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           Medulloblastoma 

 A small fraction of medulloblastomas (MBs) 
have inherited disorders with germline muta-
tions, which have revealed the fi rst pathways that 
underlie MB tumorigenesis. It is known that 
prominent tumor suppressor genes such as  TP53  

and  APC , when germline mutated in patients 
with Li-Fraumeni syndrome and Turcot 
 syndrome, respectively, predispose to MB. 
Furthermore, the identifi cation of Gorlin’s 
 syndrome, in patients harboring mutations in the 
patched-1 ( PTCH1 ) gene, has led to the 
 identifi cation of aberrant sonic hedgehog signal-
ing (SHH) in a subset of MBs (Fig.  7.1 ).

   Integrated genomic studies have revealed that 
MB comprises at least four molecular variants, 
which are genetically and clinically distinct. 
These four subgroups are termed WNT, Sonic 
Hedgehog (SHH), Group 3, and Group 4 [ 1 ] have 
signifi cant prognostic value, and can be further 
subdivided into additional relevant molecular 
subtypes. The delineation of these four core sub-
groups underscores the heterogeneity that exists 
between MB patients. The WNT subgroup is 
characterized by activation of the WNT pathway, 
which commonly harbors mutations in β-catenin 
( CTNNB1 ). Patients with WNT activated tumors 
tend to have a favorable prognosis and occur pri-
marily outside the infant age group. The SHH 
subgroup is characterized by activation of the 
Sonic Hedgehog (SHH) pathway and is more 
common in infants with desmoplastic tumors and 
in adults. Group 3 MBs have a poor prognosis 
and are commonly associated with metastatic 
disease.  MYC  amplifi cation is common in Group 
3 MBs, and survival in these patients is poor. 
Group 4 MBs have an intermediate prognosis and 
are commonly associated with isochromosome 
17q and  MYCN  amplifi cation. 
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 There have been a number of chromosomal 
alterations reported in MB. The most com-
monly reported cytogenetic abnormality is iso-
chromosome 17q (i17q), involving the loss of 
chromosome 17p and gain of 17q, which is 
found in 30–40 % of all primary MB tumors. 
This is also a genomic feature of the Group 4 
subgroup, which is observed in more than 80 % 

of cases. Other less common aberrations 
include gains on chromosomes 1q, 3q, 7, and 
17q, as well as loss on chromosome 5q, 9q, 
10q, 11, 17p, and 22 [ 2 ]. 

 Recent publications highlight the importance 
of examining the mutational landscape of MB 
according to subgroup affi liation [ 3 ,  4 ]. WNT 
subgroup MBs remain the most genomically 

  Fig. 7.1    Summary of molecular subgroups and recurrent genomic alterations identifi ed in pediatric brain tumors       
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 balanced of the four subgroups without any focal 
recurrent somatic copy number alterations 
(SCNAs). The most common mutation observed 
in this subset is in  CTNNB1 , which highlights the 
important role of WNT signaling in this sub-
group, and less frequently in  DDX3X . Many 
groups have sought to identify the cell of origin 
for this subgroup. It has been suggested to be the 
progenitor cells of the lower rhombic lip. Further, 
a mouse model harboring activated Ctnnb1 in the 
Blbp expressing radial glial cells has been shown 
to generate MBs that are characteristic of WNT 
tumors [ 5 ]. 

 SHH subgroup is the best characterized of the 
four subgroups, with the distinctive feature of 
activated SHH signaling. Somatic mutations tar-
geting the SHH receptor  PTCH1  and downstream 
genes, such as  SUFU , are found exclusively in 
this subgroup. SCNAs targeting the PI3K signal-
ing cascade have also been known to be aberrant 
in this subgroup. Most animal models of SHH 
MBs involve the inactivation of patched1 in 
either the cerebellar granule neuron precursors 
(CGNP; marked by Atoh1) or neural stem cells 
(NSC; marked by GFAP) [ 6 ]. 

 Group 3 and 4 MBs are currently the least 
understood. Group 3 MB is associated with the 
worst prognosis and characterized by high-level 
amplifi cation of the proto-oncogene  MYC . 
Research examining somatic mutations have 
identifi ed dysregulation of the epigenome in 
both Group 3 and 4 MBs. These events, although 
occurring across all MBs, are enriched in 
chromatin- associated genes such as  MLL2 , 
 MLL3 ,  SMARCA4 ,  and KDM6A . These newly 
identifi ed mutations point to the importance of 
the chromatin structure in MB pathogenesis. 
Efforts have also identifi ed novel fusion pro-
teins such as  PVT1 - MYC  and novel mechanisms 
such as the tandem duplication of  SNCAIP  in 
Group 3 and 4 MBs, respectively. The biologi-
cal and clinical relevance of these novel patho-
genic mechanisms will need to be further 
studied. Although no transgenic models of 
Group 3 and 4 diseases exist, several orthotopic 

transplantation models are currently being 
 studied. The activation of Myc with p53 inacti-
vation generates medulloblastomas with charac-
teristic Group 3 features [ 7 ].  

   Pediatric High-Grade Glioma 

   Pediatric Glioblastoma 

 Whole-exome sequencing of pediatric glioblas-
toma (GBM) cases has revealed somatic recur-
rent mutations in a gene called  H3F3A , which 
encodes a replication-independent histone vari-
ant H3.3 [ 2 ] (Fig.  7.1 ). Heterozygous mutations 
in  H3F3A  are present in 31 % of pediatric GBMs 
and result in amino acid substitutions within the 
N-terminal histone tail, specifi cally a lysine to 
methionine (K27M), a glycine to arginine 
(G34R), or a glycine to valine (G34V) substitu-
tion [ 2 ]. These mutations, which occur specifi -
cally in pediatric GBMs, and often with  TP53  
mutations (54 % of cases), are situated at sites 
which are important for post-translational modi-
fi cation of histone 3 (H3) and regulation of global 
chromatin structure. Recurrent mutations in 
 ATRX  and  DAXX  have also been reported in 31 % 
of pediatric GBMs and present always in tumors 
harboring a G34R/V mutation [ 2 ]. The ATRX 
and DAXX proteins are important for H3.3 incor-
poration at peri-centrometic heterochromatin and 
telomeres [ 2 ]. Together somatic mutations in the 
H3.3-ATRX-DAXX chromatin remodeling path-
way have been identifi ed in 44 % of pediatric 
GBMs [ 2 ]. Epigenomic differences between sub-
sets of pediatric GBM patients were demon-
strated in a study examining DNA methylation 
signatures in a series of 59 childhood and 77 
adult GBM patients [ 8 ]. Here they identifi ed 
robust, epigenetically distinct subgroups defi ned 
by GBM mutations and gene expression-defi ned 
classes. The subgroups were classifi ed as: (1) 
 IDH1  mutated (adults), (2) H3.3-K27 mutated, 
(3) H3.3-G34 mutated, (4) RTKI ( PDGFRα  
amplifi ed, proneural), (5) mesenchymal, and (6) 
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RTKII (classic). Copy number events also defi ned 
subgroups of pediatric GBM, specifi cally 
 PDGFRα  amplifi cations in the RTKI subgroup, 
whole chromosome 7 gains, chromosome 10 
loss,  CDKN2A  homozygous deletions, and  EGFR  
amplifi cations in RTKII pediatric GBMs [ 8 ]. 
Additional copy number events have been 
observed in comprehensive copy number studies 
of high-grade gliomas, including chromosome 
8p12 loss in ~16 % of cases, encompassing a 
potential tumor suppressor gene,  ADAM3A , 
 MYCN  amplifi cations (5 %), and chromosome 1q 
gain [ 9 ]. 

   Diffuse Intrinsic Pontine Glioma 
 The vast majority (up to 78 %) of diffuse intrin-
sic pontine gliomas (DIPGs) harbors heterozy-
gous H3.3-K27M mutations [ 10 ] (Fig.  7.1 ). 
 TP53  mutations have also been observed in up to 
77 % of patients and are often concurrent with 
 H3F3A  mutations,  PDGFRA  gene amplifi ca-
tions, and  MYC - PVT1  gene fusions.  ATRX  muta-
tions have also been reported in older DIPG 
patients, albeit at lower frequency (9 %), further 
highlighting aberrant chromatin structure in 
DIPG patients. The copy number landscape of 
DIPGs pinpoints other pathways relevant to dis-
ease formation, namely the PI3K pathway which 
is affected in ~47 % of DIPGs, involving 
 PDGFRa ,  MET ,  IGF1R ,  ERRB4 ,  EGFR ,  KRAS , 
 AKT1 ,  AKT3 ,  and PIK3CA  focal gains [ 11 ]. 
Gross copy number events have also reported to 
be enriched in DIPGs, specifi cally gains of chro-
mosomes 2q, 8q, and 9q and losses of 16q, 17p, 
and 20p [ 11 ].    

   Pediatric Low-Grade Glioma 

   Non-diffuse Low-Grade Glioma: 
Pilocytic Astrocytomas 

 Spontaneous pilocytic astrocytomas (PAs) occur 
typically in the cerebellum, and in the absence of 
 NF1  mutations. The most common genetic altera-
tion in spontaneous PAs results in increased activ-
ity of the MAPK pathway, through a tandem 

duplication event on chromosome 7q34, which 
forms an in-frame fusion of  KIAA1549  with 
 BRAF  [ 12 ] (Fig.  7.1 ). Adding to this, genome 
sequencing studies of low-grade gliomas have 
shown that the MAPK pathway is affected in 
nearly all tumors and that PAs may represent a 
single pathway-driven disease [ 13 ]. Several other, 
albeit less frequent, genetic alterations convergent 
upon BRAF activation have been reported includ-
ing  FAM131B - BRAF ,  RNF130 - BRAF    ,  CLCN6 -
 BRAF ,  MKRN1 - BRAF ,  and GNAI1 - BRAF  
fusions, all of which result in N-terminal loss of 
the  BRAF  regulatory region [ 13 ]. The signifi cance 
of  BRAF  alterations is further highlighted by the 
presence of somatic mutations. These fi ndings are 
supported functionally, in which PAs are gener-
ated by ectopic activation of BRAF in murine 
neural progenitor cells [ 14 ]. Recurrent, somatic, 
and activating mutations in PAs have also been 
identifi ed at lower frequencies in other genes such 
as  KRAS ,  FGFR1 ,  PTPN11 ,  and NTRK2  fusions, 
however all of which lead to downstream MAPK 
activation [ 13 ]. 

  Diffuse Low - Grade Glioma :  Diffuse Grade II 
Astrocytomas ,  Ganglioglioma ,  Angiocentric 
Glioma ,  and Pleomorphic Xanthoastrocytoma  

 Diffuse low-grade gliomas are also affected by 
BRAF alterations; however, these occur mostly in 
the setting of  BRAF - V600E  mutations [ 15 ]. In the 
case of diffuse Grade II gliomas, recurrent ampli-
fi cations of  MYC  and intragenic duplications of 
 FGFR1  have been reported, and shown to be 
largely mutually exclusive [ 16 ]. Copy number 
profi ling in diffuse Grade II gliomas has identifi ed 
other candidates, such as a partial duplication of 
the  MYBL1  transcription factor in 28 % of cases, 
which results in loss of its C-terminus negative 
regulatory domain [ 17 ]. In the same pathway, 
 MYB  amplifi cations have also been observed at 
lower frequency, in addition to deletion-trunca-
tion breakpoints in the regulatory terminus of 
 MYB , seen preferentially in angiocentric gliomas 
[ 17 ]. Loss of chromosome 9, encompassing the 
 CDKN2A / p14ARF / CDKN2B  locus, has been 
reported in ~50 % of pleomorphic xanthoastrocy-
tomas, along with less frequent loss of chromo-
some 17 [ 18 ].  
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   Desmoplastic Infantile Astrocytomas/
Ganglioglioma 

 Desmoplastic infantile astrocytomas (DIA)/gan-
gliogliomas (DIG) displayed only a few nonre-
current genomic imbalances or normal 
karyotypes. Only loss of chromosome 9p and 22q 
was recurrently observed in a limited number of 
studies to date [ 19 ]. Characteristic genomic 
imbalances were not observed when DIA were 
compared with DIG [ 19 ].  BRAF V600E  mutation, 
 EGFR  and  MYCN  amplifi cation have been 
described in single cases.   

   Central Nervous System Germ 
Cell Tumors 

 Several studies have investigated cytogenetic 
alterations in central nervous system germ cell 
tumors (CNS-GCTs). A study of 15 malignant 
CNS-GCTs revealed recurrent gains of 12p12 
which is also commonly amplifi ed in adult tes-
ticular germ cell tumors [ 20 ]. Recurrent gains of 
1q and 8q and recurrent losses on chromosome 
11, 18, and 13 were also detected. The genomic 
alterations identifi ed in this series were almost 
identical to those found in gonadal and extrago-
nadal germ cell tumors. Moreover, there were no 
differences in the cytogenetic profi les of germi-
nomas compared to non-germinomatous CNS- 
GCT. This suggests strongly that the pathogenesis 
of CNS-GCTs is similar to systemic GCTs. At a 
transcriptional level, there are several differences 
between germinomas and non-germinomatous 
germ cell tumors. Genes responsible for self- 
renewal ( OCT4 ,  NANOG , and  KLF4 ) and 
immune response are more highly expressed in 
germinomas whereas genes involved in neuronal 
differentiation, Wnt/β-catenin pathway, invasive-
ness, and epithelial-mesenchymal transition are 
more commonly observed in malignant non- 
germinomatous germ cell tumors. The transcrip-
tional profi les of non-germinomatous germ cell 
tumors closely resemble the profi les observed in 
embryonic stem cells consistent with their more 
undifferentiated nature.  

   Craniopharyngioma 

 Craniopharyngiomas are thought to arise from 
squamous-cell rests along the path of the primitive 
craniopharyngeal duct and adenohypophysis. The 
adenohypophysis arises from Rathke’s pouch. As 
such it is believed that these squamous- cell rests 
represent the cell of origin for craniopharyngioma, 
and it is generally felt that adamantinomatous cra-
niopharyngioma represents a developmental 
anomaly. The rare papillary histological variant 
more common in adults appears to arise from the 
adenohypophysis; however, this remains to be con-
fi rmed. Recent studies have shown activating muta-
tions in exon 3 of the β-catenin gene ( CTNNB1 ) to 
be common in adamantinomatous craniopharyngi-
oma suggesting a likely role for Wnt signaling in 
the pathogenesis of craniopharyngioma [ 21 ].  

   Central Nervous System Primitive 
Neuroectodermal Tumors 

 Primitive neuroectodermal tumors of the central 
nervous system (CNS-PNET) are a heteroge-
neous group of pediatric neoplasms composed of 
poorly differentiated neuroepithelial cells with 
varying degrees of divergent neural, astrocytic, 
and ependymal differentiation. Using global 
 profi ling, Picard et al. (2012) identifi ed that CNS- 
PNETs comprise three distinct molecular groups: 
primitive-neural (Group 1), oligoneural (Group 
2), and mesenchymal (Group 3) [ 22 ] (Fig.  7.1 ). 
Group 1 tumors are enriched in primitive-neural 
genes ( CD133 ,  CRABP1 ,  LIN28 , and  ASCL1 ) 
and display activation of SHH and WNT signal-
ing. Group 2 tumors are composed of genes with 
roles in oligoneural differentiation ( OLIG1 / 2 , 
 SOX8 / 10 , and  BCAN ) and exhibit down- 
regulation of SHH components. Lastly, Group 3 
tumors comprise genes involved in epithelial and 
mesenchymal differentiation ( COL1A2 ,  COL5A , 
 FOXJ1 , and  MSX1 ) and display up-regulation of 
genes involved in TGF-β and PTEN signaling. 
Copy number analyses reveal that Group 2 
tumors have frequent gains of chromosome 8p, 
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13, and 20, whereas Group 3 have frequent loss 
of chromosome 14. Also Group 2 and 3 tumors 
have frequent chromosome 9p loss centered on 
the  CDKN2A / 2B  locus. In 2000, Eberhart et al. 
[ 23 ] described a new CNS-PNET variant (termed 
“embryonal tumor with abundant neuropil and 
true rosettes” or ETANTR), which, based on 
gene expression profi ling, are subgroups with 
Group 1 CNS-PNETs [ 22 ,  24 ]. Hallmark cytoge-
netic features of ETANTRs include frequent 
gains of chromosome 2 and 3, and focal amplifi -
cation of an miRNA amplicon on chr19q13.41, 
which encompasses the oncogenic C19MC 
miRNA cluster [ 24 ]. Li et al. (2009) identifi ed 
that chr19q13.41 amplifi cation characterizes 
CNS-PNET variants labeled as ETANTRs, 
medulloepithelioma, supratentorial PNET with 
ependymal differentiation, and ependymoblas-
toma, suggesting that these tumors represent 
closely related molecular entities [ 24 ]. Although 
the mechanisms by which C19MC miRNAs 
mediate oncogenesis remain unclear, these miR-
NAs are implicated in cell survival, transforma-
tion, activation of noncanonical WNT-JNK2 
signaling, and inhibition of differentiation of 
human neural stem cells [ 25 ]. Furthermore, 
ETANTRs are also distinguished by the presence 
of distinct primitive markers, including the RNA 
binding protein, Lin28 [ 22 ].  

   Ependymoma 

 Using gene expression profi ling, ependymomas 
have been divided into three principal molecular 
subgroups, which are separated largely according 
to anatomical location: (1) supratentorial (ST), 
(2) posterior fossa (PF), and (3) spinal cord [ 26 ]. 
These three subgroups have been further divided 
into molecularly and biologically distinct sub-
types of ST and PF ependymoma as defi ned by 
diverse clinical and genomic features [ 27 – 29 ] 
(Fig.  7.1 ). In the case of PF ependymoma, three 
studies have independently reported the existence 
of two principle subgroups of disease [ 27 – 29 ]. 
These PF subgroups termed Group A and B are 
transcriptionally, clinically, and biologically dis-
tinct entities. Group A PF ependymomas occur in 

young patients, invade laterally along the 
cerebellar- pontine angle, and are associated with 
increased tumor recurrence and decreased sur-
vival. Conversely, Group B PF ependymomas 
occur in older patients, grow along the midline, 
and are associated with a favorable prognosis. 
In addition, to the clinical differences, Group A 
and B are delineated by distinct genomic altera-
tions. Group A PF ependymomas harbor chromo-
some 1q gain, which has been reported as a poor 
prognosis marker of ependymoma, but are largely 
characterized by balanced genomes [ 29 ]. In con-
trast, Group B ependymomas are defi ned by 
increased genomic instability as evidenced by 
increased numerical chromosome gains and 
losses. Group A ependymomas are characterized 
largely by pathways involved in angiogenesis 
(HIF-1α signaling, VEGF pathway), PDGF sig-
naling, MAPK signaling, EGFR signaling, 
TGF-β signaling, tyrosine-receptor kinase signal-
ing, RAS signaling, and integrin/ECM signaling, 
while Group B ependymomas are overrepre-
sented by pathways involving ciliogenesis and 
microtubule assembly. 

 While these subgroup gene signatures may 
represent unique tumorigenic pathways,  Taylor  
et al. (2005) proposed that these were potential 
marks of anatomically distinct cells of origin giv-
ing rise to different subgroups of ependymoma 
[ 26 ]. They suggested that ependymoma might 
originate from radial glia, a primitive neural and 
multipotent precursor important for neurogenesis 
and neuronal migration. Further evidence impli-
cating radial glia as cells of origin of ependy-
moma was demonstrated by  Johnson  et al. 
(2010), in which over-expression of  EPHB2  in 
 p16 / INK4A -defi cient RGCs led to the formation 
of the fi rst mouse model of supratentorial epen-
dymoma [ 27 ]. 

 Chromosome 22 loss has been shown to be the 
most frequent genomic alteration in ependy-
moma with a frequency ranging from 26 to 71 % 
[ 30 ]. Further, chromosome 22q loss has been 
observed preferentially in spinal versus intracra-
nial ependymoma, and in adult versus pediatric 
cases [ 30 ].  NF2  is thought to be the candidate 
tumor suppressor gene of this region, as patients 
with neurofi bromatosis type II develop a variety 
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of central nervous system tumors including epen-
dymoma, schwannoma, and meningioma [ 30 ]. 
However,  NF2  has been shown to be mutated 
exclusively in spinal ependymomas, thus sug-
gesting alternate mechanisms of down- regulation, 
or another putative 22q tumor suppressor gene in 
the case of intracranial ependymoma. Other 
recurrent gross chromosomal abnormalities in 
ependymoma involve losses of chromosome 1p, 
3, 6q, 9p, 10q, 13q, 16p, 17, 21, and 22q and 
gains of 1q, 4q, 5, 7, 8, 9, 12q, and 20 [ 30 ]. 

 The telomerase pathway and its role in epen-
dymoma pathogenesis have also been studied by 
several groups. Specifi cally, the expression of 
hTERT, the enzyme responsible for telomere 
extension, and its cofactor nucleolin have both 
been shown to be independent predictors of 
ependymoma patient survival [ 31 ].  Castelo -
 Branco  et al. (2013) suggest that a possible 
mechanism leading to hTERT over-expression 
could be due to epigenetic silencing of repressor 
regions in the promoter of  hTERT  by DNA 
hypermethylation [ 32 ]. 

 As novel ependymoma targets are discovered, 
evaluation, validation, and prioritization of can-
didates will require accurate preclinical models 
of ependymoma. Atkinson et al. (2011) demon-
strate the utility and promise of this approach in 
ST-Group D ependymomas, generated by  EPHB2  
over-expression and  CDKN2A / Ink4a  deletion in 
forebrain radial glia [ 33 ]. They performed a com-
pound library screen of 7890 compounds, in both 
tumor and matched normal neural stem cells, and 
identifi ed inhibitors of thymidylate synthase 
(TYMS) and dihydrogolate reductase, namely 
5-FU as highly and specifi cally active in ST 
ependymoma cells.  

   Choroid Plexus Tumors 

 Choroid plexus tumors (CPTs) are classifi ed as 
three distinct entities according to pathological 
examination: choroid plexus papillomas (CPPs, 
Grade I), atypical choroid plexus papillomas 
(aCPPs, Grade II), and choroid plexus carcino-
mas (CPCs, Grade III). CPCs are considered a 
hallmark tumor of the Li-Fraumeni syndrome 

(LFS). Germline and somatic mutations in  TP53 , 
a classical tumor suppressor gene involved in 
DNA repair, cellular differentiation, and apopto-
sis, are commonly found in CPCs [ 34 ]. The fre-
quency of  TP53  mutations is much higher in the 
carcinomas (~50 %) than papillomas (~5 %), 
which may contribute to the aggressiveness and 
poor outcome of these malignant tumors [ 35 ] 
(Fig.  7.1 ). No CPPs, or aCPPs, harbored germ-
line mutations in  TP53 , while at least 36 % of 
CPCs harbored a germline TP53 mutation [ 35 ]. 

 CPTs are characterized by a high degree of 
chromosomal imbalances. Generally, CPPs are 
characterized by extensive chromosomal gains, 
and CPCs by both gains and losses, yet CPCs 
demonstrate greater imbalances per tumor than 
CPPs [ 36 ]. CPPs exhibit recurrent gains in chro-
mosomes 7 and 12, while CPCs exhibit gains and 
losses throughout the genome with a higher fre-
quency of chromosome 1 gains. Association of 
chromosomal aberrations with survival revealed 
a signifi cant association between gain of 9p and 
loss of 10q with improved survival [ 36 ]. 
Cytogenetics studies in aCPPs, although limited, 
have revealed variable aneuploidy phenotypes 
characterized by polyploidy.  

   Atypical Teratoid Rhabdoid Tumors 

 Atypical teratoid rhabdoid tumors (ATRT) are of 
mesenchymal origin and are characterized by 
biallelic loss of  SMARCB1 / INI1 , which encodes 
the SNF5 protein, a core subunit of the SWI/SNF 
chromatin remodeling complex [ 37 ] (Fig.  7.1 ). 
 SNF5  is a tumor suppressor gene located on chro-
mosome 22q11.23 and is inactivated by a variety 
of genetic lesions including homozygous dele-
tions and nonsense, missense, and frameshift 
mutations. The SWI/SNF complex is an ATP- 
dependent regulator of gene expression which 
acts by remodeling chromatin and repositioning 
nucleosomes through catalyzing the insertion and 
removal of histone proteins. Despite being 
extremely aggressive, SNF5-defi cient cancers are 
diploid and genomically stable, highlighting the 
importance of this gene as a central driver of 
ATRT tumorigenesis [ 38 ]. Mechanistically, inac-
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tivation of SNF5 has been linked to broad repres-
sion of polycomb repressor complex 2 (PRC2) 
regulated genes [ 39 ]. Specifi cally loss of SNF5 
leads to up-regulation of EZH2, the core enzy-
matic component of the PRC2 complex, and sub-
sequent loss of the tumor suppressors such as 
p16 INK4a . ATRT development is also affected by 
the Sonic Hedgehog (SHH) signaling pathway. 
SNF5 localizes to Gli1-regulated promoters of 
the SHH pathway, thus repressing Gli1targets 
[ 40 ]. Hence, loss of Snf5 leads to up-regulation 
of Gli1 targets and activation of the Hh-Gli path-
way driving oncogenesis [ 40 ].     
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