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Abstract Increasing recognition of pediatric medullo-

blastoma as a heterogeneous disease, with histopathological

and molecular variants that have distinct biological

behaviors, will impact how the disease is classified and

treated. A combination of clinicopathological evaluation

and assays based on molecular subgroups of disease will

allow stratification of patients into risk groups and a more

tailored approach to therapy. Patients with low-risk disease

could be treated with de-escalated adjuvant therapy to

maximize cure while reducing long-term adverse effects,

and novel therapies could be sought for patients with high-

risk disease. My review encompasses a brief overview of

the clinical landscape, the current World Health Organiza-

tion (WHO) classification of medulloblastoma, the status

of molecular subgroups, and how potential stratification

schemes might impact pathologists and their practice.
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Introduction

This review provides a synopsis of recent developments in

our understanding of the pathobiology of medulloblastoma

as it relates to diagnosis and classification. In one sense it is

timely. In the next couple of years, American and European

clinical trials incorporating novel approaches to the thera-

peutic stratification of medulloblastoma will require

pathologists to distinguish accurately between the classic

tumor and its four variants and to report the results of

assays that probe clinically relevant aspects of the tumor’s

biological heterogeneity. Thus, our concept of medullo-

blastoma pathology will have advanced significantly from

a time when the diagnosis could be made on little more

than sections stained with hematoxylin and eosin and the

tumor was regarded as the archetypal primitive neuroec-

todermal tumor (PNET), and therefore histogenetically

indistinguishable from other central nervous system (CNS)

embryonal tumors.

Instead, we now recognize: (i) that the tumor’s hetero-

geneity is reflected in its diverse histopathology and a

burgeoning array of molecular abnormalities, and (ii) the

clinical utility of classifying the disease according to

pathological and molecular features.

Clinical setting

Progress in the treatment of childhood medulloblastoma

has dramatically improved survival rates over the last three

decades. Advances in surgical and anesthetic techniques

and incremental refinements in adjuvant therapies over this

time have resulted in cures for approximately three quarters

of standard-risk patients [26, 36, 62–64, 69, 78, 84]. Cure

rates are lower for infants than for older children [8, 37, 64,

77]. Unfortunately, overall improvement has been achieved

at the cost of significant adverse therapeutic effects among

survivors, notably cognitive problems [23, 28, 48, 57, 58,

62, 64]. Following 36 Gy of craniospinal irradiation (CSI),

a child’s IQ can decrease by as much as 30 points, and a

drop of 10–15 points accompanies a lower CSI dose of

24 Gy. In addition, outcome for high-risk patients, which

are distinguished from standard-risk patients by having

either metastatic disease at presentation or a significant

D. W. Ellison (&)

Department of Pathology MS# 250, St. Jude Children’s Research

Hospital, 262 Danny Thomas Place, Memphis, TN 38103, USA

e-mail: David.Ellison@stjude.org

123

Acta Neuropathol (2010) 120:305–316

DOI 10.1007/s00401-010-0726-6



amount ([1.5 cm2, MRI plane) of post-operative residual

tumor, remains relatively poor, 5-year EFS being 25–40%

[18, 69, 85, 93]. Thus, starting with the premise presented

above—that medulloblastoma is a heterogeneous disease—

current challenges are threefold:

(i) For disease that is at the relatively benign end of the

biological range, can adjuvant therapy be reduced to

levels where adverse effects are ameliorated yet cure

rates sustained, and how is this low-risk disease

optimally identified?

(ii) Can pathological or molecular classification identify

biologically aggressive high-risk disease, beyond that

presenting clinically with metastasis, and can novel

approaches to adjuvant therapy be devised and cure

rates improved for high-risk disease?

(iii) Can small molecule drugs be designed to target

specific molecular aberrations in medulloblastoma,

thus effecting cures alongside reduced levels of

conventional adjuvant therapies?

Addressing these challenges is not trivial. Solutions to

(i) and (ii) require datasets from carefully designed clinical

trials with integrated biological studies, and results may

differ according to patient age. Therapeutic considerations

relevant to an infant with medulloblastoma are not the

same as those that apply to an adolescent with the disease;

CNS maturity has been a significant factor in determining

the optimal planning of adjuvant therapy, because adverse

effects following radiotherapy can be particularly grave in

the immature infant brain [76]. Historically, the corollary

of this has been separate therapeutic trials for infants versus

older children, and retrospective analyses in these cohorts

of the complex interaction between clinical, pathological

and molecular variables affecting outcome will necessarily

be evaluated in distinct therapeutic settings. Compounding

this situation is an uneven distribution of pathological and

molecular disease subtypes across the range of age at

presentation. For example, desmoplastic/nodular medullo-

blastomas account for a much higher proportion of

medulloblastomas in infants than in older children, while

nearly all children with medulloblastomas characterized by

abnormal activation of the Wnt pathway present between

the ages of 5 and 12 years [17, 19, 33].

A robust statistical analysis that accounts for all these

factors in validating the predictive or prognostic utility of

specific pathological or molecular features requires a large

cohort of patients treated in the standardized setting of a

clinical trial. Because medulloblastoma is a relatively rare

disease, such trials necessarily involve multiple centers,

considerable administrative organization, and a centralized

approach to the evaluation of any disease marker, whether

this entails central pathology review or assay(s) in a single

designated laboratory [69]. Once a trial is instituted, it may

take a decade to register sufficient patients for hypothesis

testing, to analyze data, and to report conclusions. It is

perhaps not surprising that no molecular marker has yet

been chosen for therapeutic stratification in prospective

trials of medulloblastoma [34]. Even though published

studies of such markers now have a long history, most

relied on small series of patients from a single center or

cohorts of patients treated in diverse ways.

Even though the potential of enhancing the clinical

utility of pathological classifications by concurrent evalu-

ation of prognostic or predictive molecular indicators

remains to be realized for medulloblastoma, studies in the

last 5 years have helped to build consensus on the value

and means of using molecular markers in the therapeutic

stratification of childhood medulloblastoma [33, 39, 64,

69]. In addition, the production of small molecule drugs

that target aberrant cell signaling processes in cancer cells,

specifically those that block abnormal activation of the Shh

pathway [75], will require the identification of molecular

subtypes of medulloblastoma. For practical reasons, it

makes sense that such assays are undertaken on the same

material used for histopathological diagnosis, formalin-

fixed paraffin-embedded (FFPE) tissue, putting patholo-

gists firmly at the center of the diagnostic process.

Pathological classification

Medulloblastoma: histopathological features

In the 2007 WHO classification of CNS tumors [51],

medulloblastomas are separated into the classic tumor and

four variants: desmoplastic/nodular (D/N), medulloblas-

toma with extensive nodularity (MBEN), anaplastic

medulloblastoma and large cell medulloblastoma, on the

basis of their histopathological features (Fig. 1). For the

first time in the history of the WHO classification, this

scheme recognizes that identification of medulloblastoma

variants has clinical utility [33, 39, 52]. MBENs and D/N

medulloblastomas in infants have a better outcome than

classic tumors, while large cell and anaplastic medullo-

blastomas behave aggressively.

The D/N medulloblastoma and MBEN are characterized

by nodules of differentiated neurocytic cells and interno-

dular desmoplasia, which is best demonstrated by a

reticulin stain (Fig. 1). The presence of nodules in des-

moplastic tumors can be variable. In MBENs [29], nodules

dominate the histopathology and are typically large and

irregularly shaped, containing monomorphic neurocytic

cells that often demonstrate linear (streaming) patterns

(Fig. 1). Internodular desmoplasia is sparse, but clearly

present; the MBEN is unequivocally a desmoplastic

medulloblastoma. In D/N medulloblastomas, nodules of
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uniform neurocytic cells are usually round and scattered

across desmoplastic regions in which tumor cells show

more nuclear pleomorphism than is evident among in-

tranodular cells [56]. The neurocytic differentiation shown

by intranodular cells is reflected by a neuronal immuno-

phenotype and reduced growth fraction; intranodular

neurocytic cells express synaptophysin and NEU-N more

strongly than internodular tumor cells, in which these

proteins are weakly expressed, if at all. Ki-67 immunola-

belling, which is high in internodular regions, is markedly

reduced or absent among intranodular tumor cells [17].

This characteristic combination of features has helped to

delineate a paucinodular D/N medulloblastoma, in which

small infrequent nodules are embedded in an expanse of

desmoplasia [56]. In many clinicopathological studies, the

paucinodular D/N tumor, D/N medulloblastoma and

MBEN are combined into a single category of desmo-

plastic tumors.

As D/N medulloblastoma and MBEN share fundamental

histopathological features, so do anaplastic and large cell

tumors. The latter contains groups of uniform large cells

with round nuclei and a single nucleolus (Fig. 1). Rarely, a

‘pure’ large cell medulloblastoma is dominated by such

cells, but most exhibit admixed groups of cells with a

large cell or anaplastic phenotype [30, 55]. Anaplasia in

medulloblastomas is basically defined as marked cytolog-

ical pleomorphism. Because of the very high nuclear:

cytoplasmic ratio in medulloblastomas, this effectively

means nuclear pleomorphism. Cell molding, producing an

irregular paving-like pattern of nuclei, and cell wrapping

accompany the nuclear pleomorphism [9, 15]. By defini-

tion, the anaplastic medulloblastoma is dominated by these

cytological features, and both anaplastic and large cell

tumors also show increased mitotic activity and apoptosis

[15, 55]. ‘Focal anaplasia’ covering a small area of the

tumor is not robustly associated with outcome, and to avoid

confusion the term should not be used. The rarity of the

pure large cell medulloblastoma and mixture of large cell

and anaplastic phenotypes in some medulloblastomas has

prompted many investigators to combine the two variants

into a single category of large cell/anaplastic (LC/A)

tumors.

Classic medulloblastomas contain sheets of monotonous

small cells with a high nuclear:cytoplasmic ratio and round

nuclei (Fig. 1). Some classic tumors consist of elongated

cells with oval nuclei or demonstrate moderate cytological

pleomorphism [49], and limited foci of cells with an ana-

plastic phenotype are allowed. Rosettes or palisades of

cells are present in some classic tumors, the former being

regarded as a sign of differentiation, though not necessarily

prognostic [17]. Rosettes of tumor cells are occasionally

found in anaplastic medulloblastomas. Classic medullo-

blastomas may contain unequivocal nodules of neurocytic

Fig. 1 Medulloblastoma variants. The classic medulloblastoma (a) is

characterized by sheets of small cells with a high nuclear:cytoplasmic

ratio and mild nuclear pleomorphism. Mitotic figures and apoptotic

bodies are present among the tumor cells. Occasionally, the syncytial

pattern is broken by rosettes (b) or palisades of cells. The desmoplastic/

nodular medulloblastoma (c) contains nodules of differentiated neur-

ocytic cells that express neuronal proteins and have a low growth

fraction. Desmoplastic internodular regions characterized by undiffer-

entiated embryonal cells and reticulin-positive strands of collagen are

interspersed among the nodules. Another desmoplastic tumor (d), the

medulloblastoma with extensive nodularity is characterized by large

areas of nodule formation and restricted desmoplastic internodular

regions. Internodular neurocytic cells may be present at low density and

sometimes evince streaming patterns (arrow). Some classic medullo-

blastomas contain nodules of neurocytic cells (e), which are not

circumscribed by collagen or separated by desmoplastic regions (f).
These non-desmoplastic nodular tumors differ from desmoplastic

tumors in three respects: age of onset, molecular cytogenetic changes,

and molecular subgroup. The anaplastic medulloblastoma is charac-

terized by marked nuclear pleomorphism, cell wrapping, a high mitotic

count, and abundant apoptotic bodies (g). To qualify as an anaplastic

tumor, a medulloblastoma must contain extensive regions with this

phenotype. The large cell medulloblastoma (h) contains groups of large

round cells with a single nucleolus. These cells rarely dominate the

cytopathology; large cell tumors often contain broad areas with an

anaplastic phenotype (a–e, g, h: hematoxylin & eosin, f: reticulin)
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differentiation or irregular groups of neurocytic and gan-

glion cells [56]. Critically, the former ‘biphasic’ phenotype

is not associated with internodular desmoplasia (Fig. 1);

these classic, non-desmoplastic tumors with focal nodu-

larity are distinct from D/N medulloblastomas, presenting

at a different median age and harboring different molecular

cytogenetic abnormalities. The ganglion cell phenotype

replicates the histopathology of the CNS ganglioneuro-

blastoma, an embryonal tumor usually located in the

cerebral hemispheres [51].

Medulloblastoma pathology: clinical associations

Classic medulloblastomas are most numerous (Table 1). In

one large study of two trial cohorts that registered infants

or (older) children with medulloblastoma in the UK during

the 1990s, desmoplastic tumors (D/N ? MBEN variants)

and LC/A tumors accounted for 10.3 and 16.6%, respec-

tively [56]. However, desmoplastic tumors occurred at a

much higher frequency among infants (aged less than

3 years at presentation). Median age at presentation was

correspondingly lower for desmoplastic medulloblastomas

(Table 1). Other studies have also demonstrated the high

frequency of desmoplastic tumors in infants [77]. A high

frequency of desmoplastic tumors is also a feature of dis-

ease in adults [35].

It is now evident from several studies that desmoplastic

medulloblastomas presenting in infancy have a signifi-

cantly better outcome than classic or LC/A tumors in this

age group. Rutkowski et al. [76, 77] have reported on this

phenomenon in two cohorts, one from the German HIT-

SKK’87 trial, and these findings have been reinforced by

data from the SIOP CNS9204 trial [38, 56]. In the latter

cohort, the outcome for infants with MBEN was no dif-

ferent from that for infants with D/N tumors. On the basis

of these data, it seems clear that infants with desmoplastic

medulloblastomas should be stratified onto a low-risk

therapeutic arm in future trials; indeed, this is already a

feature of the SJYC07 trial protocol at St. Jude Children’s

Research Hospital.

When its distinctive phenotype was first described, the

large cell medulloblastoma was recognized to have a poor

prognosis [30]; indeed, it often presents with metastatic

disease. Peter Burger, of Johns Hopkins Hospital, first

proposed anaplasia as a histologically significant cytolog-

ical feature of medulloblastomas, and it was unequivocally

established as a prognostic indicator in a series of studies

based on clinical trial cohorts [9, 13, 15, 55]. As an out-

come indicator in multivariable analyses, it appears to be

independent of metastatic disease [49, 55], though there is

a trend towards an association between these variables

[27].

Because the large cell medulloblastoma is rare, this and

the anaplastic variant are often combined under the

umbrella term ‘LC/A’ in studies that incorporate patho-

logical phenotype into an evaluation of medulloblastoma

outcome indicators, but in the individual case the tumor

should be classified as large cell or anaplastic, according to

the WHO scheme. The former variant is distinctive and

rarely contains regions with a classic phenotype. In con-

trast, the latter can be difficult to separate from the classic

tumor. Not all anaplastic medulloblastomas have a poor

outcome, but it is important to be stringent about criteria

for the diagnosis of this variant (see above), if it is to retain

its clinical utility.

Molecular pathology

An extensive literature now exists on the molecular biology

of medulloblastoma. This encompasses studies on the

tumor’s histogenesis and cell biology [10, 14, 20, 32, 33,

53], on genetically engineered mouse (GEM) models [3,

24, 25, 40, 50, 67, 87, 88, 91, 94], and on genetic abnor-

malities that are potential prognostic or predictive

indicators [17, 31, 36, 66, 70, 80]. Studies addressing

specific aspects of the disease that are relevant to molecular

classification or therapeutic stratification and likely to

impact pathological practice are reviewed below.

Molecular subgroups of medulloblastoma: Shh, Wnt,

and non-Shh/Wnt tumors

The rare occurrence of medulloblastoma in Gorlin syn-

drome (nevoid basal cell carcinoma syndrome) [21, 83],

which is associated with mutations of the PTCH1 gene,

focused attention on abnormalities of the Shh pathway in

sporadic medulloblastomas, and led to the discovery of

Table 1 Frequencies of

pathological variants in

different age groups

Data in this table have been

derived from the SIOP

CNS9102 and CNS9204 trial

cohorts, see McManamy et al.

[56]

All children with

medulloblastoma (%)

Children

\3 years (%)

Children

3–16 years (%)

Median age at

presentation

(years)

Classic tumors 73 26 78 8.1

Desmoplastic tumors 10 57 5 2.7

LC/A tumors 17 17 17 6.8
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PTCH1 and rare SMOH and SUFU mutations in a pro-

portion of tumors [68, 71, 72, 82, 89]. These mutations

result in aberrant activation of the Shh pathway, which

recreates the proliferative stimulus during CNS develop-

ment of Shh released by Purkinje cells in cerebellar granule

cell precursors (CGNPs). Several GEM models have been

generated by manipulating the Shh pathway [41, 88, 90],

supplementing data from gene expression studies in

support of a molecular subgroup of medulloblastomas that

is derived from CGNPs and characterized by a constitu-

tively active Shh pathway [47, 86].

A similar paradigm involving Turcot syndrome and the

Wnt pathway uncovered mutations of CTNNB1, APC, and

AXIN1/2 in approximately 15% of medulloblastomas

[12, 33, 43, 45, 46, 83, 95]. In this molecular subgroup, an

active Wnt pathway produces nuclear accumulation of

b-catenin [16, 42], a downstream effector of the canonical

Wnt pathway (Figs. 2, 3).

Several studies in the last few years have used gene

expression data from microarray analyses to investigate the

range of molecular subgroups among medulloblastomas.

Unsupervised hierarchical clustering methods of segregat-

ing these data produce four or five subgroups, two of which

are characterized by up-regulation of genes in the Wnt or

Shh pathways [47, 61, 86]. These two subgroups are clearly

separated from each other and the non-Shh/Wnt subgroups

on principal components analysis [61]. The non-Shh/Wnt

subgroups are not obviously associated with aberrant

activation of signaling pathways, although they are asso-

ciated with up-regulation of specific gene classes, such as

neuronal genes or photoreceptor genes [47]. In contrast to

tumors in the Shh and Wnt pathway subgroups, non-Shh/

Wnt subgroups are not so clearly separated from each other

on principal components analysis [61].

Molecular subgroups of medulloblastoma: clinical,

pathological and genetic associations

Shh, Wnt, and non-Shh/Wnt tumors account for approxi-

mately 25, 15, and 60% of medulloblastomas, respectively

(Table 2). Many Shh pathway medulloblastomas have a

desmoplastic phenotype and are therefore well represented

among tumors presenting in infancy [47, 61, 86]. However,

non-desmoplastic tumors may also have an Shh profile,

particularly LC/A tumors. In contrast, Wnt pathway

medulloblastomas nearly always have a classic pathology

[19, 22]; LC/A tumors are rare in this subgroup, and no

desmoplastic tumor has been reported to have a Wnt pro-

file. Wnt pathway medulloblastomas do not present in

infancy; they tend to present between the ages of 6 and

13 years and have a higher median age at presentation than

that for all childhood medulloblastomas [19]. Non-Shh/

Wnt medulloblastomas present both in infants and older

children. Most non-Shh/Wnt tumors have a classic

pathology, and about half of LC/A tumors are also in this

subgroup. Metastatic disease at presentation characterizes

some Shh pathway medulloblastomas, more often LC/A

than D/N tumors, but is rare among Wnt tumors; most

examples fall into the non-Shh/Wnt tumor subgroup [47].

Less than half of Shh pathway medulloblastomas have

PTCH1 mutations or show copy number loss at the PTCH1

Fig. 2 Molecular markers. Immunohistochemistry with a b-catenin

antibody demonstrates combined nuclear and cytoplasmic immuno-

reactivity in Wnt medulloblastomas (a), in which the Wnt pathway is

activated and b-catenin translocates to the nucleus. In Shh and non-

Shh/Wnt tumors, immunoreactivity for b-catenin is cytoplasmic (b).

Some Wnt pathway medulloblastomas show patchy b-catenin nuclear

immunoreactivity, with variable nuclear staining and scattered

nucleonegative cells (c). Interphase fluorescence in situ hybridization

(iFISH) can be used to demonstrate: d monosomy 6 (6p, green signal;
6q, red signal), e loss of 9q22 (PTCH1 locus, green signal; 9p, red
signal), f isodicentric 17q (17p, green signal; 17q, red signal),
g ploidy change (tetrasomy, 49 green/red signals), and (h) MYC
amplification with double minute pattern (MYC locus, green signal;
8p, red signal)
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Fig. 3 Shh and Wnt pathways. When the Shh pathway is inactive,

Ptch receptors inhibit Smoothened receptors (inactive Smoothened

receptors, red), preventing access of Smoothened to the primary

cilium. Some smoothened receptors undergo endocytosis and are

incorporated by endosomes (blue). SuFu binds Gli2 and Gli3,

downstream effectors of the Shh pathway, in the cytoplasm and

primary cilium. Gli2 is also targeted for degradation via the

proteasomal pathway. When the Shh pathway is active, Ptch ceases

to repress Smoothened (active Smoothened receptors, green), which

moves into the primary cilium. Kif7 aids activation of Gli proteins in

the primary cilium. SuFu no longer binds Gli2 and Gli3, and Gli2

translocates to the nucleus where it is a transcriptional activator. Gli3

(Gli3R) has repressor actions. When the Wnt pathway is inactive

(inactive Frizzled receptors, red), b-catenin is phosphorylated and

bound in a protein complex that processes it for degradation through

the proteasomal pathway. When the Wnt pathway is active (active

Frizzled receptors, green), the complex is disrupted, allowing b-

catenin to translocate to the nucleus, where it acts as a transcriptional

activator. SFRP can bind Wnt to prevent the binding of ligand to

receptor

Table 2 Clinicopathological and genetic associations of medulloblastoma molecular subgroups

Molecular group

Wnt Shh Non-Wnt/Shh

Proportion of medulloblastomas 15% 25% 60%

Age at presentation Childhood–pre-teen years

Mean age *10 years

Mainly infancy & adulthood

Uncommon 5–15 years old

Mainly childhood

Mean age *8 years

Metastatic disease at

presentation

Rare Rare: desmoplastic tumors

Occasional: LC/A tumors

Most cases of metastatic

disease in this group

Pathological variant Nearly all classic tumors

No D/N tumors

D/N tumors and MBENs

*50% of LC/A tumors

Mainly classic tumors

*50% of LC/A tumors

Genetic associations Monosomy 6 in many tumors

CTNNB1 mutations in many

tumors

Loss of 9q22 in some tumors

PTCH1 mutations in some

tumors

Chromosome 17 CNAs

Loss of X chromosome

(females)

Outcome with current therapies Very good, if no high-risk feature

Sometimes poor, if high-risk

feature

Good, if D/N tumor or MBEN

in infancy

Poor, if classic or LC/A tumor

in infancy

Poor, if metastatic disease

Poor, if LC/A tumor

Data in this table have been derived from Northcott et al. [61], Kool et al. [47], Thompson et al. [86]
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locus, 9q22, and because SMOH or SUFU mutations are

uncommon other genetic aberrations related to the Shh

pathway will probably be discovered in this subgroup [47,

61, 86]. Likewise, not all Wnt pathway tumors have

CTNNB1 mutations, and rare APC and AXIN1/2 mutations

cannot account for the remainder. Monosomy 6 is strongly

associated with a Wnt profile in medulloblastomas, though

the basis for this is not understood [11]. Very few other

copy number abnormalities (CNAs) are found in Wnt

pathway medulloblastomas; apart from monosomy 6, this

subgroup of tumors is notable for its lack of CNAs across

the genome [11]. Shh and Wnt tumors rarely show chro-

mosome 17 CNAs, amplification of MYC or MYCN, or

widespread ploidy change, all of which are established

cytogenetic abnormalities in medulloblastomas. Instead,

tumors with these abnormalities mainly fall into the non-

Shh/Wnt subgroup. Other CNAs that occur predominantly

in non-Shh/Wnt medulloblastomas include loss of chro-

mosome X (in females) and loss of chromosome 8 [47].

Stratification of medulloblastoma patients: clinical,

pathological and molecular factors

A molecular classification of pediatric medulloblastoma

can advance approaches to therapy in two specific ways: (i)

molecular outcome indicators, if independent, can be used

in conjunction with clinicopathological indicators to aid

identification of low-risk or high-risk disease, and (ii)

tumors with aberrant activation of signaling pathways (Shh

or Wnt) can be identified and targeted with pathway-spe-

cific small molecule drugs.

Many molecular markers have been proposed as out-

come indicators of medulloblastoma, but generating robust

data to support their utility in a clinical setting and thereby

engendering confidence among clinicians to use them have

both taken a relatively long time.

Wnt pathway medulloblastomas are distinct from other

disease subgroups; they have an idiosyncratic epidemiol-

ogy, presenting mainly in the pre-teen years, and may even

have a unique histogenesis [19, 33]. They also have a

favorable outcome with current therapeutic regimens;

nearly all children with this tumor survive [19, 22, 86].

Stratifying children with Wnt pathway medulloblastomas

to a regimen of reduced adjuvant therapy has the potential

to ameliorate long-term adverse effects while maintaining

cure rates. By immunohistochemistry, Wnt pathway tumors

can be identified by nuclear reactivity for b-catenin. This

assay captures all Wnt medulloblastomas with a CTNNB1

mutation and is regarded as the standard test for identifying

this subgroup of disease [19, 22, 61]. Easy to develop for

use with FFPE material, it is also a practical test for

diagnostic laboratories. In forthcoming clinical trials of

children older than 3 years, Wnt pathway tumors without

clinical, pathological, or molecular adverse indicators

could reasonably be stratified to a low-risk group.

Metastatic disease at presentation clearly designates a

medulloblastoma as high-risk; this has been a cornerstone

of therapeutic strategy for many years [85, 93]. LC/A

phenotype is also accepted as an independent indicator of

poor survival [15, 18]. A molecular marker repeatedly

shown to associate with poor outcome is MYC amplifica-

tion or overexpression [1, 4, 49, 66]. While these three

outcome indicators are independent in most multivariable

survival analyses, they also show some association [49,

79]; LC/A medulloblastomas with MYC amplification and

metastatic disease at presentation are not uncommon. Less

well established as indicators of adverse outcome are

MYCN amplification and CNAs of chromosome 17. MYC

or MYCN amplification occurs in 4–8% of medulloblasto-

mas [49]. Like MYC, MYCN when amplified shows some

association with LC/A phenotype and metastatic disease,

but it remains to be proven as a prognostic marker in large

trial-based cohorts [78].

Chromosome 17 CNAs are common in medulloblasto-

mas [2, 6, 7, 17, 54, 59, 60]. Isodicentric chromosome 17q is

present in approximately one-third of tumors, and chro-

mosomal imbalance is even more frequent. Proposals have

frequently been advanced for using isodicentric chromo-

some 17q, loss of 17p, or gain of 17q as an indicator of poor

outcome in medulloblastoma stratification [31, 65, 66].

However, some studies have found no association between

chromosome 17 CNAs and outcome [5, 17]. This disparity

may relate to the proportion of Wnt tumors in an individual

study. Wnt tumors have a good outcome, and very few have

chromosome 17 CNAs [11]; the more Wnt tumors in an

analyzed cohort, the more likely it is that chromosome 17

CNAs will be associated with a poor outcome. There is a

clear argument for establishing any association between

chromosome 17 CNAs and poor outcome among medul-

loblastomas that exclude Wnt tumors, in which context it

might be more likely to have clinical utility.

It is important to acknowledge the complex interplay

between clinical, pathological, and molecular outcome

indicators when establishing which variables are best used

in classification or stratification schemes. An optimal

scheme may be different for infants and older children.

Among infants, the critical distinction may focus on

pathological variant, rather than molecular subgroup,

because of the prevalence of Shh tumors among these

patients (Fig. 4). Among older children, identifying the

Wnt pathway medulloblastoma is clearly a critical step, but

identifying other molecular subgroups may be less impor-

tant than dividing non-Wnt tumors on the basis of clinical,

pathological, or molecular cytogenetic factors (Fig. 5).

Although a recent study claims that immunohistochemical
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markers of four molecular subgroups divide medulloblas-

tomas into significantly different and clinically useful

outcome groups [61], it might be difficult to abandon

stratification by metastatic status or pathological variant in

favor of this approach, even though many patients with

metastatic disease fall into one of the reported molecular

subgroups.

Several novel agents that inhibit activation of the Shh

pathway and that are currently under investigation could be

extremely valuable in the treatment of the Shh subgroup of

medulloblastoma [73–75, 81]. GDC-0449 binds to and

inhibits the Smoothened receptor and has shown some

success in reducing disease load and prolonging survival.

Unfortunately, there are two potential setbacks to what

promises to be the first targeted treatment of

medulloblastoma: (i) Shh pathway inhibition appears to

disrupt bone growth [44], and so may be unsuitable for use

in young children, and (ii) a SMOH mutation that disrupts

the binding of GDC-0449 can abolish its effectiveness,

leading to tumor recurrence [92].

In future, the classification or stratification of medullo-

blastoma will involve progressively more reference to

molecular indices that reflect clinically relevant aspects of

the tumor’s biology. It seems likely that clinical and

pathological factors will be fundamental to any scheme,

but pathologists will increasingly be asked to integrate the

results of molecular assays into their evaluation of the

medulloblastoma, whether these are prognostic or predic-

tive markers or establish the presence of targets for small

molecular drugs.

Potential stratification – infant medulloblastoma (MB)

Pathological diagnosis = MB

D/N MB or MBEN Non-desmoplastic MB

Metastatic disease
OR

Residual tumor >1.5cm2 - MRI

NO metastatic disease
AND

Residual tumor ≤ 1.5cm2 - MRI 

Shh MB

Standard-risk protocol High-risk protocol

Shh MB Shh MB

Low-risk protocol
+ Shh antagonist + Shh antagonist+ Shh antagonist

Standard-risk protocol High-risk protocolLow-risk protocol

Fig. 4 Potential stratification

scheme for infant

medulloblastoma. The scheme

makes an assumption that

metastatic disease at

presentation does not alter the

favorable outcome of infants

with a desmoplastic tumor.

Some data suggest this, but the

hypothesis has yet to be proven.

The scheme also offers the

option (dotted lines) to treat Shh

pathway tumors with a Shh

pathway antagonist, although

adverse effects on bone growth

may ultimately limit its use in

infants

Potential stratification – childhood medulloblastoma (MB)

Pathological diagnosis = MB

Metastatic disease
OR

Residual tumor >1.5cm2 MRI

NO metastatic disease
AND

GTR / residual tumor ≤ 1.5cm2 MRI

Pathology = LC/A
OR

MYC amplification 

Pathology = classic or desmoplastic
AND

NO MYC amplification 

Wnt MB Shh MBNon-Shh/Wnt MB Shh MB Non-Shh/Wnt MB Wnt MB

Standard-risk protocol
+

High-risk protocol
+Low-risk protocol Standard-risk protocol High-risk protocol Shh antagonist Shh antagonist 

AND OR

Fig. 5 Potential stratification

scheme for non-infant children

with medulloblastoma. The

scheme makes an assumption

(see text) that MYCN
amplification does not have the

same association with poor

outcome as MYC amplification.

Some studies suggest that tests

for amplification of either gene

should be used to identify high-

risk tumors. The scheme also

offers the option to treat Shh

pathway tumors with an Shh

pathway antagonist. GTR gross

total resection
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