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Abstract

Tremendous progress has recently been made in both molecular subgrouping, and the
establishment of prognostic biomarkers for embryonal brain tumors, particularly medulloblastoma.
Several prognostic biomarkers that were initially identified in retrospective cohorts of
medulloblastoma, including MYC and MYCN amplification, nuclear 3-catenin accumulation, and
chromosome 17 aberrations have now been validated in clinical trials. Moreover, molecular
subgroups based on distinct transcriptome profiles have been consistently reported from various
groups on different platforms demonstrating that the concept of distinct medulloblastoma
subgroups is very robust. Well-described subgroups of medulloblastomas include tumors showing
wingless signaling pathway (Wnt) activation, and another characterized by sonic hedgehog
pathway activity. Two or more additional subgroups were consistently reported to contain the vast
majority of high-risk tumors, including most tumors with metastatic disease at diagnosis and/or
large cell/anaplastic histology. Several years ago, atypical teratoid rhabdoid tumor (AT/RT) was
recognized as a separate entity based on its distinct biology and particularly aggressive clinical
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behavior. These tumors may occur supra or infratentorially and are usually found to have genetic
alterations of SMARCBL (INI1/hSNF5), a tumor suppressor gene located on chromosome 22q.
Subsequent loss of SMARCBL protein expression comprises a relatively specific and sensitive
diagnostic marker for AT/RT. For CNS primitive neuroectodermal tumors (CNS PNETS), a
consistent finding has been that they are molecularly distinct from medulloblastoma. Furthermore,
a distinct fraction of CNS PNETSs with particularly poor prognosis only occurring in young
children was delineated, which was previously labeled ependymoblastoma or embryonal tumor
with abundant neuropil and true rosettes (ETANTR) and which is morphologically characterized
by the presence of multilayered “ependymoblastic” rosettes. This group of tumors shows a unique
cytogenetic abnormality not seen in other brain tumors: focal amplification of a micro-RNA
cluster at chromosome 19q13.42, which has never been found to be amplified in other CNS
PNETSs, medulloblastoma or AT/RT. In summary, these consistent findings have significantly
contributed to our ability to sub-classify embryonal brain tumors into clinically and biologically
meaningful strata and, for some of the subgroups, have led to the identification of specific targets
for future development of molecularly targeted therapies.
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Introduction

Tumors of embryonal origin comprise by far the largest group of malignant brain tumors in
childhood and are still associated with a comparably high mortality and with significant
long-term morbidity for survivors. Although our understanding of the molecular biology of
these tumors has enormously improved in recent years, little of this knowledge has been
translated into clinical applications to date. Consistent results across different studies using
different platforms and methods of detection, however, very well justify the routine use of
specific diagnostic and prognostic biomarkers in clinical trials. Thus, this review focuses on
selected molecular biomarkers that have shown promise to be useful for diagnostic purposes
and/or patient stratification into different risk groups and molecular subgroups.

Medulloblastoma

Clinical markers

The annual incidence of medulloblastoma ranges from 0.48 in girls to 0.75 in boys per
100,000 children [12] with a peak age at presentation of 7 years. More than 80% of
childhood medulloblastomas arise as midline tumors of the vermis of the cerebellum,
whereas involvement of cerebellar hemispheres increases with age to reach around 50% in
adult patients [79]. Approximately 30% of children show evidence of disseminated disease
at diagnosis. Metastatic disease at diagnosis, either macroscopically as assessed by MRI of
the brain and total spine, or microscopically as detected by cerebrospinal fluid cytology, has
consistently been found to be the strongest clinical predictor of poor patient outcome [114].
Furthermore, the level of surgical resection (macroscopic complete vs. incomplete resection
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as evaluated by post-operative imaging) has been demonstrated to be a valuable prognostic
indicator in the majority of studies [1, 114]. Apart from these two markers (metastatic stage
at diagnosis and level of surgical resection), no other clinical parameter has consistently
been reported to be of prognostic value for medulloblastoma.

Histopathological markers

According to the 2007 WHO [67] classification, medulloblastoma is defined as a grade IV
malignant embryonal neoplasm arising in the cerebellum. They are multipotent tumors, but
are predominantly undifferentiated, or neuronally differentiated. Neuronal
immunohistochemical markers such as synaptophysin are typically at least focally positive,
and are commonly used in routine diagnostics.

Five histological varieties are recognized in the 2007 WHO classification (Fig. 1): (1)
classic medulloblastoma with densely packed and primarily undifferentiated cells
surrounded by scanty cytoplasm, as well as numerous Homer-Wright rosettes. (2) Anaplastic
tumors with enlarged, tightly packed pleomorphic nuclei showing angulation, moulding and
wrapping. Nucleoli are also sometimes prominent in this subtype, and mitotic and apoptotic
activity is often more pronounced than in classic medulloblastoma [7, 19]. (3) Large cell
medulloblastoma are composed of enlarged round cells with prominent nucleoli [39]. A high
mitotic rate, extensive apoptosis and wrapping of one tumor cell about another are also all
characteristic features. Tumors with both large cell and anaplastic regions may be
encountered [7]. It should be emphasized that large cell or anaplastic changes can be present
in only a fraction of the overall tumor area, but because embryonal neoplasms are inherently
pleomorphic, it is recommended that these aggressive features be severe or widespread
before diagnosing these two variants [67]. (4) The desmoplastic/nodular variant, in which
round or elongated zones of predominantly neurocytic neuronal differentiation are observed
between more cellular tumor regions associated with prominent desmoplasia. The distinctive
lucent differentiated areas known as “pale islands” are also characterized by reduced
proliferation, while the intervening areas with abundant inter-nodular reticulin are quite
proliferative [67]. Biphasic medulloblastoma with nodules but no inter-nodular desmoplasia
have also been described, but this variant appears to be genetically and clinically distinct
from the desmoplastic/nodular variant [71]. Desmoplasia alone, which is often seen in the
context of leptomeningeal invasion by the tumor, is not sufficient for a diagnosis of
desmoplastic/nodular medulloblastoma. (5) Medulloblastoma with extensive nodularity
(formerly known as “cerebellar neuroblastoma’) denotes a tumor almost entirely composed
of long, streaming nodules with large areas of fibrillar neuropil and little or no desmoplastic
inter-nodular tissue [38].

Associations have been made between histopathological subtype, specific genetic changes,
and clinical outcome. Patients with classical tumors tend to have average clinical outcomes,
while in some studies desmoplastic/nodular or extensively nodular medulloblastoma are
associated with improved survival [19, 38, 71]. In contrast, most investigators have found
that large cell and anaplastic histologies portend a shorter survival [19, 39, 71, 83].
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Isochromosome 17

Isochromosome 17q (i17q) is the most frequent structural aberration in medulloblastoma,
found in 30-40% of cases [17, 77, 78, 83]. This abnormality consists of a chromosome with
two centromeres, two copies of the ‘g’ arm of chromosome 17, and two copies of very
centromeric ‘17p’ that are fused together. This results in a very long chromosome, which is
usually found in the presence of an additional, structurally normal copy of chromosome 17.
Medulloblastomas with an isochromosome 17q therefore usually have one copy of “17p’ and
three copies of “17q’. The existence of tumor suppressor gene(s) on 17p, and oncogenes(s)
on 17q have therefore been hypothesized for some time, but specific genes that are
recurrently mutated in i17q cases have not yet been identified. Specifically, the TP53 gene
located at 17p13.1 does not appear to be mutated more commonly in medulloblastomas with
i17q than those without i17q [98]. Rarely, medulloblastomas are seen with either isolated
‘17p’ loss, or isolated ‘17g’ gain [78, 83]. Whether these latter cases have a similar biology
to classic i17q, or some distinct biology is unclear. Large re-sequencing projects should soon
determine the presence or absence of recurrently mutated genes on 17p and 17q in
medulloblastomas with i17q. Large cohorts of medulloblastoma studied by DNA copy-
number array techniques have not identified recurrent regions of high-level amplification on
chromosome 17q [78, 83]. It is certainly possible that the ‘second hit’ on 17p is epigenetic in
nature and will therefore be missed by re-sequencing techniques focusing on genetic
mutations. The disruption of a specific gene at the 17p breakpoint is unlikely because the
breakpoint has some variability, and occurs in a gene poor region. A further possibility is
that i17q drives clonal selection through haploinsufficiency for genes on 17p, and a modest
copy-number driven increase of expression of genes on chromosome 17q [13].
Determination of the specific genes/pathways driving clonal selection of cells carrying an
i17g would allow the development of targeted therapeutics effective against in a broad
swathe of medulloblastoma patients.

The breakpoints for i17q are located in the pericentromeric region of 17p, in the so-called
‘Smith—Magenis’ region that contains a pair of head-to-head inverted DNA sequence
repeats. Current thinking is that non-allelic homologous recombination between these repeat
sequences leads to the formation of an i17q [9, 72]. More recent fine mapping of the 17p
breakpoint has identified a small number of poorly characterized genes whose disruption
could play a role in the pathogenesis of medulloblastoma [70]. Intriguingly, recurrent
medulloblastomas show increased levels of 17q gain as compared to the initial tumor,
suggesting an important role for i17q in the progression of medulloblastoma [62].

While i17q is an enticing target for the therapy of medulloblastoma due to its high
frequency, ultimately the specific genes/pathways driving clonal selection of cells carrying
an i17q must be identified, and their specific role in tumor initiation versus maintenance
versus progression must be determined before therapy can be appropriately targeted against
this most common of abnormalities.

MYC/MYCN aberrations

Increased MYC gene dosage in medulloblastoma was initially documented in 1988 in the
cell line D341 Med [31]. Subsequently, a number of other groups have used various
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techniques to identify an elevated DNA copy number at the MYC locus [2, 3, 60, 65, 78,
100]. While the percentage of amplified cases varies between series, few exceed 10%, and
one large analysis of 260 cases using FISH, identified high-level amplification of MYC copy
number (>4 copies/cell on average) in 4% [83]. Early on, it was recognized that
amplification of the MYC locus was significantly associated with poor clinical outcome and
with the large cell and anaplastic medulloblastoma phenotype, which has been confirmed in
multiple subsequent studies [2, 7, 21, 65, 83, 94, 100]. Indeed, it has recently been suggested
that MYC amplification may be a more powerful prognostic marker than large cell/anaplastic
change, as histologically aggressive cases lacking increased MYC gene dosage were not
significantly associated with worse outcome [109] (Fig. 1).

The biological impact of MYC mRNA levels has also been extensively analyzed in
medulloblastoma. Investigators have used in situ hybridization [20, 47] and quantitative
PCR [41, 47, 96] to link increased transcript levels to the large cell/anaplastic subtype or
worse clinical outcomes. However, this data is conflicting, since comparably high levels of
MYC RNA have been observed in Wnt subgroup medulloblastomas, which are known to
have a particularly favorable prognosis [60, 76, 105]. In vitro experiments have shown that
increased expression of MYC can promote proliferation of cerebellar granule cells in
rodents, and an *“anaplastic” phenotype in medulloblastoma cell lines [35, 96].

MYCN gene amplification has also been identified in up to 10% of medulloblastoma
specimens and, like MYC, is often found in tumors with large cell/anaplastic features [2, 3,
21, 78, 87, 106]. In 260 cases studied by FISH, Pfister and colleagues [83] found MYCN
gene amplification in 7%. As with MYC, increased MYCN gene dosage is prognostic of
worse clinical outcome, although patients with MYCN amplified MB are clinically much
more heterogeneous [83] (Fig. 1). The causal role of MYCN in the initiation and progression
of medulloblastoma is highlighted by the fact that increased MYCN expression is sufficient
to drive the formation of metastatic medulloblastoma in transgenic mice [97]. Effective,
non-toxic agents targeting MY C transcription factors have been difficult to develop, which
is unfortunate in light of the therapeutic effectiveness of withdrawing Mycn expression in
this mouse model [97].

As for MYC transcripts, the prognostic role of increased MYCN mRNA levels is less clear
[20]. This may be in part due to positive regulation of MYCN expression and protein
stability by sonic hedgehog (SHH) in the developing cerebellum and in SHH-driven
medulloblastoma [45, 57, 104]. Because SHH and MYCN associated tumors are often of the
clinically less aggressive desmoplastic/nodular subtype, this fraction of the overall
medulloblastoma population would be predicted to have high MYCN levels but still good
survival.

Genetic aberrations in the WNT signaling pathway

Medulloblastoma were first associated with WNT signaling as they arise in Turcot
syndrome patients with germline defects in APC, a tumor suppressor gene which keeps the
WNT signaling pathway in check [43]. It was subsequently shown that activating point
mutations in CTNNB1, the gene encoding p-catenin, a downstream effector of WNT
signaling, were present in 4-10% of sporadic medulloblastoma [26, 64, 105]. Activating
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mutations of CTNNBL result in an inability of GSK3-f to phosphorylate B-catenin, thereby
rendering it resistant to degradation, whereupon it relocates to the nucleus and activates
canonical WNT signaling. When nuclear translocation of $-catenin protein is used as an
immunohistochemical marker of WNT signaling, between 18 and 27% of tumors show signs
of pathway activation [23, 26, 64, 91]. Some medulloblastomas may also activate WNT
signaling through epigenetic silencing of the SFRP family of secreted WNT signaling
inhibitors [59]. Expression microarray analyses of medulloblastoma cohorts have also
identified a subgroup of 13-15% defined by WNT pathway markers [60, 76, 105], typically
in combination with monosomy 6 as the only large cytogenetic aberration in these tumors
[11, 22, 48, 58, 116]. As patients with WNT subgroup medulloblastomas have an excellent
prognosis, they are excellent candidates for which to develop therapy sparing targeted agents

(Fig. 1).

Genetic aberrations in sonic hedgehog signaling

Individuals with germline mutations in the sonic hedgehog (SHH) receptor PATCHED
(PTCH) have Gorlin syndrome, in which affected individuals develop basal cell carcinoma,
have a number of developmental abnormalities, and have a greatly increased incidence of
medulloblastoma [107]. A downstream element in the SHH signaling pathway, SUFU is
mutated in the germline of some infants with medulloblastoma [102]. Mice with a
heterozygous mutation in the SHH receptor Patched develop medulloblastoma due to
uncontrolled proliferation of progenitor cells in the external granule cell layer of the
cerebellum [40, 110].

Similarly, somatic mutations in medulloblastoma of SHH pathway genes including PTCH,
PTCH2, SMO, and SUFU have been demonstrated [102, 103, 115]. Northcott and colleagues
[78] have recently demonstrated high-level amplification of the SHH effector transcription
factors GLI1 and GLI2 in a subset of medulloblastomas. It seems highly likely that
additional genes in the SHH signaling cascade will be identified as amplified or mutated in
medulloblastoma, as the signaling pathway is better understood and our catalogue of
medulloblastoma mutations nears completion. It is currently unclear, whether or not
mutations of SHH pathway genes are restricted to tumors that belong to the ‘SHH group’ of
medulloblastomas as identified through clustering of transcriptional profiles, as detailed
below [60, 77] (Fig. 1). Transcriptional targets of the SHH pathway including the mir17-92
complex, and YAP1 have been demonstrated to be amplified in medulloblastoma where they
are acting as oncogenes [27, 28, 77]. Recently, small molecules that inhibit SMO have been
demonstrated to be an effective, albeit temporary, therapy for human and mouse
medulloblastoma [92, 113]. As SMO inhibitors function upstream at the level of the
membrane, the identification of downstream mutations/amplifications (i.e., SUFU, GLI1,
GLI2) becomes critical when assessing the suitability of an individual patient for therapy.
Currently in clinical trials, SHH pathway inhibitors seem poised to become the first
approved targeted therapies for effective treatment of medulloblastoma.

Other genetic aberrations

The TP53 pathway—Individuals with germline mutations of TP53 have Li—Fraumeni
Syndrome that includes an increased predisposition to a number of cancers, including
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medulloblastoma. Similarly, Tp53 deficiency has been reported as an enhancer in a large
number of mouse models of medulloblastoma [111]. While some early reports suggested
that the TP53 pathway was only rarely affected in medulloblastoma, more recent reports
suggest that up to 15% of medulloblastomas carry mutations in TP53 or, less frequently in
other genes in the TP53 pathway, making it the most frequently mutated tumor suppressor
gene in medulloblastoma identified to date [30, 98].

Histone lysine methylation—Post-translational modification of histone lysine moieties
is an epigenetic mechanism to increase or decrease the accessibility of chromatin for
transcription. Specifically, dimethylation of histone 3, lysine 9 (H3K?9) is a silencing mark
that is necessary for differentiation of a number of tissues, including embryonic stem cells.
Recurrent homozygous deletions (EHMT1) and amplifications (JMJD2C, IMJD2B, and
MYST3) found in medulloblastoma target H3K9 methylation with resultant hypomethylation
at that locus [78]. As a number of pharma and academic consortia are developing
compounds that target methylation of H3K9, this may constitute a future avenue for targeted
therapy.

Miscellaneous medulloblastoma oncogenes—NOTCH2 is over-expressed, and
rarely amplified in a subset of medulloblastomas [24]. Notch signaling may also be activated
in medulloblastoma through silencing of mir199b-5p [36]. OTX2 is commonly amplified in
non-SHH, non-WNT medulloblastomas, where it likely plays a role in both tumor
maintenance and progression [15, 16]. The cell cycle progression factor CDKG® is recurrently
amplified in medulloblastoma, particularly in adults [64, 73].

Subclassification based on molecular profiling

The first mMRNA expression profiling studies of medulloblastoma series used supervised
approaches to identify differentially expressed genes after grouping for metastatic status,
histology or survival [68, 75, 86]. MacDonald et al. [68] analyzed 23 primary
medulloblastomas designated as either M+ or MO0 using Affymetrix G110 cancer arrays and
identified 85 genes as differentially expressed between the two classes. PDGFR and
members of the RAS/MAPK signaling pathway were found to be more highly expressed in
metastatic as compared to non-metastatic cases. Pomeroy et al. [86] used Affymetrix
HuGeneFI arrays representing ~6,000 genes to compare the expression profiles in a set of 34
medulloblastomas between tumors with classic (25 cases) or desmoplastic (9 cases)
histology. Genes identified as over-expressed in desmoplastic medulloblastoma included
PTCH, GLI, MYCN, and IGF2, all targets of SHH signaling. These analyses demonstrated
for the first time that sporadic desmoplastic medulloblastoma, like tumors associated with
Gorlin's syndrome, was characterized by aberrant SHH signaling.

More recently, unsupervised approaches have been used to identify distinct molecular
subgroups in medulloblastoma using gene expression data [60, 76, 105]. Thompson et al.
[105], who analyzed 46 medulloblastomas using Affymetrix 133A arrays, were the first to
show that WNT-and SHH-driven medulloblastomas comprise two very distinct biological
subgroups based on their transcriptome (Fig. 1). As one might expect, these distinct
expression signatures were strongly associated with specific genetic events described above
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(i.e., CTNNB1 mutation and monosomy 6 for WNT-driven tumors, and PTCH/SUFU
mutation as well as 9q deletion in tumors showing SHH activation).

More insight into the non-WNT/SHH tumors came from a study by Kool et al. [60] who
used mMRNA expression data of 62 medulloblastomas generated with Affymetrix 133plus2
arrays to identify five molecular subtypes. Sub-types characterized by WNT signaling or by
SHH signaling form the two most distinct subtypes. The other three sub-types are more
related to each other and show overlapping gene signatures. Kool type C and Kool type D
are characterized by elevated expression of neuronal differentiation genes, whereas
photoreceptor genes are specifically expressed both in Kool type D and E tumors (Fig. 1). In
the most recent study, Northcott et al. [76] analyzed gene expression profiles of 103
medulloblastomas using Affymetrix Exon 1.0 ST arrays. The authors identified the same
molecular subgroups except that the two related C and D tumors, described as two distinct
subtypes in the study of Kool et al. [60], were now seen as one subgroup, called Northcott
group D [76]. Importantly, Northcott and colleagues identified specific protein markers for
each subgroup: DKK1 (or CTNNB1) for WNT tumors, SFRP1 (or GLI1) for SHH tumors,
NPR3 for Northcott group C tumors, and KCNAL for group D tumors that can be used for
immunohistochemistry-based classification of formalinfixed and paraffin embedded
medulloblastoma tissues with very high accuracy (Fig. 1). Staining TMAs with specific
antibodies for these markers and linking the staining to clinical follow-up data demonstrated
that patients with Northcott group C tumors have the worst prognosis, regardless of M-stage.
The best outcome was found for WNT tumors as anticipated from previous studies.

Both Kool et al. and Northcott et al. [60, 76] also determined DNA copy-number alterations
in their medulloblastoma series using a-CGH or high density SNP arrays, respectively.
Several specific genetic aberrations were identified in these studies that were associated with
the distinct subgroups. For instance, monosomy 6 was found in almost every WNT tumor,
but not in any of the other tumors, confirming previous studies [11, 26, 64, 105]. Loss of 9q
was only found in SHH tumors. Chromosome 17 aberrations were strongly associated with
non-WNT/SHH tumors, as were gain of chromosome 18, and loss of the X chromosome in
females [60, 76] (Fig. 1).

Clinico-pathological features also significantly differed between the molecular subtypes
identified in these profiling studies [60, 76, 105]. Most (27/43) desmoplastic cases were
found in the SHH group, never in the WNT group, but also sometimes among the non-
WNT/SHH tumors (16/119). WNT tumors demonstrate classic histology in all reported
series. Large cell or anaplastic histology, associated with poor outcome [7], was found in all
subtypes except WNT tumors. Medulloblastomas in infants are treated with surgery and
chemotherapy alone. For this group of patients it is therefore even more important to
understand the underlying genetics and biology. Most (29/47) medulloblastomas in infants
in these three profiling studies were classified as SHH tumors and 21/29 had desmoplastic
histology. For non-SHH tumors in infants only 2/15 had desmoplastic histology.
Medulloblastomas in infants not classified as SHH tumors, were in most cases classified as
Kool type E/Northcott group C [60, 76]. SHH tumors were not only seen in infants but also
in older children and particularly adults, whereas WNT and Northcott group D (subtype CD
in Kool et al. [60]) tumors typically occur in older children. It is well known that
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medulloblastomas occur more often in males than in females (M:F = 1.5:1) and several
studies have suggested that males with medulloblastoma have a worse outcome than females
[14, 99, 105]. These recent profiling studies demonstrate, however, that males with
medulloblastomas are more often classified as non-WNT/SHH tumors, while there is an
almost equal distribution of SHH tumors among males and females, and a predominance of
females among WNT tumors [60, 76, 105]. Interestingly, metastatic disease at diagnosis is
also significantly associated with non-WNT/SHH tumors and most strongly with Kool sub-
type E/Northcott group C tumors [60, 76, 105]. Whether the increased occurrence of
metastasis in non-WNT/SHH tumors also explains the unfavorable outcome in males is not
yet known.

In summary, these recent microarray studies clearly demonstrate that medulloblastoma is not
just one disease, but comprises different subtypes that are demographically, clinically,
transcriptionally and genetically distinct. Future clinical trials should consider distinguishing
these different subtypes, and targeted therapies may need to be developed for each subtype
separately.

Medulloblastoma in adults

Genomic profiles of adult and pediatric MB demonstrate significant differences in terms of
DNA copy-number aberrations [64]. Approximately 25% of adult MB show no genomic
imbalances in comparison to 5% within the pediatric cohort, suggesting that genomic
instability is more critical for tumorigenesis in childhood medulloblastoma. CDK6 was the
frequent focal amplification in adult MB detected to date, whereas focal amplifications of
MYC/MYCN are far more common in pediatric tumors [64]. Gain of chromosomes 3q, 4, and
19 are more common in adult MB, whereas gain of chromosomes 1q, 2, 7, and 17¢, as well
as loss of 16q are more frequent in pediatric MB. All chromosome 6 deletions were
monosomy 6 in pediatric tumors, whereas they were mostly partial deletions in adult MB
cases. In contrast to pediatric tumors, adult MB cases with CTNNB1 mutation did not always
show a monosomy 6. For adult MB, shortened survival was found for tumors with CDK6
amplification, 17q gain, and 10q loss. Adult MB with WNT signaling pathway activation,
however, did not share the excellent prognosis seen in childhood MB [64].

Atypical teratoid/rhabdoid tumor

Atypical teratoid/rhabdoid tumors (AT/RT) (WHO grade 1V) are highly malignant tumors
predominantly occurring in very young children [55]. Since the diagnosis of AT/RT usually
implies a dismal prognosis, and also a more aggressive therapeutic approach [10, 29, 61],
distinction from other embryonal tumors is of paramount clinical importance. Unlike most
other central nervous system tumors, genetic alterations encountered in AT/RT are
remarkably uniform, the majority of cases showing genetic alterations affecting the
SMARCBL (INI/hSNF5) locus on 22911 resulting in loss of SMARCBL protein expression
[89, 108] (Fig. 1). Genetic alterations include homozygous deletions, heterozygous deletions
as well as copy-number neutral loss of heterozygosity (LOH) and mutations affecting each
of all nine exons of SMARCBL, a higher frequency of mutations for exons 5 and 9 has been
reported [4, 51].
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In recent years, immunochistochemistry using an antibody directed against SMARCB1 has
evolved as a convenient first line diagnostic tool in neuropathology laboratories for the
diagnosis of AT/RT. Loss of SMARCBL1 protein expression is quite characteristic for
AT/RT and routine screening of all malignant pediatric CNS tumors has been advocated [6,
42,56, 112]. This is especially relevant in small biopsy specimens, where rhabdoid tumor
cells can be missed. Indeed, in this setting SMARCBL. protein loss has been shown to be
associated with an aggressive clinical course and poor therapeutic response, even in the
absence of rhabdoid tumor cells [6, 42].

Subsequently, molecular genetic analyses are performed to confirm underlying genetic
alterations affecting the SMARCBL1 locus. Using a combination of FISH and genomic
sequencing, genetic alterations can be demonstrated in about 75% of AT/RTs [61]. The
diagnostic yield can be increased substantially by high-resolution methods. Adding MLPA
[52] and SNP-based oligonucleotide arrays to the diagnostic armamentarium, biallelic
alterations involving the SMARCB1 locus could be demonstrated in 36/36 AT/RT examined
[51]. An important reason for molecular genetic testing is the need to screen for germline
mutations, which can be identified in up to 25% of patients, including familial cases
described as rhabdoid tumor predisposition syndrome (OMIM #609322). Since children
harboring germline mutations are younger and usually have a fatal course, this finding is
also of prognostic importance. Most mutations or deletions occur de novo and parents are
unaffected, but germline mutations have also been described in unaffected adult carriers,
suggesting possible incomplete penetrance and/or a critical time window for the
tumorigenesis of AT/RT early in life [53, 101].

Careful molecular characterization and staining for SMARCBL1 protein expression has
resulted in many pediatric brain tumors initially categorized as CNS primitive
neuroectodermal tumor (CNS PNET), medulloblastoma, or choroid plexus carcinoma to be
reclassified as AT/RT [42, 54]. Conversely, it has become evident that extracranial non-
rhabdoid tumors such as epithelioid sarcoma [74] and schwannoma in the context of familial
schwannomatosis [49, 80] may also carry genetic alterations of SMARCBLI resulting in
SMARCB1 protein loss. In the central nervous system, the vast majority of non-rhabdoid, as
well as composite rhabdoid tumors (e.g. rhabdoid meningioma) [82] show retained
SMARCB1 staining. Recently, however, two children with unusual intracranial non-
rhabdoid neuroectodermal tumors within, and around the third or fourth ventricle have been
reported [44]. These unusual tumors were histopathologically characterized by cribriform
strands and trabeculae, well-defined epithelial membrane antigen-immunopositive surfaces
and loss of SMARCBL1 protein expression. Molecular genetic analyses by FISH and
sequencing disclosed a homozygous 4-bp duplication in exon 4 (492duplCCTT) as well as
deletions affecting the SMARCBL1 locus in two further yet unpublished cases. The term
cribriform neuroepithelial tumor (CRINET) has been coined for these rare non-rhabdoid
ventricular tumors. Recognition and better characterization of CRINET could be of
prognostic importance, since limited evidence suggests that these tumors might respond
favorably to conventional chemotherapy regimens, thereby expanding the histological and
clinical spectrum of SMARCB1-deficient central nervous system tumors.
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To further complicate matters, some biologically aggressive tumors in small children show
the characteristic histopathology and immunohistochemical staining profile of AT/RT, but
retain SMARCBL protein staining, and do not have alterations of the SVARCB1 locus on
genetic analyses [32]. These rare tumors (representing approximately 2% of AT/RT) still
comprise a diagnostic challenge and some uncertainty had remained if they indeed
represented AT/RT. However, the SMARCBL gene codes for only one member of the large
SWI/SNF ATP-dependent chromatin remodeling complex [90], raising the possibility that
genetic alterations of other members of this complex could be involved in the pathogenesis
of AT/RT lacking SMARCBL alterations. Recently, inactivation of the ATPase subunit
SMARCAM4 (also known as BRG1) located on 19p13.2 was demonstrated in the tumor cells
of two sisters with rhabdoid tumors (one AT/RT, and one malignant rhabdoid tumor of the
kidney). In this family, genetic alterations of SMARCB1 were lacking, but a SMARCA4
germline mutation, and LOH by uniparental disomy was detected [95]. A further child
harboring an AT/RT showing retained SMARCB1 staining, but loss of SMARCA4 protein
expression associated with a homozygous nonsense SMARCA4 mutation has been described
[33]. Whether genetic alterations of other members of the SWI/SNF ATP-dependent
chromatin remodeling complex such as SMARCA2 (BRM), SMARCC1 (BAF155) or
SMARCC2 (BAF170) might play a role in those very rare cases of AT/RT showing both
retained SMARCB1 and SMARCAA4 staining, remains to be determined. Furthermore, the
diagnostic value of antibodies directed against claudin-6, a structural protein found to be
highly expressed in AT/RT [5] awaits confirmation.

CNS primitive neuroectodermal tumors (PNETS)

As medulloblastoma and AT/RT, CNS primitive neuroectodermal tumors (PNETS) are
malignant embryonal neoplasms of WHO grade 1V [67]. Although CNS PNETS are less
frequently metastatic at the time of primary diagnosis when compared to medulloblastoma,
they represent a particularly unfavorable group of embryonal brain tumors and patients
frequently fail to respond to standard therapies, especially in early childhood when cranio-
spinal radiotherapy is avoided because of the resulting pronounced neurocognitive deficits.
Differences in outcome could be due to different anatomic localizations, but could also be
based on distinct molecular pathomechanisms.

This heterogeneous group of tumors according to the WHO classification may be subdivided
into CNS (ganglio-) neuroblastoma, medulloepithelioma, and ependymoblastoma.

CNS neuroblastoma

CNS PNET may display divergent degrees of differentiation along with neuronal, astrocytic,
muscular, or melanocytic lines. Tumors with neuronal differentiation are designated CNS
neuroblastoma, or, if ganglion cells are present, ganglioneuroblastoma. CNS neuroblastomas
are composed of undifferentiated and poorly differentiated neuroepithelial cells. Homer-
Wright rosettes may be found, but vary in frequency [67]. Ganglioneuroblastoma shows a
combination of primitive-appearing and terminally differentiated cells. The most consistent
genetic finding has been that chromosome 17 alterations (loss of 17p or isochromosome 17q
(i17q) are very rare in CNS neuroblastoma in comparison to medulloblastoma [8, 50, 69, 85,
93]. Genomic aberrations that occur more frequently in CNS neuroblastoma include 13q
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telomeric deletion, 14q deletion, homozygous deletion of 9p21.3 spanning the CDKN2A and
CDKNZ2B loci, and 199 gain [69, 85, 93] (Fig. 2). Other reported genomic abnormalities in
CNS neuroblastoma include RASSF1A promoter methylation, transcriptional silencing of the
DLC1 gene, and expression of Neuro D family genes. TP53 mutations were not observed in
these tumors, although a few samples of adult CNS neuroblastoma revealed mutation of
IDH1 [46]. Recent studies of global gene expression signatures have revealed the absence of
external granular cell gene and proneuronal transcripts in CNS PNETS [86]. Comparative
transcriptome analysis of CNS PNETs and medulloblastomas revealed a high level of
expression of SOX, NOTCH1, ID1 and ASCL-1 transcripts in supratentorial PNETS, whereas
transcription of proneuronal factors was more pronounced in medulloblastomas. In addition,
an activation of JAK/STAT3 signaling was found in CNS PNETSs. Therefore, it has been
hypothesized that CNS PNETSs predominantly express glial molecular features, whereas
medulloblastomas largely follow neuronal differentiation pattern. Thus, although the number
of cytogenetic and molecular genetics studies of supratentorial CNS PNETS is obviously
scarce, it appears that molecular events typical for these tumors are different from
medulloblastomas.

Medulloepithelioma

Medulloepithelioma is a rare, highly malignant tumor affecting young children.
Histologically medulloepithelioma mimics the embryonic neural tube with external limited
membrane. These tumors often display multiple lines of differentiation including neuronal,
glial and mesenchymal elements. Molecular genetics studies of medulloepitheliomas are
very scarce and only a few tumors were investigated up to date. Amplification of hTERT
gene on 5p15 was found to be a frequent cytogenetic aberration [25]. In addition, gain on
chromosomal arms 3p, 6p 14q, 15q, and 20q as well as losses on 4q, 5q, 13q and 18q were
found.

Ependymoblastoma

Ependymoblastoma is a rare and very aggressive embryonal neoplasm characterized by the
presence of true multilayered or “ependymoblastic” rosettes in association with small
undifferentiated cells. Since its initial description, it has widely been discussed if
ependymoblastoma should be regarded a distinct entity of embryonal CNS tumors. Some
investigators have proposed that the designation ependymoblastoma should be eliminated
from the current classifications arguing that “ependymoblastic” rosettes are not a specific
pattern. Further Eberhart and coworkers more recently described a yet different pediatric
embryonal brain tumor entity. Based on its characteristic histopathological findings, this
tumor was designated “embryonal tumor with abundant neuropil and true rosettes
(ETANTR)”. The microscopic appearance of this neoplasm includes both ependymoblastic
rosettes and patterns of neuronal differentiation, including neurocytes, ganglion cells and
neuropil-like background.

An increased frequency of chromosome 2 gain was observed in ependymoblastoma and
ETANTR [18, 34, 37, 88]. More recently, a highly specific focal amplification at

chromosome band 19q13.42 containing a cluster of mi-RNA-coding genes was found in
virtually all embryonal brain tumors with true multilayered rosettes [63, 66, 84] (Fig. 2).
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19g13.42 amplification is associated with up-regulation of mi-RNA clusters mir-371-373
and C19MC [65, 85]. These data indicate that (1) ETANTR and ependymoblastoma may
comprise a single biological entity and (2) 19q13.42 focal amplification may serve as a
highly specific and sensitive novel diagnostic marker to define this biologically distinct
subgroup of CNS PNETS that seems to be restricted to young children, and is associated
with a particularly unfavorable prognosis. Therefore, it was recently proposed to uniformly
use the term embryonal tumor with multilayered rosettes (ETMR) for this novel entity [81].

In summary, extensive genetic investigations of embryo-nal brain tumors in recent years has
significantly contributed to a refined classification of these tumors based on their distinct
clinical, histopathological and molecular features. Consistently reported molecular
prognostic markers will for the first time be exploited for risk stratification in upcoming
clinical trials, especially in medulloblastoma, which is an important breakthrough in brain
tumor research. Furthermore, molecular sub-classification will likely help in the near future
to target treatment strategies at the underlying biology of distinct molecular subgroups,
rather than uniformly treating morphologically indistinguishable tumors with similar clinical
characteristics all in the same way.
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Medulloblastoma
Subtype Kool A B E CD

Northcott WNT SHH Group C Group D
Expression WNT / TGF SHH signaling Photoreceptor Neuronal and
characteristics signaling markers photoreceptor

NOTCH/PDGF | NOTCH/PDGF markers

signaling signaling

Cell cycle proteinsT

Genetic i(17q), - 8, -X, +18
GlEracianses MYCN ampl. MYC ampl. MYCN ampl.
CTNNB1 PTCH/ SMO/
mutations SUFU mutations
6q deletion 9q deletion isochromosom@ 17q
Histology Classic Desmoplastic/classic Classic/LCA Classic/LCA
Clinical Rarely metastatic | Rarely metastatic Frequently Frequently
characteristics metastatic metastatic
Age groups Older children Infants and adults Young children Children
Prognosis Very good Infants good Poor Intermediate
Others intermediate
Fig. 1.

Medulloblastoma
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AT/RT and CNS PNET

expression

Histology AT/RT CNS Embryonal tumor with
neuroblastoma multilayered rosettes
Expression Loss of INI1
characteristics

Genetic
characteristics

SMARCB1
mutation/
deletion

22q deletion

-9p21.3

CDKN2A
deletion

+19

19913.42 ampl.

Clinical Rarely metastatic, | Rarely metastatic, Rarely metastatic,
characteristics 50% infratentorial, cerebral mostly
supratentorial, hemispheres supratentorial
pineal gland
Age groups infants all age groups infants
Prognosis Poor Poor Poor
Fig. 2.

AT/RT and CNS PNET
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