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Abstract Focal high-level amplifications of MYC (or

MYCC) define a subset of high-risk medulloblastoma

patients. However, the prognostic role of MYCN oncogene

amplification remains unresolved. We aimed to evaluate

the prognostic value of this alteration alone and in com-

bination with biological modifiers in 67 pediatric

medulloblastomas with MYCN amplification (MYCN-MB).

Twenty-one MYCN-MB were examined using gene

expression profiling and array-CGH, whereas for 46 tumors

immunohistochemical analysis and FISH were performed.

All 67 tumors were further subjected to mutational analy-

ses. We compared molecular, clinical, and prognostic

characteristics both within biological MYCN-MB groups

and with non-amplified tumors. Transcriptomic analysis

revealed SHH-driven tumorigenesis in a subset of MYCN-
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MBs indicating a biological dichotomy of MYCN-MB.

Activation of SHH was accompanied by variant-specific

cytogenetic aberrations including deletion of 9q in SHH

tumors. Non-SHH MB were associated with gain of 7q and

isochromosome 17q/17q gain. Among clinically relevant

variables, SHH subtype and 10q loss for non-SHH tumors

comprised the most powerful markers of favorable prog-

nosis in MYCN-MB. In conclusion, we demonstrate

considerable heterogeneity within MYCN-MB in terms of

genetics, tumor biology, and clinical outcome. Thus,

assessment of disease group and 10q copy-number status

may improve risk stratification of this group and may

delineate MYCN-MB with the same dismal prognosis as

MYC amplified tumors. Furthermore, based on the enrich-

ment of MYCN and GLI2 amplifications in SHH-driven

medulloblastoma, amplification of these downstream sig-

naling intermediates should be taken into account before a

patient is enrolled into a clinical trial using a smoothened

inhibitor.

Keywords MYCN � SHH pathway � 10q loss �
Medulloblastoma

Introduction

Medulloblastoma (MB) is a clinically and biologically

highly heterogeneous disease [6, 11, 12, 20, 30, 31, 35–37].

Staging systems for MB based on clinical parameters such

as metastatic stage, patient age, extent of surgery, and

pathological variants are still commonly used in clinical

practice, although they do not sufficiently reflect the true

heterogeneous nature of these neoplasms [7, 10, 11, 13, 16,

23, 35, 36, 41, 46]. Integrated molecular information

including DNA copy-number and gene expression profiling

studies have indicated that MB comprises distinct molec-

ular variants that disclose significant differences in their

patient demographics and clinical outcomes [6, 12, 20, 23,

36]. Amplification of MYC family oncogenes appears to be

pivotal for tumor biology and clinical behavior in up to

15% of pediatric cases [9, 11, 30, 35, 36]. It has been

recognized that focal high-level amplification of the MYC

(MYCC) locus at 8q24 was significantly associated with

poor clinical outcome and this has been confirmed in var-

ious independent series [1, 6, 11, 12, 35, 48].

However, the prognostic significance of MYCN onco-

gene amplification (2p24) is less striking and remains to be

investigated in a large patient cohort with this alteration.

Our preliminary work revealed that MYCN amplification

was generally associated with a dismal prognosis [35].

When comparing the prognostic value of MYCN and MYC

amplification in MB separately, MYCN-amplified MB

(MYCN-MB) patients appeared to be clinically more

heterogeneous than those with tumors carrying a MYC

amplification [35]. In contrast, other reports did not find

any prognostic significance for MYCN amplification [1, 7,

11, 12, 16, 41]. Moreover, MYCN-MB display considerable

molecular heterogeneity. Recent gene expression profiling

studies demonstrated that MYCN-MB could be identified in

various molecular disease variants, including SHH-driven

MB, and group D tumors [30]. This is in contrast to MYC

amplification, which constitutes a hallmark alteration

almost exclusively found in group C tumors [12, 30, 39].

Additionally, in contrast to other frequently amplified MB

oncogenes, MYCN amplification was identified as an

acquired secondary aberration in recurrent tumors and was

also found to be absent in metastases from MYCN-MB,

which suggests that MYCN amplification comprises a late

rather than a tumor-initiating event [21].

In the present study, we identified two distinct sub-

groups within MYCN-MB based on the integration of

transcriptional, genetic and cytogenetic data. This addi-

tional knowledge will help to separate MYCN-MB patients

with dismal prognosis from patients who have a high

chance of being cured, and thereby further improve current

molecular-based risk stratification algorithms.

Materials and methods

Tumor material and patient characteristics

A set of 67 primary MYCN-MB samples previously

detected by array-CGH and/or FISH was designated for

further molecular analyses. For 21 cases, sufficient

amounts of high quality RNA and DNA were available to

conduct gene expression profiling and array-CGH,

respectively. The remaining cases were studied by immu-

nohistochemistry and FISH. Clinical and histological data

for the two patient cohorts are outlined in Supplementary

Table 1. All tumor specimens were serially collected in

accordance with the Ethics Review Boards of the NN

Burdenko Neurosurgical Institute (Moscow, Russia),

Würzburg University Hospital (Würzburg, Germany),

Academic Medical Center (Amsterdam, Netherlands),

Northern Institute for Cancer Research (Newcastle upon

Tyne, UK), and Hospital for Sick Children (Toronto,

Canada). Follow-up data were available for 50 patients

which were treated in multicenter studies according to the

national study protocols during the period from 1995 to

2010. Among them, 45 patients were treated according to

the standardized therapy protocols of the German HIT

study group as described previously [35]. Details of the

postoperative treatment for remaining five patients are

unknown.
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DNA copy-number and expression profiling analysis

DNA copy-number and expression array data were gener-

ated from banked frozen tissue using an in-house array-

CGH and the 4 9 44 K feature Agilent Whole Human

Genome Oligo Microarray (GEO accession no. GPL6480),

respectively, and analyzed as described [22, 34, 35].

Datasets will be available at the NCBI Gene Expression

Omnibus (GEO) database upon publication (GSE30530).

Fluorescence in situ hybridization (FISH)

Multicolor interphase fluorescence in situ hybridization

(FISH) analysis for MYCN (2p24), GLI1 (12q13), GLI2

(2q14), 9q22, 10q23, 17p13.3, and 17q21 was performed as

described [22, 34, 35].

TP53 mutational analysis

The entire coding sequence of TP53 was analyzed in all 67

cases as previously described [34].

Immunohistochemistry (IHC)

Antibodies against the following antigens were used:

b-catenin (BD Transduction Laboratories; ab610154;

1:100; WNT marker), secreted frizzled-related protein 1

(SFRP1; Abcam; ab4193; 1:2000; SHH marker), atrion-

atriuretic peptide receptor C (NPR3; Abcam; ab37617;

1:200, group C marker), and potassium voltage-gated

channel 1 (KCNA1; Abcam; ab32433; 1:2000; group D

marker). Immunostaining was performed, evaluated, and

scored for ß-catenin, SFRP1, NPR3, and KCNA1 as pub-

lished [30, 40]. In addition, IHC was performed and

evaluated for GRB2-associated-binding protein 1 (GAB1;

Abcam; ab27439; 1:50) which has been previously pro-

posed as a surrogate SHH marker [11].

Biostatistics and bioinformatics

Missing gene expression values were imputed using nearest

neighbor method. Unsupervised hierarchical clustering

(HCL) was performed using complete linkage and dis-

similarity based on Euclidian distances. Cluster reliability

was assessed using a bootstrap-based approach [44] which

gives approximately unbiased probabilities. Goeman’s

global test with logistic regression model was used to

descriptively rank individual transcripts in their influence

on cluster definition [14]. Principal component analysis

(PCA) and semi non-negative matrix factorization (NMF)

were applied as additional class discovery approaches.

Semi-NMF was chosen to include two components based

on the cophenetic correlation coefficient. The algorithm

[24] as implemented by Qi et al. [38]. was used. The

consensus matrix of multiple runs was used to assess sta-

bility of semi NMF results.

Clones exceeding 25% missing values were removed

from array-CGH analysis. Remaining missing values were

imputed based on the lowess method. Gains and losses

were deduced using a scaling factor of 2 and median

averaged by chromosome arm.

The Kaplan–Meier method was used to estimate distri-

bution of survival times. The prognostic value of groups

was compared with log-rank test and Cox PH regression

model. Prediction accuracy was assessed with the Brier

score over time, using 0.632 ? bootstrap estimates to

avoid overfitting bias [15]. Brier scores provide a measure

for the average squared deviation between predicted

probabilities for a set of events and their outcomes, thus a

lower score indicates higher accuracy. Groups were com-

pared for differences in clinicopathological parameters

using Fisher’s exact test. p values below or equal to 0.05

were considered statistically significant. All analyses were

carried out with R 2.12/Bioconductor 2.7 using add-on

packages NMF, pvclust, aCGH and pec.

An ARACNE network was calculated using the

ARACNE2 stand-alone linux executable [26, 27]. Hundred

bootstraps were created using 77 primary MB expression

profiles centered and filtered to remove non-varying

probes. Estimated interactions with a probability of

p \ 1e-8 were retained. Gene set enrichment analysis

(GSEA) was performed using the stand-alone tool (Broad

Institute) and the MSigDB C2.V3 Gene set collection.

Genes were pre-ranked according to their corrected t value

as calculated using the R package limma. A geneset

enrichment map was produced using Cytoscape 2.8.1 and

the EnrichmentMapv1.1 plugin. The Jaccard statistic was

used to calculate significant overlap in gene sets and

p \ 0.01 and q \ 0.1 chosen as a moderately permissive

cutoff.

Results

Transcriptomic profiling of MYCN-amplified

medulloblastomas (MYCN-MB)

Genome-wide gene expression analysis including non-

MYCN-MB (n = 56; as previously reported [39]) showed

MYCN-MB (n = 21) to be enriched in the SHH and group

D variants, with only one case lying outside of these two

groups (Supplementary Figure 1). To understand the bio-

logical differences between subgroups within MYCN-MB

samples, this cohort was subsequently analyzed separately.

Clinicopathological and molecular characteristics of this

cohort are summarized in Supplementary Table 1.
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Unsupervised hierarchical cluster analysis (HCL) delin-

eated two distinct sample clusters within MYCN-MB using

a gene list including 300 high-variance transcripts

(Fig. 1a). Bootstrap analysis of the clustering data indi-

cated high confidence for these two groups (C95%). Semi

NMF using the same 300 transcripts confirmed the exis-

tence of two stable groups with identical sample allocation

(Fig. 1b) [5]. The distinction of two stable clusters was

further underlined by PCA, which revealed reliable and

clear separation of the two groups using the same gene list

as for HCL or NMF (Fig. 1c).

To delineate characteristic signaling patterns for each of

the clusters, we performed pathway annotation using

Ingenuity. Cluster 1 was enriched with gene sets associated

with SHH signaling (5 cases, SHH), whereas Cluster 2

tumors were characterized by over expression of genes

involved in synaptogenesis, neuronal differentiation and

glutamatergic receptors (16 cases, non-SHH). Subgroup-

specific signature gene sets of each cluster are supplied in

Supplementary Table 2. Due to the large overlap of marker

genes and deregulated pathways in non-SHH tumors with

previously reported variants in pediatric MB, most of these

tumors (n = 14) were classified as ‘‘group D’’ and only

two tumors were allocated to ‘‘group C’’ according to the

proposed group denomination [30, 39]. These transcrip-

tomic distinctions within MYCN-MB were further

underlined by specific alterations including a significantly

higher frequency of 9q loss (p = 0.03), and significantly

lower frequencies of 17p13.loss/17q21gain (p = 0.004),

and 7q gain (p = 0.001) within SHH MYCN-MB (Fig. 1d).

Similar distribution of cytogenetic aberrations for SHH and

non-SHH tumors were observed in the 56 MB without

MYCN amplification.

Network analyses and candidate genes

A bootstrapped ARACNE network analysis was performed

using all primary MB expression data to reverse engineer

interactions between genes. This analysis revealed cooper-

ating effects of MYCN- and GLI2-driven transcriptional

signatures (Supplementary Figure 2A). Similar transcript

levels of GLI2 were observed in all SHH-driven tumors,

whereas MYCN expression was elevated in SHH MB com-

pared to non-SHH MB. Apparently MYCN amplification is

the key determinant of MYCN upregulation and results in

high expression regardless of subtype (Supplementary Fig-

ure 2B). Taken as a whole, this suggests that the action of

SHH pathway activation in MB is mediated to some extent

through MYCN but that MYCN amplification leads to sig-

nificantly higher MYCN transcript levels. GSEA revealed

significant overrepresentation of ‘‘nuclear transport’’ and

‘‘mitotic cell cycle/G2-M’’ in tumors with MYCN amplifi-

cation (Fig. 2a). Notably, SHH MYCN-MB demonstrated

overrepresentation of gene sets associated with ‘‘RNA pro-

cessing’’, ‘‘telomerase maintenance’’, and ‘‘protein

translation’’ in addition to the expected presence of

‘‘Hedgehog signaling pathway’’, whereas ‘‘membrane

transport’’ was associated with non-SHH MYCN-MB gene

sets (Fig. 2b).

Immunohistochemical analysis confirmed two distinct

groups of MYCN-MB

We performed immunostaining of variant-specific marker

genes for formalin-fixed paraffin-embedded (FFPE) sam-

ples from 46 MYCN-MB following a recently proposed

stratification model using four commercially available

antibodies [30, 40]. MYCN amplification in these cases was

detected by FISH.

All 46 tumors stained positive for only a single marker.

Immunopositivity for SFRP1, indicative of SHH activation,

was found in 21 of 46 MYCN-MB. Moreover, 38 tumors

from the FFPE set (16 SFRP1-positive and 22 SFRP1-

negative) were also available for GAB1 IHC analysis as an

alternative marker for SHH activation [11]. We found that

15/16 (94%) SFPR1-positive tumors were also positive for

GAB1. Conversely, all of the SFRP1-negative MYCN-MB

were also negative for GAB1. The high overlap of both

immunostaining approaches underlines the practical value

of these assays to detect SHH pathway activation. In line

with the GEP results, the remaining 25 (non-SHH) tumors

showed positive marker staining predominantly for group D

(23 positive for KCNA1), and rarely for group C (2 positive

for NPR3) (Fig. 3). In addition, we confirmed the reliability

of our immunohistochemical findings, applying FFPE

samples of 11 tumors included in expression profiling

cohort. Notably, six of them were analyzed in an indepen-

dent laboratory (Burdenko Institute). All three tumors

allocated to SHH GEP group showed only SFRP1 immu-

nopositivity, whereas the remaining eight tumors from

group D were positive for KCNA1 exclusively (see Fig. 3).

Clinical and cytogenetic differences between molecular

groups of MYCN-MB

Combining both transcriptome and immunostaining data,

38% of MYCN-MB showed SHH pathway activation,

whereas the remaining 62% of cases belonged to non-SHH

groups (predominantly group D). Differences regarding

clinicopathological (Fig. 4) and molecular (Fig. 5) variables

between the variants of MYCN-MB could be identified. As

expected, a higher incidence of SHH tumors was observed in

infants compared to their counterparts [6, 20, 30, 39]. Non-

SHH tumors showed a male preponderance (67 vs. 33%),

while in SHH-driven tumors gender distribution was equal

(50 vs. 50%). Metastatic dissemination at diagnosis (M1-3)
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Fig. 1 (a) Unsupervised hierarchical clustering from 21 primary

MYCN-amplified medulloblastomas using 300 genes with high

standard deviation. Molecular characteristics [GLI2 amplification;

gain of chromosome 7, loss of 9q, 10q, and 17p; gain of 17q; disease

variant denominations: SHH (red), group C (yellow), and group D

(green)] of the study population are shown below the dendrogram.

Molecular alteration present (black). (b) Semi non-negative matrix

factorization (NMF) of the primary tumors used in (a) demonstrates

two groups exactly recapitulating the consensus HCL subtype

classification. (c) Principle component analysis (PCA) of the primary

tumors described in (a) using 300 high SD genes. (d) Frequency plot

of DNA copy-number alterations non-SHH and SHH MYCN-MB

delineates group-specific genomic imbalances (indicated by yellow
highlight)
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was predominantly identified in non-SHH MYCN-MB (65

vs. 11% for SHH tumors; p \ 0.001). Histology was sig-

nificantly associated with grouping of MYCN-MB according

to SHH activation (p \ 0.001): Classic histology was more

common in non-SHH tumors (74 vs. 36% for SHH), whereas

all seven tumors with desmoplastic histology were of the

SHH variant. Large cell/anaplastic histology (LCA) was

rather evenly distributed among both molecular groups (27

and 38%, respectively). Losses of 9q and 10q were more

frequent in SHH tumors [60 vs. 5% (p \ 0.0001) and 84 vs.

32% (p \ 0.0001), respectively], whereas isochromosome

17 (characterized by 17p loss and concomitant 17q gain), or

isolated 17q gain, and gain of 7q were significantly associ-

ated with non-SHH tumors (95 vs. 24%; p \ 0.0001 and 61

vs. 16%; p \ 0.001, respectively). Furthermore, almost all

tumors with co-amplification of MYCN, and GLI1/2 onco-

genes (n = 13) were of the SHH variant [12/13 (92%)], with

only one case in group D. FISH analysis of ten of these cases

with accessible FFPE material revealed co-amplifications of

these genomic loci in the same tumor nuclei in nine cases and

B

A
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SHH-dependent gene set enrichment within 
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Fig. 2 Processes differentially

regulated between a MYCN-

amplified and non-MYCN-

amplified medulloblastoma,

b SHH and non-SHH MYCN-

amplified medulloblastoma.

Enrichment map representations

of GSEA results. Node color

and shading intensity represent

the statistical significance of

enrichment of a particular gene

set. Edges represent significant

overlap between gene sets
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one sample showed MYCN and GLI2 amplifications in dis-

tinct subpopulations of tumor cells (data not shown). In

addition, almost half of SHH-driven MYCN-MB (11/

25 = 44%) also harbored a TP53 mutation, whereas only

one of the 40 tumors from the non-SHH subset showed this

genetic alteration. Comparisons between GEP and FFPE

cohorts revealed a similar distribution of these molecular

aberrations among SHH and non-SHH tumors.

Taken together, distinct molecular signatures including

copy-number aberrations of chromosomes 7, 9q, and 17,

focal amplification of GLI1 or GLI2, and TP53 mutation

suggest important differences regarding the underlying

tumorigenesis. Thus, we hypothesized that molecular

characteristics may in addition define prognostic groups.

Molecular prognosticators in MYCN-MB

We tested prognostic associations in a large MYCN-MB

patient cohort with follow-up data available for 50 patients

with 19 SHH and 31 non-SHH tumors among them. Tumor

recurrence was identified in 29 patients (58%) and 24

(48%) of those died during follow-up. Five-year progres-

sion-free survival (PFS), and 5-year overall survival (OS)

were 39 and 47%, respectively. A univariable Cox PH

model showed that none of the clinical variables examined

reached statistical significance for either OS or PFS

(Tables 1, 2). Surprisingly, LCA histology was not sig-

nificantly associated with outcome in MYCN-MB, whereas

desmoplastic/extensive nodularity (MBEN) histology was

linked to favorable OS (p = 0.05). Among molecular

variables, only SHH variant and 10q loss were significantly

associated with both favorable PFS and OS (Tables 1, 2;

both p \ 0.01).

With respect to OS in the entire MYCN-MB patient

cohort, amplifications of the GLI1/2 oncogenes were also

significantly associated with favorable outcomes

(p = 0.03), whereas 17q gain showed a significant asso-

ciation with adverse prognosis (p = 0.02). When

separately analyzing the 31 non-SHH tumors, only 10q loss

remained a significant prognostic factor: only one out of

seven patients with a tumor carrying this aberration died

94 months after the operation. We observed no significant

Fig. 3 Characteristic genomic aberrations and protein expression

patterns in distinct molecular subgroups of MYCN-amplified medul-

loblastomas (MYCN-MB). a Array-based comparative genomic

hybridization (aCGH) profile, fluorescence in situ hybridization

(FISH) findings, and immunohistochemical staining patterns in non-

SHH MYCN-MB with balanced 10q, and expression of KCNA1

(group D marker). b Representative aCGH profile, FISH validation,

and immunostaining in non-SHH MYCN-MB with loss of 10q, and

expression of KCNA1 (group D marker). c Representative aCGH

profile, FISH validation, and immunostaining in SHH MYCN-MB

with loss of 10q, and expression of SFRP1 (SHH marker)
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differences in OS between seven non-SHH tumors with

10q loss and 19 SHH-driven MB (p = 0.50). In addition,

survival differences in SHH tumors depending on 10q loss

could not be calculated since only two of these 19 tumors

did not show this alteration.

We additionally performed survival analysis within the

cohort of 77 MB with GEP data. Among them, MYCN-MB

were significantly associated with inferior outcome com-

pared to non MYCN-MB (p = 0.01), whereas prognosis for

the whole cohort of SHH tumors showed a trend to be

better than in non-SHH MB (p = 0.08, not shown). When

we evaluated survival for SHH and non-SHH MB sepa-

rately, we found that SHH-driven tumors were associated

with a comparable outcome regarding OS and PFS inde-

pendent of the presence of MYCN amplification

(Supplementary Figure 3). In contrast, non-SHH MYCN-

MB were associated with significantly inferior outcome

compared to non-SHH tumors without MYCN amplification

(p = 0.004; Supplementary Fig. 4).

The multivariable Cox proportional hazards model was

applied to assess the role of molecular markers to predict

OS and PFS. Importantly, only 10q loss (p \ 0.01 for OS

and PFS), was found to be an independent significant pre-

dictor for both OS and PFS (Supplementary Table 4A/B).

Revised molecular risk stratification of MYCN-MB

Due to the significant molecular heterogeneity within the

MYCN-MB, and the clear advantage of molecular markers

over all available clinical markers, the final goal of our

work was the proposal of a clinically useful strategy for

risk assessment of MYCN-MB. Based on our aforemen-

tioned results, we propose a hierarchical molecular

stratification scheme for MYCN-MB comprising two rela-

tively equal groups (Fig. 6; p \ 0.001): (1) 24 non-SHH

MYCN-MB with balanced 10q (5-year OS = 6%; 48% of

patients), (2) all 19 SHH MYCN-MB (regardless of 10q

status) plus seven non-SHH MYCN-MB with 10q loss

(5-year OS = 83%, 52% of patients). Notably, the pro-

posed hierarchical molecular stratification scheme con-

siderably improves the prediction accuracy (Brier score

over time; Fig. 6).

Discussion

The MYCN oncogene belongs to the MYC family of

transcription factors [45]. It is primarily expressed during

normal embryogenesis and is thought to be critical in brain

development [18, 19, 32, 45]. MYCN is a pivotal regulator

of proliferation and apoptosis (reviewed in [45, 47]). Due

to its orchestrating role of central cellular functions,

deregulation of MYCN constitutes a commonly observed

trigger for tumor development in combination with other

oncogenic events [19, 29, 45]. MYCN oncogene amplifi-

cation is centrally important in the pathogenesis of

peripheral neuroblastomas [28]. In this childhood malig-

nancy, as MB derived from the neuroectoderm, MYCN
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Fig. 4 Clinical characteristics

of MYCN-amplified
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SHH activation. Clinical
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b gender (female, male),

c histology [classic, large cell/
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extensive nodularity (MBEN)],
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amplification is present in 20% of tumors [42]. Further, it

defines a patient cohort with unfavorable prognosis and as

such was successfully implemented as a stratification

marker in multicenter clinical trials [33, 42]. Interestingly,

MYCN amplification in neuroblastoma shows a remarkable

association with 17q gain [4].

In MB, MYCN amplification has been identified as a

recurrent focal amplification in around 3% of cases [10,

36]. However, its prognostic value remains controversial.

Earlier studies evaluated small MYCN-MB cohorts only,

which likely explains the contradictory results regarding

its value as a prognostic biomarker [1, 7, 8, 11, 12, 16,

23, 35, 41]. In this study, we analyzed a large cohort of

67 MYCN-MB and explored whether molecular data could

be translated into a prognostic model for further stratifi-

cation of these tumors. Clinical factors including LCA

histology showed no prognostic significance regardless of

the impressive representation (30%) of LCA tumors

among MYCN-MB. This intriguing observation might be

partly explained by the relatively high incidence of LCA

histology in the clinically more favorable SHH MYCN-

MB.

Our current study demonstrated a strong molecular

heterogeneity of MYCN-MB. Both transcriptome analyses

and immunoprofiling identified a distinct subset of MYCN-

MB with aberrant SHH activation. Importantly, SHH-dri-

ven tumors revealed a significantly better OS and PFS. A

recent report by Ellison et al. [11] also detected two similar

subgroups among 12 MYCN-MB. In contrast to our study,

SHH tumors were reported to be associated with inferior

outcome in that study. Due to the high concordance of

immunostaining for SFRP1 and GAB1, the survival dis-

crepancy may be explained by differences in terms of (1)

size of the investigated study cohort, and/or (2) the treat-

ment modalities (PNET3 protocol compared to HIT

protocol in our cohort).
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Notably, 10q loss was identified as the strongest inde-

pendent predictor of favorable outcome in MYCN-MB. This

aberration was found in the majority of SHH tumors (90%)

and in approximately 25% of non-SHH MB. According to

previous reports, 20% of MB harbor deletions on chromo-

some 10, the clinical relevance of which remains

controversial [22, 30, 35, 43]. This aberration was reportedly

not prognostic for pediatric MB but constituted a strong

biomarker for poor prognosis in adult tumors [22, 35]. It is

unclear which biological mechanisms may underlie the

prognostic distinctions between 10q deleted and balanced

MYCN-MB. Comparisons of expression profiles showed that

these cytogenetic groups could not be discriminated on the

basis of their transcriptional programs (data not shown).

Strikingly, amplification of GLI1/2oncogenes was found

to be a frequent event in SHH-driven MYCN-MB, thus
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a Kaplan–Meier plot for overall
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corroborating the previously published observation [6].

GLI2 and MYCN were frequently co-amplified in the same

cells, suggesting a clonal origin of tumors bearing such co-

amplifications. Importantly, treatment with SMO inhibitors

will likely be ineffective for SHH-driven MB harboring

MYCN/GLI amplifications, because these inhibitors target

the SHH pathway upstream of MYCN and GLI2 [2, 3, 17,

25]. Further studies are warranted to identify the potential

targets for therapeutic interventions in the heterogeneous

cohort of pediatric MYCN-MB.

In conclusion, we identified two subgroups within

MYCN-MB with distinct molecular abnormalities, clinical

characteristics, and prognosis. At the time of diagnosis,

SHH activation and 10q status can readily be determined in

routine pathological laboratories by IHC and FISH. Vari-

ant-specific risk stratification approaches incorporating

cytogenetic and subtype information may help to further

individualize treatment intensities for the most common

malignant brain tumor in childhood.
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