecular subtypes. Acta Neuropathol. 2013. 
doi:  10.1007/s00401-013-1218-2    .  

     93.    Monje M, et al. Hedgehog-responsive candidate cell of origin for diffuse intrinsic pontine 
glioma. Proc Natl Acad Sci U S A. 2011;108:4453–8. doi:  10.1073/pnas.1101657108    . pii: 
1101657108.  

    94.    Becher OJ, et al. Preclinical evaluation of radiation and perifosine in a genetically and histo-
logically accurate model of brainstem glioma. Cancer Res. 2010;70:2548–57. 
doi:  10.1158/0008-5472.CAN-09-2503    . pii: 0008-5472.CAN-09-2503.  

    95.    Ballester LY, et al. Morphologic characteristics and immunohistochemical profi le of diffuse 
intrinsic pontine gliomas. Am J Surg Pathol. 2013;37:1357–64. doi:  10.1097/
PAS.0b013e318294e817    . pii: 00000478-201309000-00008.  

      96.    Thakkar JP, Chew L, Villano JL. Primary CNS germ cell tumors: current epidemiology and 
update on treatment. Med Oncol. 2013;30:496. doi:  10.1007/s12032-013-0496-9    .  

     97.    Khatua S, Sadighi ZS, Pearlman ML, Bochare S, Vats TS. Brain tumors in children–
current therapies and newer directions. Indian J Pediatr. 2012;79:922–7. doi:  10.1007/
s12098-012-0689-9    .  

B. Manoranjan et al.

http://dx.doi.org/10.1038/ng.2611
http://dx.doi.org/10.1016/j.ccr.2012.05.036
http://dx.doi.org/10.1016/j.ccr.2012.05.036
http://dx.doi.org/10.1200/JCO.2009.26.7252
http://dx.doi.org/10.1200/JCO.2009.26.7252
http://dx.doi.org/10.1038/ng.1102
http://dx.doi.org/10.1371/journal.pone.0016375
http://dx.doi.org/10.1158/0008-5472.CAN-10-1250
http://dx.doi.org/10.1093/neuonc/not065
http://dx.doi.org/10.1016/S1470-2045(06)70615-5
http://dx.doi.org/10.1007/s00401-012-0998-0
http://dx.doi.org/10.1371/journal.pone.0030313
http://dx.doi.org/10.1007/s00401-013-1218-2
http://dx.doi.org/10.1073/pnas.1101657108
http://dx.doi.org/10.1158/0008-5472.CAN-09-2503
http://dx.doi.org/10.1097/PAS.0b013e318294e817
http://dx.doi.org/10.1097/PAS.0b013e318294e817
http://dx.doi.org/10.1007/s12032-013-0496-9
http://dx.doi.org/10.1007/s12098-012-0689-9
http://dx.doi.org/10.1007/s12098-012-0689-9


67

     98.    Tan C, Scotting PJ. Stem cell research points the way to the cell of origin for intracranial 
germ cell tumours. J Pathol. 2013;229:4–11. doi:  10.1002/path.4098    .  

    99.    Herrmann HD, Westphal M, Winkler K, Laas RW, Schulte FJ. Treatment of nongerminoma-
tous germ-cell tumors of the pineal region. Neurosurgery. 1994;34:524–9. discussion 529.  

    100.    Calaminus G, et al. Intracranial germ cell tumors: a comprehensive update of the European 
data. Neuropediatrics. 1994;25:26–32. doi:  10.1055/s-2008-1071577    .  

    101.    Bamberg M, et al. Radiation therapy for intracranial germinoma: results of the German coop-
erative prospective trials MAKEI 83/86/89. J Clin Oncol. 1999;17:2585–92.  

    102.    Schild SE, et al. Histologically confi rmed pineal tumors and other germ cell tumors of the 
brain. Cancer. 1996;78:2564–71.  

    103.    Kyritsis AP. Management of primary intracranial germ cell tumors. J Neuro-Oncol. 
2010;96:143–9. doi:  10.1007/s11060-009-9951-z    .  

    104.    Sakuma Y, et al. c-kit gene mutations in intracranial germinomas. Cancer Sci. 2004;95:
716–20.  

    105.    Hoei-Hansen CE, et al. New evidence for the origin of intracranial germ cell tumours from 
primordial germ cells: expression of pluripotency and cell differentiation markers. J Pathol. 
2006;209:25–33. doi:  10.1002/path.1948    .  

    106.    Scotting PJ. Are cranial germ cell tumours really tumours of germ cells? Neuropathol Appl 
Neurobiol. 2006;32:569–74. doi:  10.1111/j.1365-2990.2006.00797.x    .  

    107.    Wiese C, et al. Nestin expression–a property of multi-lineage progenitor cells? Cell Mol Life 
Sci. 2004;61:2510–22. doi:  10.1007/s00018-004-4144-6    .  

    108.    Sakurada K, et al. Nestin expression in central nervous system germ cell tumors. Neurosurg 
Rev. 2008;31:173–6. doi:  10.1007/s10143-007-0115-3    . discussion 176–177.  

     109.    Muller HL. Childhood craniopharyngioma. Pituitary. 2013;16:56–67. doi:  10.1007/
s11102-012-0401-0    .  

   110.    Wisoff JH. Craniopharyngioma. J Neurosurg Pediatr. 2008;1:124–5. doi:  10.3171/
PED/2008/1/2/124    . discussion 125.  

    111.    Elliott RE, Wisoff JH. Surgical management of giant pediatric craniopharyngiomas. 
J Neurosurg Pediatr. 2010;6:403–16. doi:  10.3171/2010.8.PEDS09385    .  

    112.    Karavitaki N, Cudlip S, Adams CB, Wass JA. Craniopharyngiomas. Endocr Rev. 
2006;27:371–97. doi:  10.1210/er.2006-0002    . pii: er.2006-0002.  

    113.    Garre ML, Cama A. Craniopharyngioma: modern concepts in pathogenesis and treatment. 
Curr Opin Pediatr. 2007;19:471–9. doi:  10.1097/MOP.0b013e3282495a22    . pii: 
00008480-200708000-00016.  

    114.    Holsken A, Buchfelder M, Fahlbusch R, Blumcke I, Buslei R. Tumour cell migration in ada-
mantinomatous craniopharyngiomas is promoted by activated Wnt-signalling. Acta 
Neuropathol. 2010;119:631–9. doi:  10.1007/s00401-010-0642-9    .  

    115.    Nielsen EH, et al. Incidence of craniopharyngioma in Denmark (n = 189) and estimated world 
incidence of craniopharyngioma in children and adults. J Neurooncol. 2011;104:755–63. 
doi:  10.1007/s11060-011-0540-6    .  

    116.    Bunin GR, et al. The descriptive epidemiology of craniopharyngioma. J Neurosurg. 
1998;89:547–51. doi:  10.3171/jns.1998.89.4.0547    .  

    117.    Gaston-Massuet C, et al. Increased wingless (Wnt) signaling in pituitary progenitor/stem 
cells gives rise to pituitary tumors in mice and humans. Proc Natl Acad Sci U S A. 
2011;108:11482–7. doi:  10.1073/pnas.1101553108    . pii: 1101553108.  

     118.    Andoniadou CL, et al. Identifi cation of novel pathways involved in the pathogenesis of 
human adamantinomatous craniopharyngioma. Acta Neuropathol. 2012;124:259–71. 
doi:  10.1007/s00401-012-0957-9    .  

    119.    Zhu X, Gleiberman AS, Rosenfeld MG. Molecular physiology of pituitary development: 
 signaling and transcriptional networks. Physiol Rev. 2007;87:933–63. doi:  10.1152/ 
physrev.00006.2006    . pii: 87/3/933.  

    120.    Beier D, et al. CD133(+) and CD133(-) glioblastoma-derived cancer stem cells show differ-
ential growth characteristics and molecular profi les. Cancer Res. 2007;67:4010–5. 
doi:  10.1158/0008-5472.CAN-06-4180    . pii: 67/9/4010.  

Pediatric Brain Tumor-Initiating Cells

http://dx.doi.org/10.1002/path.4098
http://dx.doi.org/10.1055/s-2008-1071577
http://dx.doi.org/10.1007/s11060-009-9951-z
http://dx.doi.org/10.1002/path.1948
http://dx.doi.org/10.1111/j.1365-2990.2006.00797.x
http://dx.doi.org/10.1007/s00018-004-4144-6
http://dx.doi.org/10.1007/s10143-007-0115-3
http://dx.doi.org/10.1007/s11102-012-0401-0
http://dx.doi.org/10.1007/s11102-012-0401-0
http://dx.doi.org/10.3171/PED/2008/1/2/124
http://dx.doi.org/10.3171/PED/2008/1/2/124
http://dx.doi.org/10.3171/2010.8.PEDS09385
http://dx.doi.org/10.1210/er.2006-0002
http://dx.doi.org/10.1097/MOP.0b013e3282495a22
http://dx.doi.org/10.1007/s00401-010-0642-9
http://dx.doi.org/10.1007/s11060-011-0540-6
http://dx.doi.org/10.3171/jns.1998.89.4.0547
http://dx.doi.org/10.1073/pnas.1101553108
http://dx.doi.org/10.1007/s00401-012-0957-9
http://dx.doi.org/10.1152/physrev.00006.2006
http://dx.doi.org/10.1152/physrev.00006.2006
http://dx.doi.org/10.1158/0008-5472.CAN-06-4180


68

   121.    Clement V, Dutoit V, Marino D, Dietrich PY, Radovanovic I. Limits of CD133 as a marker of 
glioma self-renewing cells. Int J Cancer. 2009;125:244–8. doi:  10.1002/ijc.24352    .  

    122.    Sun Y, et al. CD133 (Prominin) negative human neural stem cells are clonogenic and tripo-
tent. PLoS ONE. 2009;4:e5498. doi:  10.1371/journal.pone.0005498    .  

    123.    Abdouh M, et al. BMI1 sustains human glioblastoma multiforme stem cell renewal. 
J Neurosci. 2009;29:8884–96. doi:  10.1523/JNEUROSCI.0968-09.2009    . pii: 29/28/8884.  

    124.    Chen R, et al. A hierarchy of self-renewing tumor-initiating cell types in glioblastoma. Cancer 
Cell. 2010;17:362–75. doi:  10.1016/j.ccr.2009.12.049    . pii: S1535-6108(10)00065-6.    

B. Manoranjan et al.

http://dx.doi.org/10.1002/ijc.24352
http://dx.doi.org/10.1371/journal.pone.0005498
http://dx.doi.org/10.1523/JNEUROSCI.0968-09.2009
http://dx.doi.org/10.1016/j.ccr.2009.12.049

	The Role of Stem Cells in Pediatric Central Nervous System Malignancies
	Introduction
	 Medulloblastoma
	 Supratentorial Primitive Neuroectodermal Tumor
	 Atypical Teratoid/Rhabdoid Tumor
	 Ependymoma
	 Low-Grade Glioma
	 Glioblastoma
	 Diffuse Intrinsic Pontine Glioma
	 Germ Cell Tumor
	 Craniopharyngioma
	 Conclusion
	References


