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Medulloblastoma stem cells: where development and cancer

cross pathways
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Brain tumors are the leading cause of childhood cancer
mortality, with medulloblastoma (MB) representing the
most frequent malignant tumor. The recent molecular
classification of MB has reconceptualized the heteroge-
neity that exists within pathological subtypes by giving
context to the role of key developmental signaling path-
ways in MB pathogenesis. The identification of cancer
stem cell (CSC) populations, termed brain tumor-initiating
cells (BTICs), in MB has provided novel cellular targets for
the study of these aberrantly activated signaling path-
ways, namely, Sonic hedgehog (Shh) and Wingless (Wnt),
along with the identification of novel BTIC self-renewal
pathways. In this review, we discuss recent evidence for
the presence of a MB stem cell that drives tumorigenesis
in this malignant childhood tumor. We focus on evidence
from cerebellar development, the recent identification of
BTICs, the presence of activated developmental signaling
pathways in MB, the role of epigenetic stem cell regu-
latory mechanisms, and how these developmental and
epigenetic pathways may be targeted for novel thera-
peutic options.

rain tumors are the leading cause of childhood cancer

mortality, with medulloblastoma (MB) representing the
most frequent malignant tumor. James Homer Wright identi-
fied MB as a distinct central nervous system tumor in 1910
(1). At the time, Wright believed MB to arise from restricted
neuronal precursors termed “neuroblasts” In 1925, Percival
Bailey and Harvey Cushing described the presence of glial
and neuronal cells in MB, suggesting the cell of origin to be
of a more primitive embryonic neuroepithelial cell, which
they termed “medulloblast,” resulting in the conceptual link
between neural stem cells (NSCs) and MB ontogeny (2). More
recent molecular classifications of MB have reconceptualized
the heterogeneity that exists within pathological subtypes by
giving context to the role of key developmental signaling path-
ways in MB pathogenesis (3-7). This work has lent greater

support to the presence of a primitive cerebellar stem or pre-
cursor cell of origin. Novel therapeutic modalities may capi-
talize on the differences between the normal and malignant
cerebellar precursor cell to specifically target the MB stem cell
or its niche. Such therapies may prevent current treatment
toxicity and long-term sequelae experienced by standard-risk
patients despite a 5-y survivorship of 80%, and may be used
to further target those high-risk patients who remain refrac-
tory to current treatment (8). In this review, we discuss recent
evidence for the presence of a MB stem cell that drives tum-
origenesis in this malignant childhood brain tumor. We focus
on evidence from cerebellar development, the recent identi-
fication of brain-tumor-initiating cells (BTICs), the presence
of activated developmental signaling pathways in MB, the role
of epigenetic stem cell regulatory mechanisms, and how these
developmental and epigenetic pathways may be targeted with
novel therapeutic options.

THE CANCER STEM CELL HYPOTHESIS: BRIDGING NSCs
AND BTICs

Based on similarities observed between teratocarcinomas and
the developing fetus, pathologists Rudolph Virchow and Julius
Cohnheim first introduced the notion of a primitive cell of
origin in malignant tissue more than 150 y ago (9,10). Since
then, this observation has evolved to what is now termed the
cancer stem cell (CSC) hypothesis. This hypothesis suggests
that a relatively small fraction of tumor cells, termed CSCs,
have the ability to proliferate and maintain tumor growth (11).
This is in sharp contrast to all other cells of the bulk tumor,
which are characterized by limited proliferative capacity and
a more specified lineage potential. More specifically, a CSC
maintains two key properties: self-renewal and differentiation.
Self-renewal is defined as the ability of a parental cell to gen-
erate an identical daughter cell and a second cell of the same
or different phenotype, whereas through the process of differ-
entiation a CSC is able to give rise to the heterogeneous cell
lineages that constitute the original tumor (11). In the recent
past, such CSC populations (also termed tumor-initiating cells,
and in the case of brain cancer, BTICs) have been identified
in a number of hematopoietic and solid-tumor malignancies
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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. Consequently, the functional defi-
nition of a CSC has no implication on its cellular origin within
a tumor, and therefore a CSC may represent a transformed
tissue—specific stem, progenitor, or differentiated cell.

The discovery of multipotent, self-renewing NSCs within the
adult mammalian brain has provided reasonable evidence to
suggest that a normal NSC or progenitor cell may be the target
for malignant transformation in brain tumors (12-14). A key
property of NSCs that may regulate their oncogenic poten-
tial is self-renewal. Given that normal NSCs must self-renew
and maintain a relative balance between self-renewal and dif-
ferentiation, brain tumorigenesis may be conceptualized as
a disease of dysregulated self-renewal. Additional functional
and genetic similarities shared by NSCs and brain tumor cells
have been observed in histological studies of morphologically
primitive tumors such as MB. These studies have noted both
the expression of nestin, a marker of neural precursor cells,
and the absence of markers typically expressed in differenti-
ated cells (15,16). Moreover, the heterogeneity of brain tumors,
characterized by the expression of multiple neural lineage
phenotypes, provides further evidence for a multipotent cell
of origin. Consequently, an NSC may be seen as a more per-
missive and likely target for transformation, as the capacity
for long-term self-renewal may promote the accumulation of
mutations in a clonal population. A progenitor cell may also
be a plausible target, given that the genetic alteration enables
the cell to reacquire its self-renewal machinery. It remains to
be seen if the tumorigenic event occurs solely in an NSC or
in a more differentiated cell type that has reacquired stem cell
characteristics.

The concept of a CSC suggests that tumors are organized
into a hierarchy with distinct clonal populations of cells with
only the CSC demonstrating the properties of self-renewal and
differentiation in vitro and in vivo (11). Using in vitro assays
originally developed to purify NSCs (12-14), Singh et al. (17)
reported the identification and purification of a cell from pri-
mary human MB that had a marked capacity for prolifera-
tion, self-renewal, and differentiation. The BTIC represented
a minority of the tumor cell population 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 identification of CSCs in brain
tumors (18). This work was corroborated by similar findings
in which MB stem-like cells were found to express high levels
of the NSC genes CD133, Sox2, Musashil, and Bmil, providing
credence to NSC-driven tumorigenesis in MB (19).

THE DEVELOPING CEREBELLUM: A TARGET OF
TRANSFORMATION?

Although CSCs have been shown to exist in MB, an appre-
ciation of normal cerebellar development is necessary to
identify a potential target for transformation into a CSC phe-
notype. Cerebellar development begins at several regions,
including the upper rhombic lip and the ventricular zone (VZ)
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surrounding the fourth ventricle, during embryonic growth
and only reaches complete maturation several months after
birth (20). This makes the cerebellum a vulnerable target for
physical abnormalities and oncogenic mutations. The VZ con-
sists of stem and progenitor cells that line the fourth ventricle
and is important for the generation of many cell types, includ-
ing Purkinje neurons, interneurons, and glial cells. In con-
trast, progenitors within the upper rhombic lip give rise to all
granule lineage cells of the external and internal granule layers
(EGL and IGL, respectively). During fetal development, gran-
ule neuron precursors (GNPs) that cover the cerebellar sur-
face divide in the EGL and then exit the cell cycle and migrate
inward past the Purkinje cell layer to the IGL, where they
become postmitotic granule neurons (21). In addition to the
VZ stem and EGL progenitor cell populations, other cerebellar
precursor cells have been described that could potentially ini-
tiate MB. Lee et al. (22) reported the in vitro and in vivo char-
acterization of CD133* stem cells concentrated in the white
matter of the normal postnatal cerebellum. Using the markers
Pax6/Tbr2/Tbrl and Mathl, respectively, both Fink et al. (23)
and Wang et al. (24) have also identified novel precursor cells
in the upper rhombic lip capable of generating nuclei in the
deep cerebellar white matter.

In their initial description of MB, Bailey and Cushing pro-
posed the medulloblast to originate from a VZ stem cell (2).
Subsequent immunohistochemical evidence suggested a
dual-origin hypothesis in which MBs of different histological
subtypes may result from a VZ stem or EGL progenitor cell.
Desmoplastic MBs expressed markers associated with EGL-
derived GNPs such as Zicl (25) and Mathl (26), whereas clas-
sic MBs expressed markers of VZ-derived progenitors such as
Calbindin (27) and glial fibrillary acidic protein (GFAP) (28).
Therefore, classic MBs were thought to originate from the VZ,
whereas GNPs in the EGL were believed to give rise to desmo-
plastic MBs. Gene expression profiling of these two histologi-
cal subtypes corroborated the findings for desmoplastic MBs as
they expressed genes associated with proliferating GNPs in the
EGL, but classic MBs were found to express genes not specific
to a particular cerebellar cell type (6,29). Additional microar-
ray analyses have failed to find clear correlations between
lineage markers and histological subtypes (30), and with the
identification of high levels of putative stem cells, including the
VZ-associated CD133* MB BTICs in both subtypes (19), it has
become apparent that both histological subtypes of MB con-
tain cells that resemble multipotent NSCs. Although the true
origin remains unknown, recent molecular classifications have
provided reasonable evidence for GNPs and brainstem precur-
sors as potential cellular origins for MB.

MOLECULAR PROFILING OF MB

Although previous classifications based on histological subtypes
and cerebellar precursor cell marker expression were unsuc-
cessful at identifying a CSC origin, the recent classification of
MB based on multiple genomic platforms has reconceptualized
the heterogeneity that exists within pathological subtypes while
also giving context to the role of key developmental signaling
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pathways in regulating BTICs (see schematic, Figure 1) (3-7).
This new molecular classification system consists of several sub-
types, each distinct in terms of prognosis and predicted thera-
peutic response. Unsupervised hierarchical clustering methods
of segregating these data have produced four or five subgroups,
two of which (subtypes A and B) are characterized by upregula-
tion of genes in the Wingless (Wnt) or Sonic hedgehog (Shh)
pathways, respectively. These two subgroups are separated from
each other and other subgroups on principal components anal-
ysis and both are associated with improved clinical outcomes as
compared with subtypes C, D, and E, which are characterized
by a greater propensity for metastatic disease and poor clinical
outcomes (3-5,31-33). These aggressive MBs are collectively
known as “non-Shh/Wnt” subtypes, which remain refractory
to current treatment modalities and are without aberrant acti-
vation of specific signaling pathways, possibly suggesting the
involvement of novel BTIC self-renewal genes and pathways
(Figure 1) (34).

Shh Subtype MB

In normal development, Hedgehog (Hh) functions as a mor-
phogen to induce cell identities in the ventral spinal cord and
as a mitogen to drive proliferation of GNPs (35). The secreted
Shh ligand, when bound to its cognate receptor Patched (Ptch1),
activates the constitutively repressed Smoothened (Smo) recep-
tor, which in turn activates the glioma-associated oncogene (Gli)
family of transcription factors, Glil, Gli2, and Gli3. Activation of
Gli2 and Gli3 by Shh signaling suppresses the cleavage of Gli3
into its truncated repressor form, allowing both Gli2 and Gli3 to

induce transcription of target genes such as Glil. Glil expression
subsequently leads to a positive feed-forward mechanism induc-
ing Glil-specific genes, many of which are essential regulators of
self-renewal in both development and cancer (36,37).

In normal cerebellar development, Shh is produced by
Purkinje cells and binds to Ptchl, inducing the proliferation
of GNPs by relieving the inhibition of Smo (20,21,38). Shh
signaling was first implicated in MB formation following the
discovery of inactivating Ptchl mutations in the germline
of patients with nevoid basal cell carcinoma syndrome (also
known as Gorlin syndrome), who have a MB prevalence of
1-2% (39,40). Genomic alterations in components of the Shh
signaling pathway have been identified in up to 25% of spo-
radic human MBs and consist of inactivating mutations of
Ptch1 and Suppressor of fused (Sufu) and/or activating muta-
tions of Smo (41-45).

Murine models, particularly transgenic mice haploinsuffi-
cient for Ptchl (Ptch1*"), have greatly contributed to elucidat-
ing the role of Shh signaling in MB pathogenesis (41). Ptchl
haploinsufficiency increases the proliferation of NSCs, result-
ing in MB in 15-20% of PtchI*~ mice (41,46,47). Initial work
with this model identified cells resembling GNPs from the
EGL that retained their proliferative potential, suggesting that
GNPs promote Shh-driven MB (41). Subsequent gene expres-
sion profiles of Ptch1*~ tumors have demonstrated the overex-
pression of important targets in GNP proliferation (48). Most
recently, both Schuller et al. (49) and Yang ef al. (50) deter-
mined that dysregulated Shh signaling in unipotent GNPs or
multilineage embryonic central nervous system stem cells is
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Figure 1. Activation of key developmental signaling pathways in MB. The Shh,

differentiation

Whnt, and Notch signaling pathways have been implicated in maintaining

the tumorigenic potential of MB BTICs. Through interacting with mediators of Bmi1 signaling and other putative BTIC self-renewal genes, these novel
regulatory mechanisms may promote or inhibit BTIC self-renewal and thereby provide avenues for therapeutic interventions. BTIC, brain tumor-initiating

cell; MB, medulloblastoma; Shh, Sonic hedgehog; Wnt, Wingless.

518 Pediatric RESEARCH Volume 71 | Number 4 | April 2012

Copyright © 2012 International Pediatric Research Foundation, Inc.



Signaling in medulloblastoma stem cells ‘

capable of generating MB following differentiation into the
granule cell lineage. This work has implicated the acquisition
of a GNP phenotype to be a critical stage in oncogenesis for
Shh-driven MB.

Although a GNP may very well serve as the cell of origin for
the Shh subtype of MB, the identification of tumor-propagating
cells within this subtype is required for targeted therapeutic
interventions. Of note, Read et al. (46) found CDI15 to be a
marker of BTIC populations in MB derived from PtchI*~
mice. CD15* cells constituted a small fraction of normal GNPs
(as indicated by the coexpression of Mathl), and MB cells
exhibited a higher proliferative capacity and elevated levels
of the Shh target genes Glil and Cyclin D1 as compared with
CD15" cells. However, CD15* cells did not display multilin-
eage differentiation or neurosphere formation when cultured
at clonal densities per the characterization of CD133 as a BTIC
marker. Consequently, it was believed that these cells marked
progenitor populations as opposed to a more primitive stem-
like cell. However, Ward et al. (47) demonstrated the propa-
gation of multipotent CD15* BTICs from Ptchl*~ mouse MB
under stem-like serum-free conditions, and therefore suggested
that CD15 marks a more primitive stem-like cell. Although the
evidence for a GNP origin as the BTIC for Shh subtype MB is
paramount, it remains unclear as to how these cells propagate
and transform over the course of tumorigenesis as defined by
their regulatory mechanisms and marker expression.

Wnt Subtype MB

The canonical Wnt pathway is mediated by p-catenin, a cyto-
plasmic protein whose stability is regulated by a multiprotein
destruction complex consisting of Axin, adenomatous polypo-
sis coli (APC), glycogen synthase kinase 3 (GSK3), and casein
kinase 1 (CK1). In the absence of Wnt stimulation, B-catenin
is phosphorylated by CK1 and GSK3, resulting in the ubiquit-
ination and subsequent degradation of f-catenin. Activation
of the Wnt pathway though the binding of Wnt ligands to the
family of cell surface Frizzled receptors results in an intracellu-
lar cascade allowing B-catenin to accumulate in the cytosol by
evading phosphorylation and degradation. Through mecha-
nisms that remain unknown, the unphosphorylated p-catenin
translocates to the nucleus, where it acts as a transcriptional
coactivator by interacting with a family of transcription fac-
tors known as T-cell factors/lymphoid enhancer factors (TCF/
LEFs). In the absence of a Wnt signal, the TCF/LEFs form a
complex with Groucho and histone acetylases to repress Wnt
target genes. However, the binding of p-catenin to TCF/LEF
alleviates the repressive activity of Groucho, activating TCF
target genes such as c-myc and Cyclin D1 (51).

During embryonic growth, activation of the canonical Wnt
signaling pathway plays an important role in regulating NSC
proliferation and defining the midbrain-hindbrain boundary
from which the entire cerebellum develops (52). Similar to
the characterization of the Shh signaling pathway in MB, Wnt
signaling was first implicated in the pathogenesis of MB by its
activation in a familial cancer syndrome—Turcot syndrome
(53). Mutations in several members of the Wnt pathway have
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since been identified in MB, accounting for 25% of sporadic
MB (5,31-33). These include activating mutations in CTNNBI
(which codes for B-catenin) and inactivating mutations in
APC and Axin (54-56). Of interest, such mutations charac-
teristic of Wnt subtype MB patients are associated with an
improved survivorship as compared with all other subtypes,
including Shh-driven MB (31-33). The first mouse model of
the human Wnt MB subgroup was created in the past year;
Gibson et al. (57) identified genes marking the human Wnt
subtype to be more frequently expressed in the lower rhombic
lip and embryonic dorsal brainstem than the upper rhombic
lip. Having identified a distinct germinal zone of the hind-
brain located in the lower rhombic lip, the group hypothe-
sized Wnt subtype MB to originate from cells outside the cer-
ebellum in the dorsal brainstem. Future efforts should assess
the BTIC phenotype of these putative cells of origin in terms
of their self-renewal capacity, differentiation potential, and in
the case of Wnt-driven MB, susceptibility to chemotherapeu-
tic agents.

Non-Shh/Wnt Subtype MB

With the plethora of data on Shh-driven MB and recent iden-
tification of putative cells of origin in a murine model of the
Wnt subtype, current focus must shift to those non-Shh/Wnt
subtype patients who are characterized by metastasis, remain
refractory to therapy, and lack aberrant activation of known sig-
naling pathways. The chromatin-modifying Polycomb-group
(PcG) gene Bmil has been identified as a critical regulator of
NSC self-renewal through repression of the p16™* and p194
senescence pathways (58). The Bmil signaling pathway is also
consistently dysregulated or overexpressed in several emerg-
ing CSC populations, most recently being cited as a marker of
recurrence, poor treatment response, metastatic potential, and
death in many cancer models, including MB (59,60).

As a PcG gene, Bmil is believed to function as a critical epi-
genetic regulator of fate determination in normal and CSC
populations (61). Having been implicated in MB pathogen-
esis in conjunction with the activation of the Shh signaling
pathway, previous reports have suggested a novel regulatory
mechanism whereby an external signaling morphogen inter-
acts with cell-intrinsic epigenetic pathways controlling cell
fate programs (62,63). Wang et al. (64) formally established
this link between Shh signaling and Bmil expression, deter-
mining that Shh induces Bmil expression in human MB
BTICs through the preferential binding of the Shh target Glil
at the Bmil promoter. This work also demonstrated the pres-
ence of a feedback mechanism whereby downstream effectors
of Bmil may activate Shh pathway genes, implicating Bmil
and Shh as mutually indispensible pathways in MB BTIC
self-renewal and maintenance. Of note, Bmil is preferentially
overexpressed in non-Shh/Wnt subtype MB (64), providing
a novel mechanism in which downstream effectors of Bmil
may converge on additional signaling pathways, resulting in
non-Shh/Wnt-driven MB.

Notch signaling is another pathway that may interact with
downstream effectors of Bmil in non-Shh/Wnt MB. Notch2
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is predominantly expressed in proliferating GNPs during
cerebellar development and is overexpressed in a subset of
MB patients (65). Induction of the Notch pathway results in
the activation of the transcription factor HesI (66), which is
associated with poor survival in a subset of MB patients (65).
Hes1 expression has recently been hypothesized to form a
transcriptional repressor complex with FoxG1 to negatively
regulate NSC differentiation (67). FoxGI, a known Bmil
downstream target, is a forebrain-specific transcription fac-
tor that is frequently dysregulated in MB and involved in the
maintenance of NSC multipotency and self-renewal through
a Bmil-dependent mechanism (67,68). Given that Notch sig-
naling has been shown to not regulate Shh-induced MB and
thereby function independently (69), it may be hypothesized
that non-Shh/Wnt MBs are driven by a number of mutually
independent Bmil signaling pathways.

The identification of Twistl, a transcription factor, as
an upstream target of Bmil that promotes the epithelial-
mesenchymal transition (EMT) in normal development
and metastatic/invasive properties in cancer, has added yet
another component to the Bmil signaling pathway (70).
Twistl is also preferentially expressed in non-Shh/Wnt sub-
type MBs (64). Given the recent interest in the ability of CSCs
to undergo EMT, the role of TwistI in promoting BTIC inva-
sion and metastasis, characteristic of non-Shh/Wnt patients,
may identify additional Bmil signaling pathways.

Aside from Bmil, p53 signaling has also been shown to
regulate stem cell genes that may further characterize non-
Shh/Wnt subtype MB. The transcription factor Nanog is
involved in embryonic stem cell self-renewal and repro-
gramming of somatic cells to induced pluripotent stem cells.
Po et al. (71) have identified a novel mechanism through
which the loss of p53 activates the Shh targets Glil and Gli2
to bind Nanog-specific cis-regulatory sequences. The result-
ing pathway when initiated in mouse and human cerebellar
stem cells results in the initiation and maintenance of MB.
Moreover, MBs derived from mice injected with Rb- and
p53-inactivated NSCs, overexpress the stem cell markers
nestin, Sox2, and Sox9. These markers have also been shown
to identify a subset of human MB patients with poor clinical
outcome (72).

Several mediators of NSC self-renewal, proliferation, and
differentiation continue to be investigated with the intent
that these regulators may assist in characterizing the sub-
set of patients with MB who remain without curative
therapies. Future efforts in identifying mechanisms of Wnt
signaling that provide Wnt subtype patients with a drasti-
cally improved survivorship may also assist in elucidating
novel pathways that remain dysregulated in patients with
non-Shh/Wnt MB.

TARGETING MB STEM CELLS

Therapies targeted at BTICs are considered to deplete the
oncogenic potential of the growing tumor because BTICs
constitute a distinct clonal population with an enhanced
proliferative potential and self-renewal capacity as compared
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with all other cell types in a brain tumor. However, BTICs
are also thought to be resistant to current radiotherapy and
chemotherapy, which may explain why some patients relapse
despite current interventions. The aberrant activation of sev-
eral signaling pathways in MB provides for countless ther-
apeutic targets that may be harnessed to identify essential
avenues for BTIC survival. Following radiation, MB BTICs
have been found to activate PI3K/Akt signaling and undergo
p53-dependent cell cycle arrest (73). This mechanism has
enabled MB BTICs to reenter the cell cycle at a later time
point to maintain their oncogenic effects. The ability of these
cells to induce p53 largely depends on the presence of phos-
phatase and tensin homolog (PTEN). Consequently, inhibi-
tion of Akt signaling has sensitized MB BTICs to radiation-
induced apoptosis.

Inhibition of the Notch signaling pathway has also
resulted in targeting MB BTICs. y-Secretase inhibitors sup-
press the expression of HesI, resulting in a fivefold reduction
of CD133* BTICs (74). MicroRNAs have also been shown
to block Notch signaling. miR-199b-5p has demonstrated
inhibition of HesI, resulting in impaired engraftment of MB
BTICs and a reduction in CD133* BTICs (75). Clinical cor-
relation of survival of patients with MB and miR-199b-5p
expression identified a positive trend toward improved over-
all survivorship. Given that MB tumor burden was shown to
be reduced in a xenograft model, experimental approaches
with the use of miR-199b-5p as an adjuvant therapy in com-
bination with current multimodal interventions may assist
in improving the overall survivorship of MB patients. The
interaction between Notch signaling and hypoxia-inducible
factor la (HIF-1a) provides an additional MB BTIC thera-
peutic target. Inhibition of Notchl combined with the acute
exposure of MB BTICs to 20% oxygen resulted in differen-
tiation or apoptosis of MB BTICs (76). It is apparent that
although the Notch pathway does not characterize a specific
MB molecular subtype, it converges on several key pathways
essential for BTIC survival.

The Shh pathway is by far the most studied in MB ontog-
eny and as expected consists of several novel targets. The find-
ing that deletion of Mathl, an essential transcription factor
for Shh signaling in GNPs, prevents the development of Shh-
driven MB has provided an interesting regulatory mechanism
for MB formation (77). Most recently, Math1 has been shown
to maintain GNPs in a Shh-responsive state by regulating genes
that promote neuronal differentiation (78). The use of small-
molecule inhibitors directed at Mathl could remove its consti-
tutive activation of GNPs to Shh and thereby prevent MB forma-
tion. Histone deacetylase 1 (HDAC1) has recently been shown
to modulate Shh signaling through deacetylation of Glil and
Gli2 and thereby enhance the transcriptional activity of these
Shh effector proteins (79). Consequently, HDAC inhibitors may
represent novel therapeutic agents targeted at Shh-mediated
MB. The identification and characterization of a new family of
HDAC inhibitor proteins termed “potassium channel tetramer-
ization domain (KCTD) containing, Cullin3 adaptor, suppressor
of Hedgehog” has demonstrated a remarkable reduction in the
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growth of Shh-driven MB, suggesting the use of epigenetic regu-
lators in preventing MB tumorigenesis (80). Although research
efforts in targeting MB BTICs has primarily focused on the abil-
ity of novel agents to reduce the viability of CD133* cells, Wang
et al. (64) have proposed a cell-cell interaction model based on
CD133 marker expression and Shh receptor phenotype in MB
BTICs. CD133* BTICs resembled GNPs during cerebellar devel-
opment in that they contained the Shh signaling machinery and
Shh receptors, whereas CD133~ MB cells resembled Purkinje
cells of normal development by serving as Shh-secreting cells.
Consequently, it is imperative to also investigate the role of non-
BTICs (i.e., CD133" cells) in MB tumorigenesis, as they may
actually promote the survival of MB BTICs.

CONCLUSIONS

The study of MB tumorigenesis has drastically evolved over the
past 100 y, with several key discoveries having been made only
in the past decade. With the advent of molecular subtyping
and deep genome sequencing of malignant tissue, the identi-
fication of additional classification systems rooted in clini-
cal outcome and risk stratification is just around the corner.
Nevertheless, the regulatory mechanisms within BTIC popula-
tions that initiate and maintain these tumors continue to serve
as areas of particular interest for targeted therapeutic interven-
tions. Novel BTIC self-renewal signaling pathways may enable
the characterization of high-risk, poor-outcome patients who
remain refractory to therapy.
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